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I N T R O D U C T I O N

C h a n g e s

This is a book about the future of our species, about the likely develop-
ment of revolutionary biological technologies, and about the deep ethi-
cal and legal challenges our societies will face as a result. But the best 
way to sum it up, I think, is to say that it is about the coming obsoles-
cence of sex.

It is not about the disappearance of all the things we mean by the 
word “sex.” Humans will still (usually) appear at birth having physical 
attributes of one sex or the other and will be loudly pronounced as either 
baby girls or baby boys, with the appropriately colored, and gendered, 
accessories. Our descendants will still (almost all the time) have genetic 
contributions from both an egg and a sperm, thereby achieving the mix-
ing of parental genes that is also sex or, at least, sexual reproduction. 
And, I am confi dent, people will continue to practice sexual intercourse 
in myriad diff erent ways and for almost all of the current varying, com-
plicated (and uncomplicated) reasons. Except one.

I expect that, sometime in the next twenty to forty years, among hu-
mans with good health coverage, sex, in one sense, will largely disap-
pear, or at least decrease markedly. Most of those people will no longer 
use sexual intercourse to conceive their children. Instead of being con-
ceived in a bed, in the backseat of a car, or under a “Keep off  the Grass” 
sign, children will be conceived in clinics. Eggs and sperm will be united 
through in vitro fertilization (IVF). The DNA of the resulting embryos 
will then be sequenced and carefully analyzed before decisions are made 
(passive voice intentional) about which embryo or embryos to transfer 
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to a womb for possible development into one or more living, breathing 
babies.

Prospective parents will be told as much as they want to know about 
the DNA of, say, 100 embryos and the implications of that DNA for 
the diseases, looks, behaviors, and other traits of the child each of those 
embryos might become. Then they will be asked to pick one or two to 
be transferred into a womb for possible gestation and birth. And it will 
all be safe, legal, and, to the prospective parents, free.

In short, we humans will begin, very broadly, to select consciously 
and knowingly the genetic variations and thus at least some of the traits 
and characteristics of our children. This idea is not new. It has been a 
subject of hundreds, probably thousands, of stories and novels—Brave 
New World by Aldous Huxley being, if not the fi rst, certainly the fi rst 
truly memorable example.1 It has been the subject of other forms of 
fi ction, notably the 1997 movie Gattaca.2 And it has been the subject 
of tens of thousands of books, articles, sermons, and other nonfi ction 
analyses—usually viewed with alarm, but occasionally with (prospec-
tive) pride.

This book is diff erent. Not, at its heart, a discussion of the conse-
quences of such a world (although Part III does try to analyze them to 
some extent), it is a description of precisely how and why that world is 
going to arrive. Two insights drive the book. The fi rst is the way new 
techniques, drawn from several diff erent areas of modern bioscience re-
search, will combine to make this future not just possible but cheap and 
easy. The second is the way economic, social, legal, and political forces 
will combine to make this future not just achievable but, as I believe, in-
evitable, in the United States and in at least some other countries. Those 
insights turn these questions from interesting, goosebump-inducing 
speculation to real problems that will confront real people—ourselves, 
our children, and our grandchildren—in the next few decades.

The technical innovations will come from two worlds: genetics and 
stem cell research. We can already do preimplantation genetic diagnosis 
(PGD) on embryos. We can take away a few cells from an early “test 
tube” embryo, test them for a genetic trait or two, and use that informa-
tion to decide whether to give the embryo a chance to become a baby. 
PGD sounds like science fi ction to many people but it has been used 
for over a quarter century—the fi rst child born after PGD is now over 
twenty-fi ve years old. And every year now, around the world, thousands 
of new children are born after being subjected to PGD as embryos.
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But today PGD is only weakly informative, as well as expensive, un-
pleasant, and even dangerous, thanks both to the limitations of genetic 
testing and to the necessity of using IVF as part of PGD. These constraints 
will change. Genetics will allow us to do cheap, accurate, and fast se-
quencing of the entire 6.4 billion base pair genome of an embryo and 
will give us an increasingly deep understanding of what that sequence 
means for disease risks, physical characteristics, behaviors, and other 
traits of the child that embryo would become. And stem cell research 
will allow couples to avoid the expensive and (for the women involved) 
unpleasant and physically risky process of maturing and retrieving hu-
man eggs by allowing us to make eggs (and sperm) from stem cells. The 
result will be a cheap, eff ective, and painless process I call “Easy PGD.”

Of course, just because technological innovations are possible does 
not mean they will be adopted. The supersonic commercial jetliner 
came and went; the fl ying car and the rocket backpack were never really 
launched, though both are technically feasible. But unlike those tech-
nologies, Easy PGD has a clear path to acceptance in the United States 
and likely paths to adoption in many other countries. It may not be ap-
proved everywhere, but in an increasingly global world, that could well 
be irrelevant.

The ideas in the last few paragraphs are the core of this book. I will 
also discuss some of the potential consequences that widespread adop-
tion of DNA-based embryo selection using Easy PGD will have for indi-
viduals, for families, for societies, and for humanity. The fi elds of genetic 
selection have been frequently plowed before; I hope the specifi city of 
Easy PGD as the method of choice for parents to select their children’s 
traits, as well as the near immediacy of the questions it raises, will add 
some value to my analysis over those that have come before.

Concretely, the book is divided into three parts. Part I provides back-
ground information on the science and technology involved in Easy 
PGD. It gives a nonscientist a guide to the varied ways living things 
reproduce; to the specifi cs of how humans reproduce, naturally and by 
IVF; to DNA, genes, chromosomes, and genetic testing; and to stem 
cell research. Much of it will be helpful in understanding what follows; 
I must confess that some of it is here in the hope that you will come to 
share the excitement and fascination of biology with me, a person whose 
last biology class was in tenth grade. Part II explains how and why Easy 
PGD will happen, looking fi rst at the technical developments in genetics 
(or genomics) and in stem cell science and then at the medical, economic, 
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legal, and political factors that will make it not just acceptable, but wide-
ly adopted. Part III examines the broader implications of Easy PGD. It 
looks at issues of safety, family, equality, coercion, and nature, along 
with some other more practical consequences of the technology.

I’ve gotten lots of good advice in writing this book, but I haven’t 
taken all of it. Although IVF, the fountainhead of modern assisted repro-
ductive technologies, is less than forty years old, it has already spawned 
a vast literature on a wide range of issues, including many fascinating 
and important matters for which Easy PGD would be relevant, such as 
surrogacy, parental status, gamete donor rights (and duties), and the 
positions and roles of religious beliefs, among others. This book could 
and perhaps should be longer; however, practical considerations mean 
that the likely interactions between Easy PGD and other issues I do not 
analyze must await future treatments.

More fundamentally, some people have told me to make an argu-
ment—to take a position and fi ght for it, guns blazing. But I’m a law 
professor, trained as a lawyer. Lawyers do many things. Sometimes they 
argue zealously in court for their clients’ positions, whether they believe 
them or not. But sometimes they lay out all the facts and implications, 
as they see them, to help clients make their own decisions. I have some 
views about ways we might want to regulate Easy PGD, but they are 
tentative, based on glimpses and guesses of the future and on my own 
preferences and principles. I will share them, but I do not insist on them. 
But I will ask you to develop opinions. Easy PGD will give prospective 
parents—including perhaps some who are reading these words—more 
choices but it will also set some hard questions for all of us. My goals 
are, fi rst, to get you interested in those questions—as parents, as grand-
parents, as citizens, as humans—and second, to give you information to 
help you come to your own conclusions.

Aldous Huxley’s famous novel takes its title from one of Shakespeare’s 
last plays, The Tempest. Years before the play starts, plotters abandon 
Prospero, who is both the Duke of Milan and a magician, at sea with his 
infant daughter, Miranda. They survive on an island with only non-hu-
man company. The years go by—Miranda grows up, and fate, working 
through Shakespeare, delivers the plotters to the island and into Pros-
pero’s hands. Miranda sees them, almost the very fi rst humans she ever 
remembers seeing, and, not knowing that some of them had long ago 
plotted her death along with her father’s, she famously exclaims:
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O, wonder!
How many goodly creatures are there here!
How beauteous mankind is! O brave new world,
That has such people in’t!3

That is often remembered. What few recall (though I am sure Huxley 
did) was Prospero’s immediate reply: “’Tis new to thee.” My hope is 
that when Easy PGD opens the prospects of some kind of brave new 
world, you will be more knowledgeable, and more sophisticated, than 
Miranda. (And that things will work out as well for you as, happily, they 
do for her in the end.)
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P A R T  I

The Science

This part of the book sets out, in six chapters, the scientifi c background 
that I think is useful for understanding Easy PGD and its implications. 
The chapters cover basic information about cells, DNA, and genes; 
“normal” reproduction among living things, including humans; assisted 
reproduction in humans, genetics, genetic testing, and stem cells. I have 
tried to write about them to make the information understandable to 
anyone interested, even those of you who, like me, last took a biology 
course at the age of fi fteen.

Some of you will have educational and professional backgrounds that 
give you far more knowledge of the areas than I can convey, or know 
(although, given the increasing specialization of science and medicine, 
I suspect very few of you will be expert in all of these fi elds). I will not 
be off ended if you skip some or all of these chapters. Others of you, 
without a background in these sciences, will be determined to stay that 
way and will not want to read these chapters. I hope you change your 
minds. I came to biology late in life, as an amateur, and I fell in love 
with it—with its breadth, its combination of deep unities and myriad 
complexities, its many rules—each with exceptions and every exception 
with provisos—and its infi nite surprises. In many ways it reminds me of 
my professional fi eld, the law. One of my goals for this book is to bring 
to some of you a love of biology. For that, I need you to read the next 
six chapters. And I think even those of you who plan to read the next 
six chapters may want to read the rest of this introduction—it should be 
useful to guide your deeper reading, though it does mean that some parts 
of the next chapters will be familiar.
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Part I of the book is a fairly shallow look at the science; before 
my last edits it was twice as long and still shallow. But I know that 
for some of you even those shortened chapters will be far too long, 
so the rest of this introduction is for you: it is the relevant biology in 
a nutshell—and not a big one (pistachio, maybe?). Please remember 
that everything that follows is incomplete and much of it is, at least 
in some particular and unusual applications, wrong—or at least not 
quite right. (And if you want references, read the endnotes to the fol-
lowing chapters.)

Living organisms are made out of cells, sacks of materials held to-
gether like water balloons by membranes or walls. Most living things 
have only one cell; the vast majority of them are bacteria or archaebac-
teria, which have only very simple cells. Some one-celled organisms and 
all multicelled organisms, from plants to ants to us, have more com-
plicated types of cells, which have distinct diff erent “organelles” inside 
them. One of those “little organs” is the nucleus of the cell. The nucleus 
contains (almost) the cell’s entire DNA, a molecule known more fully as 
deoxyribonucleic acid. The DNA in the nucleus is organized into distinct 
bodies called chromosomes, which come (mainly) in pairs. Humans nor-
mally have 46 chromosomes, one pair each of chromosomes 1 through 
22 (the autosomes) and two sex chromosomes, either two X chromo-
somes (in women) or an X and a Y chromosome (in men).

Cells normally reproduce by doubling their chromosomes and split-
ting in half, sending the right number of pairs of chromosomes to each 
daughter cell. Each of the two daughter cells is a “clone” of the parent 
cell—they are genetically identical. Most life on this planet reproduces 
by cloning, but most of the life visible to our naked eye does not. In-
stead, it reproduces sexually. Sexual reproduction around the biosphere 
is much more varied and complicated than it is in humans, but, at its 
core, it ensures that instead of being genetically identical copies, an or-
ganism’s off spring are a new combination of the chromosomes from two 
diff erent “gametes,” sperm and eggs.

Human sexual reproduction is so complicated that it is amazing any 
of us gets born. But, basically, sperm from a man makes a long and ar-
duous journey to meet with a woman’s ripe egg, which has made its own 
shorter but diffi  cult trip. The sperm and the egg each carry 23 chromo-
somes from the man or woman, half the usual number. The sperm merg-
es into the much larger egg (think of a small pea going into a basketball). 
After fertilization the egg is renamed a zygote and chromosomes from 
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the egg and sperm eventually merge to form a new nucleus, which begins 
to divide. After four or fi ve days of dividing, the resulting embryo is a 
hollow ball, about fi ve one-thousandths of an inch wide, perhaps visible 
to someone with good eyes in good light. Shortly thereafter, it needs to 
be in the womb, attaching to its lining and becoming implanted, if it is 
to have any chance to be born.

Some couples cannot have babies the usual way. Sometimes the prob-
lem is with the woman’s eggs getting to or implanting in the womb, 
sometimes it is with the man’s sperm getting to and fertilizing the eggs, 
and sometimes the cause is unknown. In many cases assisted reproduc-
tion can help, often through IVF.

In IVF, the woman’s ovaries are artifi cially forced to ripen extra 
eggs, which are then surgically extracted. This process is expensive, 
unpleasant, and somewhat risky for the woman involved. The eggs 
are usually mixed with sperm and become fertilized, although often a 
procedure called intracytoplasmic sperm injection (ICSI) is used. (Of 
course, if one of the would-be parents has no eggs or sperm, IVF alone 
is insuffi  cient and the couple will need “donated” eggs or sperm—often 
sold.) Either way, some of the eggs will be fertilized successfully, and 
the resulting zygotes will begin to divide in containers in the clinic. 
If the zygotes divide successfully for a long enough time, they will be 
transferred into a woman’s womb sometime between the third and 
sixth day after fertilization, in the hope that they will implant and 
eventually become babies.

Now we need to go back to the chromosomes and the DNA they 
contain. DNA is famously called “the double helix.” For those of you 
who, like me, don’t have a good mental image of a double helix, think 
of a very long ladder that has been twisted into a spiral. The sides of 
the DNA ladder are unimportant; the rungs are crucial. Each rung is 
made up of two out of four molecules: adenosine, cytosine, guanine, 
and thymine—widely known as A, C, G, and T. But A will only com-
bine with T to make a rung and C will only combine with G. The 
rungs, therefore, are made up of “base pairs” consisting of either A-T, 
C-G, G-C, or T-A. By reading the bases attached to one side of the lad-
der, you get the DNA’s “sequence”—for example, AGCGAGTTTTCG. 
(The “other” sequence, attached to the other side of the ladder, must 
read TCGCTCAAAAGC.) But instead of just the twelve bases in that 
example, the sequence of a whole human chromosome is between 50 
and 250 million bases long.
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Humans normally have 46 chromosomes, one copy of chromosomes 
1 to 22 plus a sex chromosome (either an X or a Y) from their fathers 
and another copy of those autosomes plus, necessarily, an X chromo-
some from their mothers (the mothers only have X chromosomes to 
give—if they had a Y chromosome, they would be male). The sequences 
of all chromosomes from one parent make up “the human genome” and 
are about 3.2 billion bases long. Each of us has two copies of the human 
genome, one from each parent. These copies are very similar to each 
other (except for men, whose Y chromosome is quite diff erent—much 
smaller and less important—from the X chromosome), but they do diff er 
in about one base, or “letter,” in one thousand. Your complete genome 
sequence then, is about 6.4 billion bases long. If you think of each base 
as a character in the English language—a letter, punctuation mark, or 
space—your genome is about as long as 700 copies of the King James 
Version of the Bible.

Most of the bases in the human genome have no known (and quite 
possibly no unknown) meaning, but about 1.5 percent of them spell out 
instructions (“code”) to the cell on how to make particular proteins, the 
molecules that make up most of the substance of our bodies. Another 
chunk of the DNA letters—whether it is 5 percent, 10 percent, or more 
is controversial—control when and how much those protein-coding re-
gions will be turned on or off , up or down, as well as making other 
useful molecules of a type called RNA. The exact meaning of the term 
“gene” is surprisingly unclear, but the human genome contains about 
23,000 protein-coding regions, which can make over 100,000 diff erent 
human proteins. By reading the genetic code of the sequence, we can 
know what those proteins are made of and whether they are normal, 
dangerously abnormal, or abnormal in ways that might or might not be 
important.

Human genetic testing has taken place for about fi fty years, using 
many diff erent methods. Today (and increasingly in the future) it in-
volves looking at DNA sequences in regions of chromosomes that are 
known to be important and trying to fi gure out whether a person’s se-
quence is normal or dangerous. For example, the famous breast and 
ovarian cancer gene, BRCA1 (by convention, gene names should be ital-
icized), is made up of about 80,000 bases near the end of the long arm 
of chromosome 17. It can be sequenced to see if a woman has a normal 
version (the vast majority of people), a version known to be dangerous 
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(less than 1 percent of people), or a version that is not normal but may 
or may not be dangerous (another roughly 5 percent).

It has only been possible to sequence a person’s entire genome for less 
than fi fteen years. The fi rst whole genome sequence cost about $500 mil-
lion and took years. Today you can get your genome sequenced in a few 
days for about $1,500. Observers expect this price to continue to fall, 
very soon to about $1,000 and eventually much further. Most people 
expect whole genome sequencing to be widely used for genetic tests in a 
few years as the price drops.

Genetic testing can be used in many diff erent contexts. Adults or chil-
dren can be tested to diagnose, or predict, diseases or traits. Fetuses 
can be tested before birth, through three diff erent technologies, starting 
between the tenth and the eighteenth weeks of pregnancy. And embryos 
created through IVF can be tested before they are transferred for pos-
sible implantation and pregnancy, usually about fi ve days after fertiliza-
tion. The later process, PGD (short, recall, for preimplantation genetic 
diagnosis), involves taking a few cells from the embryo and then testing 
those cells. The results of those tests are then used to decide whether to 
transfer an embryo. In the past twenty-six plus years of PGD’s use, it 
could only be used to test any particular embryo for one or a handful 
of genes. PGD has been used to look for DNA associated with a genetic 
disease found in the family, for DNA that would allow an embryo to 
become a baby that could be a cord blood donor to a family member, or 
for the embryo’s future sex.

What all can genetic testing tell us? It depends. For some things, ge-
netic tests reveal destiny. Anyone whose DNA has the version of the 
Huntingtin gene associated with Huntington disease can only avoid dy-
ing of that disease by dying fi rst of something else. But a woman with a 
genetic variation of the BRCA1 gene has only about a 60 to 85 percent 
chance of being diagnosed with breast cancer during her lifetime and 
only about a 30 percent chance of an ovarian cancer diagnosis. A man 
with a dangerous variation in the BRCA2 gene has about 100 times the 
normal man’s risk of breast cancer, but his risk is still only a few percent. 
The percentage of people with a particular DNA variation who will get 
a disease or a trait associated with that variation is called the variation’s 
“penetrance.”

Today, genetic testing can give us strong information about a few 
thousand genetic diseases, almost all of them rare, as well as some 
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nondisease traits, like ABO blood type. It can give us weaker informa-
tion about other diseases or traits and very weak to no information 
about others. In the long run, though, DNA sequences should be able 
to reveal much, though not everything, about disease and trait “risks” 
that can be lumped into fi ve categories: highly penetrant, serious, early-
onset diseases; other diseases; cosmetic traits (hair color, eye color, and 
so on); behavioral traits (math ability, sports ability, personality type); 
and sex—boy or girl.

Whole genome sequencing has now been used experimentally on early 
embryos. Today it is too expensive and inaccurate to be widely used but 
that will change and when it does, PGD should become more popular 
because it will be able to make far more predictions about an embryo’s 
possible future. But there is still one more barrier—PGD requires IVF 
and IVF is diffi  cult. The answer is our last area of science: stem cells.

Most human cells have limited lifespans. After a certain number of 
divisions, usually about forty to eighty depending on the cell type, they 
stop dividing and die. Stem cells don’t—they just keep dividing, perhaps 
indefi nitely. Furthermore, some stem cells divide into diff erent kinds of 
cells. So blood-forming stem cells can eventually make all the scores of 
diff erent kinds of blood cells in our bodies.

Human embryonic stem cells (hESCs) are created by taking the cells 
inside the hollow ball that is a fi ve-day-old embryo and growing them 
in a laboratory. They can become any cell type in the human body. 
We know that because those cells on the inside of the embryo go on 
to become every cell type in your body and mine. Extraction of hESCs 
has been extremely controversial because it requires the destruction of a 
human embryo. In 2007, Shinya Yamanaka in Japan produced the fi rst 
human “induced pluripotent stem cells” (iPSCs). These are cells from 
normal body tissue (usually from the skin) that he treated in a way that 
made them act like hESCs. They, too, are expected to be able to become 
every human cell type, including eggs and sperm. And, in fact, baby mice 
have already been created from mouse eggs and mouse sperm derived 
from both mouse embryonic stem cells and mouse iPSCs.

If ripe human eggs could be derived from a person’s skin cells, it would 
avoid most of the cost, almost all of the discomfort, and all of the risk of 
IVF. It should also provide an unlimited supply of eggs, from women at 
any age. Along with accurate, inexpensive whole genome sequencing of 
early embryos, that should make PGD much easier and more attractive, 
leading to what this book calls Easy PGD.
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For more information on any or all of the science discussed above, 
please read some or (better) all of the next six chapters. But if you have 
had enough, proceed to the First Interlude, between the end of Part I and 
the beginning of Part II, to pick up the story of The End of Sex.
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1
C E L L S ,  C H R O M O S O M E S ,  D N A , 

G E N O M E S ,  A N D  G E N E S

Nineteenth-century author Samuel Butler wrote, “It has, I believe, 
been often remarked, that a hen is only an egg’s way of making another 
egg.”1 Butler could not have known it, but his statement could have been 
made more foundational by saying “a hen is only chicken DNA’s way of 
making more chicken DNA.” Richard Dawkins’s famous term “selfi sh 
DNA” encapsulates that idea.2 Deoxyribonucleic acid—DNA—is the 
thread that connects generation with generation.

This book will have quite a lot to say about DNA, but some basic 
knowledge of cells, chromosomes, DNA, genomes, and genes is essential 
at the very beginning. This chapter provides that fi rst, shallow back-
ground, starting with cells.3

Cells

Life as we know it is made up of cells that contain DNA. Cells make 
up tiny bacteria, enormous whales, and everything in between, includ-
ing us. These cells are living containers of proteins, fats, sugars, and 
other molecules, held together within an external membrane. They are 
often busy things, taking in molecules, giving off  molecules, expanding, 
contracting, moving, and otherwise interacting with their environments. 
And, from time to time, they split into two identical copies of them-
selves, using division to multiply.

Of course, in biology few if any bald statements are without excep-
tions. Viruses, which some consider living (though not me) are not made 
up of cells.4 Sometimes apparently multiple cells are actually contained 
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within one vast membrane, along with multiple copies of DNA; exam-
ples include not only slime molds5 but also human skeletal muscles.6 
Some unquestionable cells, like our red blood cells, contain no DNA. 
And some cells, like many neurons in our brains, after being created by 
cell division, will never divide again. Nonetheless, the DNA-containing 
cell is truly the building block of life.

Most biologists now divide the world of living things into three great 
branches, the “domains” of bacteria, archaea, and eukarya. Bacteria 
and archaea are single-celled organisms that are dramatically smaller 
that eukaryotic cells and lack much of the internal specialization found 
in those cells. In particular, they lack a cell nucleus. Bacteria and archae-
bacteria are collectively called prokaryotes, meaning, from Greek, pro 
(before) karyon (kernel or nut).

This chapter will focus on eukaryotes (“good kernels”), as all regular-
ly multicellular organisms and, hence, (almost) all organisms visible to 
the naked eye are eukaryotes. Though remember that many eukaryotes 
are neither multicellular nor visible. Lots of single-celled microscopic 
beasties, from the malaria plasmodium to high school’s familiar para-
mecium, are eukaryotes.

Eukaryotes are organisms whose cells contain nuclei, an area inside 
the cell that is set off  from the rest of the cell by its own “nuclear mem-
brane.” All (well, almost all) eukaryotic cells have nuclei, along with 
various other specialized bodies known as organelles. Almost all the 
DNA in eukaryotic cells is normally contained in the nucleus, organized 
onto chromosomes.

Chromosomes

Chromosome just means “colored body” in Greek; the name comes 
from the fact that some dyes strongly stain these parts of the cell—they 
are not colorful without the dyes. Each chromosome is basically one 
very long molecule of DNA, wrapped around a backbone of protein. In 
eukaryotic cells chromosomes usually come in pairs. Thus, humans have 
46 chromosomes. Forty-four of them are always paired and are named 
chromosomes 1 through 22. Geneticists refer to these chromosomes 
as the “autosomes.” Geneticists named the human autosomes in order 
from the largest, chromosome 1, which is made up of about 250 mil-
lion base pairs of DNA, to the shortest, chromosome 22, with about 50 
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million base pairs. In two places, though, they goofed—chromosome 21 
is actually shorter than chromosome 22 and chromosome 19 is shorter 
than chromosome 20.

In addition to these 22 pairs of autosomes, humans have two more 
chromosomes, the X and the Y chromosomes. These are called the sex 
chromosomes for the good reason that they (largely) determine a per-
son’s sex. Someone whose cells have two copies of the X chromosome 
(and hence a grand total of 23 pairs of chromosomes) is (almost always) 
female; someone who has one X chromosome and one Y chromosome 
is (almost always) male. The X chromosome is moderately large, about 
as big as chromosome 7, and contains many genes. The Y chromosome 
is the third-smallest human chromosome and contains the fewest genes.

You may have seen pictures of a human cell’s chromosomes, neatly 
stained into a striped pattern and laid out in pairs, looking a bit like mis-
shapen barber poles. These kinds of images of chromosomes are called 
karyotypes and have long been important in some forms of genetic test-
ing. These pictures also nicely show the centromere, a special part of 
the chromosome that is usually near the middle and that separates each 
chromosome into two arms, a short one (called p for “petit”) and a long 
one (called q for “the letter after p”). Less clearly visible are the special 
structures at each end of the chromosomes, the telomeres, long stretches 
of repetitive and probably “meaningless” DNA.

But chromosomes in cells almost never look like karyotypes. Not only 
are they largely invisible unless stained, but they are also rarely neat 
and compact. Most of the time, the DNA on a chromosome sprawls 
wildly through the nucleus, which will be like a sphere fi lled with 46 
long strands of very, very thin pasta. Just how fi lled and just how thin 
is impressive. The chromosomes in any one human cell, if straightened 
out, would stretch for about 2 meters—roughly six and a half feet. But 
they all fi t into a cell nucleus that is about six millionths of a meter in 
diameter. By comparison, that is as though a basketball held forty-six 
pieces of string, ranging from about 250 meters (810 feet) to 55 meters 
(180 feet) long. The string clearly would have to be very thin indeed and 
so are chromosomes.

The chromosomes cannot be condensed during most of the cell’s life 
because the cell cannot use the DNA in the chromosomes unless it is 
“unwound.” Only during the process of cell division do the chromo-
somes condense from this massive and tangled ball of angel hair pasta 
into the discrete, rodlike chromosomes we see in karyotypes.
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Obviously, it is much easier to see, and to think about, the chromo-
somes in their condensed forms and so that is how they are imagined. 
Thanks to the bands made by the stains, and the more subtle subbands 
and sub-subbands within the bands, these condensed chromosomes can 
then be divided into particular parts and given “addresses.” For example, 
5q32 means a location in the second subband on the third band of the 
long arm (q) of chromosome 5. 5q35.2 would be the second sub-subband 
on the fi fth subband on the third band on the long arm of chromosome 5.

Deoxyribonucleic Acid—DNA

From chromosomes we now need to jump down to DNA before com-
ing back to genes. And here we come to DNA’s famous “double helix,” 
the discovery of which made James Watson and Francis Crick immortal 
(and left Rosalind Franklin, whose work was essential to their discovery, 
largely out in the cold).7

When I fi rst heard the term, double helix did not make sense to me, 
in large part because I did not have a good sense for what a helix was. 
It helped me to think of the double helix as a ladder twisted into spirals. 
Each side of the ladder is one helix, twisting around the other but con-
nected to it by the rungs.

The sides of the ladder, which provide the structure of the DNA mol-
ecule, are made up of unvarying, and uninteresting, components. These 
backbones are made up of molecules of a particular kind of sugar (“de-
oxyribose,” which means a “ribose” sugar that is missing one oxygen 
molecule) connected to each other by phosphate molecules. It is just an 
unvarying sugar-phosphate-sugar-phosphate-sugar-phosphate combina-
tion, over and over for tens of millions of sugars and phosphates.

DNA’s power is in the twisted ladder’s rungs. The rungs of the ladder 
are made up of two other molecules, each attached to a deoxyribose 
sugar molecule on the side. These rungs are the famous “base pairs,” 
base because they are basic, not acidic, and pairs because, in DNA, they 
always come in pairs. Four kinds of bases make up the base pairs of 
DNA: adenine, cytosine, guanine, and thymine (A, C, G, and T). Collec-
tively, along with another molecule, uracil, or U, which is not found in 
DNA but in its important cousin, RNA, they are called the nucleotides.

The deoxyribose sugars on the sides of the twisted ladder are happy to 
bond with any of the four DNA nucleotides and, in the DNA molecule, 
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each of them will, in fact, be joined to an A, C, G, or T. But a nucleotide 
on one side of the ladder will connect in the middle with one and only 
one other kind of nucleotide. Adenine bonds only with thymine in DNA; 
cytosine bonds only with guanine: A with T, C with G. In normal DNA 
every rung is complete, so in every place where one side of the DNA 
molecule has an A, the other side must have a T, and so on. Every rung 
is either AT, CG, GC, or TA.

The “sequence” of the DNA is the order of these nucleotides, as at-
tached to one side of the ladder. For example, ATTCGATAGACT would 
be the sequence for one stretch of a dozen nucleotides. Of course, that is 
the sequence on only one side of the DNA molecule. But once we know 
that sequence, we know that the sequence on the other side must be 
TAAGCTATCTGA, because A and T always bind to each other, as do C 
and G. (The two sides are identifi ed as 5′—“fi ve prime”—and 3′—“three 
prime”—and the sequence is, by convention, read from the 5′ side.)

This is the great secret of DNA because it provides a way for one 
cell to become two copies of itself. If the DNA is split down the mid-
dle—if the twisted ladder is, in what I hope will not be a confusing 
mixed metaphor, “unzipped”—each side of the ladder will be fl oating 
free with half rungs (unattached nucleotides) sticking out into the now-
unconnected middle. Everywhere there is an A, a T will be attached; 
every unpaired G will match up with a C. One molecule of DNA, split 
down the middle, can become—in fact, normally does become—two 
molecules of DNA, identical to the fi rst molecule. Here is the way to 
turn one twisted ladder into two twisted ladders, each identical to the 
other and to the ladder that split to produce them. And so, if the DNA 
contains the instructions for the cell, this is how it can become two 
identical copies of one set of instructions.

Watson and Crick acknowledge this in a famous understatement near 
the end of their very short fi rst publication on the structure of DNA: “It 
has not escaped our notice that the specifi c pairing we have postulated 
immediately suggests a possible copying mechanism for the genetic ma-
terial.”8 The need to copy, precisely, the genetic material that passes 
from one cell, and one organism, to another is crucial. The mechanisms 
by which DNA is copied turn out to be quite complex—Nobel prizes 
have been and continue to be won through clarifying them—but Watson 
and Crick saw the basic story—and transformed biology.

Looked at in gross, DNA is dull, a huge molecule made up of de-
oxyribose, phosphate, and, among its nucleotides, roughly 21 percent 
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cytosine, 21 percent guanine, 29 percent adenine, and 29 percent thy-
mine. It is at the level of detail, in the sequences of the millions of bases, 
that DNA becomes impressively complex. With four choices for every 
position and roughly 6.4 billion positions in a full human genome, the 
theoretical number of diff erent genomes—of diff erent sequences of the 
entire 6.4 billion base pairs of the genome—is four times four 6.4 billion 
times. It would take only about 130 base pairs to off er as many com-
binations as there are estimated elementary particles in the observable 
universe. The amount of information that a DNA sequence can carry is, 
quite literally, beyond astronomical.

Genomes

The sequence of the entire DNA in an organism’s chromosomes (and 
hence in its cells’ nuclei and thus its “nuclear DNA”) is called its ge-
nome. That is almost, but not quite, all the DNA in the cell. Some of 
the organelles, the “little organs,” inside eukaryotic cells have their own 
small bits of DNA, organized in circles. The mitochondria, the “energy 
powerhouses of the cell,” have their own genome; in humans it is made 
up of 16,569 base pairs, about one four-millionth the size of the hu-
man nuclear DNA. Green plants have, in addition to mitochondria, or-
ganelles called chloroplasts, necessary to photosynthesis, that have their 
own DNA. The human mitochondrial genome is important but we gen-
erally talk of it as separate from “the” human genome.

The human genome, then, is the sequence spelled out on the 46 chro-
mosomes, the 22 pairs of autosomes and the individual’s two sex chro-
mosomes. One member of each chromosome pair, as well as one of each 
of the sex chromosomes, came from each parent. In each pair of chro-
mosomes, the paternal and maternal copies will be very similar. They 
normally will be the same length, have the same banding, and carry 
almost exactly the same sequence.

This leads to another tricky issue of vocabulary. Does a human ge-
nome have about 3.2 billion base pairs or about 6.4 billion? That de-
pends on whether you are talking about the “haploid genome,” the ge-
nome on the chromosomes derived from just one parent, or the “diploid 
genome,” the (doubled) sequence that is the actual sequence of all the 
DNA in a person’s cell. Of course, if those two sequences, from the 
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mother and the father, were absolutely identical, it would not matter. 
The diploid genome would be just the haploid genome “printed” twice. 
In fact, in each human, the two haploid genomes are almost identical—
almost, but not quite.

On average, two diploid human genomes diff er at about one base 
pair in a thousand. That may not sound like much, but, remember, 
each genome has over 3.2 billion base pairs. That means each of the 
two genomes inside any one person will diff er about three million 
times; when two people compare their diploid genomes, they will vary 
about six million times.

These variations come in several diff erent forms. Let’s pretend we are 
looking at one small length of DNA and that on the 5′ side of the ma-
ternal chromosome a nine-base stretch of DNA in that area reads CT-
TAGACTA while the corresponding stretch of the paternal chromosome 
reads CCTAGACTA. In this kind of change, the identity of just one 
of the bases in a stretch of DNA sequence is diff erent. This is called a 
SNP (pronounced “snip”), a “single nucleotide polymorphism,” where 
“polymorphism” is just a fancy way of saying “diff erence.”

Now assume that, instead of a SNP, that maternal chromosome has 
three extra bases inserted—CAGATTAGACTA instead of CTTAGAC-
TA—or is missing two of the bases, let’s say the fi rst two Ts—CAGAC-
TA instead of CTTAGACTA. When base pairs are added, it is called an 
“insertion”; when they are missing, it is a “deletion.” Insertions and de-
letions are collectively referred to as indels. SNPs and indels are among 
the most common variations found in human genomes.

Of course, in any particular pair of chromosomes, if one of them has 
two more base pairs in a particular location than the other one does, 
how do you know whether it is an insertion (two extra were added to the 
longer strand) or a deletion (two are missing from the shorter strand)? 
To do that you need to know something about the usual sequence in 
humans in that location. There is no one human genome sequence; there 
are currently over fourteen billion—two each for over seven billion peo-
ple, minus a bit less than 1 percent for those of identical twins. But we 
could invent a so-called reference sequence by taking the most common 
sequence at each location. The current human reference sequence, com-
piled and maintained by the Genome Reference Consortium, is a more 
complicated eff ort to agree upon commonly found variations of the hu-
man genome.9
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Genes

You may have noticed that I have scarcely mentioned genes, even though 
I have talked about genetics and genomes. Although knowledge that 
off spring tend to inherit traits from their parents is ancient, the modern 
idea that there are discrete units of heredity dates from Gregor Mendel’s 
discoveries in the early 1860s and, more importantly, their simultaneous 
rediscovery by three diff erent European researchers in 1900. The name 
“genes” was given to the units that were responsible for inheritance, 
but at fi rst they were largely abstract units. It was not until the 1910s 
that scientists realized the genes had a physical presence on the chromo-
somes. Even then, the conventional wisdom was that it was the proteins 
of the chromosome that contained hereditary information. Proteins are 
complicated molecules made up of twenty diff erent units; DNA, by com-
parison, was boring.

The fi rst solid evidence that DNA carried the genes came in 1944 
in a famous experiment by Oswald Avery at Rockefeller University.10 
He used a solution made from chromosomes to change an inherited 
characteristic of one strain of pneumococcus bacteria into an inherited 
characteristic of another. What made the experiment special was that 
he had treated the solution in a way that removed all the protein. Many 
scientists resisted the Avery fi nding that something other than protein in 
the chromosomes must be the basis for inheritance. Watson and Crick’s 
discovery greatly boosted the idea that genes were made of DNA by 
providing a plausible physical explanation for how genetic information 
could be passed down between generations.

So what are genes? Genes are stretches of DNA that carry inheritable 
information. At fi rst, people thought genes were only stretches of DNA 
that, through the intermediation of a closely related molecule called ri-
bonucleic acid (RNA), defi ned the structure of proteins. The so-called 
Central Dogma of Molecular Biology, fi rst set out by Francis Crick in 
1958 (and somewhat qualifi ed by the Nobel Prize–winning discovery of 
retroviruses by David Baltimore and Howard Temin in 1970), is that 
“DNA makes RNA makes protein.” Most of what we think of as genes 
are still, in fact, stretches of DNA that tell the cell how to make proteins. 
Proteins are made of twenty diff erent units, each one variety of a class 
of molecules called amino acids. The same twenty amino acids make 
up proteins in all humans, and in nearly all living things. The bases in 
DNA spell out the identities of those twenty amino acids, plus “start” 
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and “stop,” using the base pairs as the letters to form three-letter words, 
called codons.

Four letters can make sixty-four three-letter combinations: four pos-
sible fi rst letters (A, C, G, T) times four possible second letters times 
four possible third letters. In the genome each of those possible sixty-
four words “spells” something. The DNA sequence TGG “spells” the 
amino acid tryptophan. The sequence TAA spells “stop”—but so do 
TAG and TGA. The sequence ATG spells “start”—but it also spells the 
amino acid methionine. It should not take sixty-four codons to spell 
out twenty amino acids, plus start and stop; twenty-two would do. But 
most of the amino acids can be spelled in diff erent ways. Serine, for 
example, can be spelled in six ways: TCT, TCC, TCA, TCG, AGT, and 
AGC. Although most of the amino acids (and “stop”) can be spelled 
in diff erent ways, every three-letter word (codon) spells only one thing 
(except for ATG—which is both “start” and “methionine”). The as-
sociation between the codons and the amino acids, start, and stop is 
called the genetic code, and all known living things use the same code 
or something very close to it.

Each cell, from a bacterium’s to our own, uses machinery to turn 
the genetic code of DNA into proteins. The DNA in the nucleus is 
“unzipped” and “transcribed” into a kind of RNA called messenger 
RNA. That messenger RNA is then moved outside the nucleus and 
“translated,” using another form of RNA called transfer RNA that 
puts the correct amino acid in place for each codon in the messenger 
RNA.

But an average chromosome has 150 million base pairs. Where does 
a gene that codes for protein start—and what defi nes how you count off  
the three bases in a codon? The answer is ATG, the codon that spells 
both “methionine” and “start.” When the cell’s transcription machin-
ery sees an ATG, it starts transcribing DNA into messenger RNA. Af-
ter those fi rst three letters, it keeps going, turning DNA into messenger 
RNA three bases at a time, until it runs across a codon that says TAA, 
TAG, or TGA: Stop! That stretch of DNA, from a start codon to a stop 
codon, is an “open reading frame” (ORF) and usually codes for pro-
tein. There are about 23,000 ORFs in the human genome; these are our 
protein-coding genes.

But genes, at least in eukaryotes, are more complicated. Not all of 
the codons in an ORF become protein. Almost all human ORFs con-
tain some stretches that “code” for protein and some that do not. The 
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parts that code for protein are called “exons”; the parts that do not are 
called “introns.” (This has always confused me—the “in’s” seem like 
the important ones, not the “ex’s”—I remember which is which by re-
calling that it is counterintuitive.) The entire ORF, exons and introns, 
is transcribed into messenger RNA, but the messenger RNA is then 
edited by “splicing” out the introns before the remainder is translated 
into a protein.

Human genes often have many exons and many introns, with 
the introns usually accounting for more base pairs than the exons. 
BRCA1, for example, has twenty-two exons (and hence twenty-one 
introns—remember, the introns are always between exons). The whole 
open reading frame contains 81,188 base pairs of DNA from start to 
fi nish, located at 17q21 (the fi rst subband of the second band of the 
long arm of chromosome 17). The exons, though, contain only 5,592 
base pairs, which leads to an amino acid transcript of 1,863 amino 
acids—5,592 divided by three (three base pairs per codon) minus one 
(for the stop codon).

The move from DNA to protein is often still more complicated. The 
messenger RNA can be spliced together in various diff erent ways. Some-
times exons are excluded; sometimes their borders are changed. And 
sometimes the proteins will be changed by subsequent modifi cations. 
The result is that the roughly 23,000 human protein-coding genes can 
make over 100,000 human proteins.

And the move from DNA to gene is also more complicated than just 
ORFs. Other stretches of DNA, outside these open reading frames, also 
provide crucial inherited information. Some of these are regulatory re-
gions, stretches that help determine when particular genes are turned on 
or turned off . It is not clear whether to think of these regulatory regions 
as being themselves genes, or as being parts of the genes they regulate, 
or as being something else entirely. Researchers have identifi ed hundreds 
of regulatory sequences.

Other stretches of DNA provide the code for many diff erent kinds 
of small RNA molecules, which can serve a variety of functions within 
cells. These are genes even though they do not result in proteins; we 
know about several thousand of them.

So how many human genes are there? Well, at least the roughly 
23,000 protein-coding ORFs plus several thousand RNA-coding genes 
and possibly, depending on your defi nition, hundreds or thousands of 
regulatory regions.
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Genomes Again

And now we come to perhaps the strangest fact about the human ge-
nome and the genomes of other complicated living things. The vast 
majority of each genome does not appear to do anything. DNA may 
seem like a fi nely engineered machine, but, in fact, it is more like your 
grandmother’s attic, with occasional treasures half-hidden in the mass 
of useless clutter.11

Only about 1.5 percent of the human genome is made up of the 
exons of protein-coding genes. RNA-coding genes and regulatory 
sequences make another few percent. And DNA stretches that have 
structural value—the chromosomes’ centromeres and telomeres—add 
a few more percent. Although this remains somewhat controversial, 
the rest of the human genome, probably 80 to 90 percent of it, seems 
to have no known information content—or other use—and so has 
been called, by careless researchers and commentators, junk DNA. 
Careful researchers and commentators, on the other hand, might call 
it “junk” DNA.

DNA science has provided enough surprises that one would be reck-
less to omit the scare quotes. After all, shortly before the human genome 
was fi rst sequenced, the estimates of the number of protein-coding hu-
man genes ranged from about 150,000 to about 30,000—almost no one 
expected as few as were discovered.

Some 5 to 10 percent of the “non-gene” genome is strongly con-
served—many species have the same sequence, or close to the same se-
quence, even though they have been separated from each other by scores 
or hundreds of millions of years. This implies that those sequences are 
being preserved—being selected—by evolution, from which one can in-
fer that those sequences do something important. We just don’t usually 
know what.

In sum, it seems highly likely that some of those highly conserved 
“junk” DNA sequences do have functions that we just don’t understand 
yet. But it also seems highly likely that most “junk” DNA does not. 
This “other” DNA falls into several large categories, including “pseudo-
genes,” transposons and retrotransposons, LINEs, and SINEs.

Over time, stretches of DNA, including those with genes, may get cop-
ied. Pseudogenes are sequences that look an awful lot like other genes 
that we have but that have lost their ability to make protein. Somewhere 
along the way, an ancestor passed on a copy that contained a SNP, an 
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indel, or some other mutation that blocked the gene from functioning 
and now it sits useless in the genome, like a ghost at a party.

The largest single chunk of the human genome, though, around half 
the total, is the result of transposons and retrotransposons. These are 
stretches of DNA sequences that can become copied and have their cop-
ies incorporated into other parts of the genome. These could be viewed 
as the ultimate in DNA parasites—they “live,” “grow,” and “repro-
duce” inside our genomes.

The classic retrotransposon is actually a bit of nonhuman DNA (or 
RNA) contained in a retrovirus. A retrovirus, like HIV, invades a human 
cell and uses a protein called reverse transcriptase, made from its own 
RNA genome, to turn its RNA into DNA, which is then incorporated 
into the genome of the infected human cell. Should that cell, or one of 
its descendants, ever give rise to an egg or a sperm that in turn gives 
rise to a baby, that baby will have the “stitched in” part of the HIV 
genome as part of its own genome, which it in turn will pass on to its 
descendants. About 8 percent of the human genome can be traced to 
specifi c ancestral retroviruses; the remaining retrotransposon portion is 
probably descended from retroviruses so ancient that the actual virus 
can no longer be discerned. Other copies come from transposons (not 
retrotransposons) that incorporate themselves directly into other regions 
of the genome without fi rst going through an RNA stage.

The most common genome products of these transposons and ret-
rotransposons are LINEs and SINEs. “LINEs” is short for “long in-
terspersed elements” and “SINEs” stands for “short interspersed ele-
ments.” Researchers have identifi ed about 500,000 copies of LINEs in 
the human genome, making up about 17 percent of the total genome. 
SINEs are short, 500 base pairs or fewer. There are about 1.5 million 
copies of SINEs and they account for about 11 percent of the genome.

It is possible that pseudogenes, retrotransposons, and transposons are 
doing some good in our genome, but, for the most part it is hard for any-
one to see much immediate use for these repeated sequences. And this 
leads to the mystery. Copying DNA is expensive to cells. Presumably, 
a mutant cell that did not have to copy as much useless or potentially 
harmful DNA would have a competitive advantage over a cell that did. 
One would expect that evolution, working through natural selection, 
would favor smaller and more effi  cient genomes. Prokaryotes have very 
effi  cient genomes; almost all their DNA has a clear function. But eukary-
otes do not.
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Presumably, eukaryotes, including us, derive some evolutionary ben-
efi t to off set the cost of copying (and carrying around) all that appar-
ently useless DNA. Scientists have speculated that the advantage may 
be that these repeats lead to more variation. That sounds plausible and, 
in the absence of other good explanations, it may be true. As Sherlock 
Holmes told Watson, “How often have I said to you that when you have 
eliminated the impossible, whatever remains, however improbable, must 
be the truth?”12 At this point, though, it should probably be classifi ed 
as a mystery, for which, in the words that conclude untold numbers of 
scientifi c articles, “further research is required.”
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2
R E P R O D U C T I O N :  I N  G E N E R A L 

A N D  I N  H U M A N S

To discuss the end of sex, we need to talk about what sex is. It is ac-
tually at least three diff erent things—and each much more diverse in 
nature than we normally realize. First, sex is a method of reproduction 
in which the new organism gets a new mixture of genetic material from 
two parents. Second, sex is a condition of having either male or female 
reproductive organs—is an organism male or female? And, third, sex is 
a male and a female acting in ways that can, in the right circumstances, 
lead to reproduction. Each is fi rst discussed below in the broad context 
of all life. The chapter will follow that discussion with a much more de-
tailed discussion of how sex for reproduction works in humans.

Reproduction in General

At its most basic biological level, sexual reproduction means that a new 
individual organism is a mix of the genetic variations from two par-
ent organisms. In humans that means that (about) half of one’s genome 
comes from the mother and (about) half from the father. This seems 
deeply natural to us, but it is a minority approach in the biological world.

As noted in Chapter 1, the world of living things is now divided 
into the “domains” of bacteria, archaea, and eukarya. Bacteria and 
archaea are lumped together as prokaryotes. When we think of living 
things, we tend to think of our fellow mammals, with, perhaps, a few 
birds, reptiles, fi sh, and (maybe) amphibians. Those animals, the oth-
er main branches of the vertebrate subphylum, (almost) all reproduce 
sexually. So do most, but not all, other eukaryotes. But although most 
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eukaryotes reproduce sexually, the vast majority of living organisms—
and living species—on this planet do not use sex at all. All bacteria, all 
archaebacteria, and a signifi cant number of eukaryotes reproduce by 
cloning. Each off spring has exactly the same set of genetic variations, 
the same DNA sequence, as its parent. When a microbe reproduces, it 
normally splits into two copies, each genetically identical to its parent. 
(Some bacteria do engage occasionally in something called “conjuga-
tion” that is vaguely like sex, but it is not an even split of the daughter 
organism’s genetic variations and is not limited to genetic exchanges 
within the same species.)

Sex as a Method of Reproduction

So why does sex exist? As a biological question, that turns out to be 
surprisingly mysterious.1 Sexual reproduction is clearly expensive. Or-
ganisms need to produce special cells that have only half the normal 
complement of DNA. These cells, called gametes (eggs and sperm) com-
bine to make up a full genome, but the process of making gametes is 
complicated and not free. Even worse, a sexually reproducing species 
needs to have one of its gametes meet another gamete. A sperm needs to 
encounter an egg at the right time and place to give rise to another indi-
vidual. That scenario is always going to be more complicated—and less 
likely—than having one cell double its complement of DNA and then 
keep dividing to create an identical daughter organism.

On the face of it, clonal reproduction looks better. No dating games or, 
in the nonhuman context, no need for eggs and sperm to meet. And the 
resulting organism will have the same genome as the parent organism, 
which, after all, managed to survive long enough to reproduce. A new ge-
nome created by mixing two parental genomes may not be as successful.

So why sex? Presumably, the answer is that, in the long run, the 
variation in genomes of the succeeding generations will help the spe-
cies survive. Of course, variation can be helpful or harmful. Many 
variations thrown up by sexual reproduction will be harmful and 
hence will, presumably, not survive or survive as well. Many others 
will be neutral, neither positive nor negative in leading to survival of 
the next generation. A few will be positive. Sex only makes sense if the 
long-term benefi ts of those occasional positive changes outweigh the 
many costs of sexual reproduction.
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There is a little evidence about this. Some species of rotifers, a tiny 
freshwater multicellular eukaryote, switch back and forth between re-
producing clonally and reproducing sexually. Experimental evidence 
shows that when their environment is changing, these rotifers tend to 
reproduce through sex. When the environment is stable, they repro-
duce clonally.2

Of course, multicellular organisms cannot reproduce clonally as eas-
ily as single-celled organisms. They cannot just split in half and become 
two separate organisms. (Some plants do something similar to that, 
though, when they produce new copies of themselves by growing new 
aboveground portions from “runners” hidden underground, but is this 
reproduction or just growth?)

For rotifers, though, neither splitting in half nor growing new off -
shoots is a viable way of cloning. These organisms, and other clonal 
multicellular species, practice parthenogenesis. Parthenogenesis, from 
the Greek for “virgin birth” (the same Greek root that gave rise to “Par-
thenon,” the name of the temple to the goddess Athena, who sprung, 
unconceived, from the forehead of her father Zeus), usually involves 
the growth of a new genetically identical animal from one cell of the 
old one. Often that cell will be an egg cell, but one that has not yet cut 
its number of chromosomes in half through meiosis. There are several 
kinds of parthenogenesis, but in this sort the egg begins to act as though 
it has been fertilized and starts dividing to form an embryo and eventu-
ally a new individual, genetically identical to its parent.

Natural parthenogenesis is unknown in mammals. It has been report-
ed, though, in various fi sh, amphibians, reptiles, and even, rarely, in 
some birds. The Komodo dragon, the world’s largest lizard, can repro-
duce either sexually or through parthenogenesis. Parthenogenesis is fair-
ly common in insects and crustaceans. In the most common species of 
honeybees, for example, the queen can reproduce sexually, after mating 
with male drones, but both the queen and worker bees can reproduce by 
parthenogenesis to produce the drones and more workers.

But why do eukaryotes, and especially vertebrates, the animals we 
know the best, usually (and, in the case of mammals, always) repro-
duce sexually? Maybe these complex organisms confront a world so 
uncertain that sexual reproduction is always an advantage. Or maybe 
these species, for some reason, got “stuck” with sexual reproduction 
and could not easily change.
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Sex as a Biological State

Organisms that never reproduce sexually will not have males and fe-
males. The terms are only meaningful in the context of sexual repro-
duction; bacteria do not come in “men” and “women”. But, of course, 
to say that something reproduces sexually is still not to say that it re-
produces from two distinctive sexual statuses, male and female. Some 
species are made up of hermaphrodites, organisms that produce both 
eggs and sperm. Many plants are hermaphrodites, as well as invertebrate 
animals (snails and earthworms, for example) and a few vertebrates.

Simultaneous hermaphrodites can produce either kind of germ cell 
(gamete) at any one time. Some simultaneous hermaphrodites are able to 
fertilize themselves. Unlike normal prokaryote reproduction, the prod-
ucts of this kind of hermaphroditic reproduction will not be clones. Each 
egg and each sperm has only a random half of the genetic variations of 
the parent organism. These self-fertilizing hermaphrodites thus get some 
of the advantages of the genetic variation produced by sex, but less than 
the variation produced by sex between diff erent individuals.

But life is still more complicated. Some simultaneous hermaphrodites 
possess protections against self-fertilization. They only reproduce with an-
other organism, but can provide either the sperm or the egg. Still other her-
maphrodites, including many species of fi sh, are sequential, not simultane-
ous. These creatures change their sex over time. Some of them change just 
once; others can go back and forth between male and female many times. 
These sequential hermaphrodites are born with, or with the ability to cre-
ate, both male and female reproductive organs and switch between them.

Hermaphroditic organisms are each sex, either simultaneously or at 
diff erent times. But among organisms where individuals normally have 
one and only one sex, what is it that determines which sex will result? 
Generally, it is sex chromosomes. As noted in Chapter 1, humans have 
22 pairs of chromosomes (the autosomes) plus two more mismatched 
sex chromosomes, found in humans and all other mammals, the X and 
Y chromosomes. Females have two copies of the X chromosome; males 
have one copy of the X and one copy of the Y. No humans have two 
copies of the Y chromosome without any X chromosome, for two sepa-
rate but equally good reasons. The fi rst is that everyone with a mother 
must have received an X chromosome because the mother has only X 
chromosomes to give. The second is that the X chromosome is large and 
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contains many important genes; no viable human could be born without 
at least one X chromosome.

Of course, neither chromosomes nor genes themselves make repro-
ductive organs. They work through the proteins that are produced when 
particular genes are turned on, or “expressed.” In some species, environ-
mental triggers can determine what sex a new individual will have. In 
alligators for example, the temperature when an egg is developing (in this 
case, the large, shell-enclosed spheroid that a female alligator has laid, not 
the egg cell) determines whether that alligator will be male or female.

Sometimes, in humans and in other organisms, something happens 
diff erently in the process that leads from sex chromosomes to sex or-
gans. Occasionally people are born with at least some of the reproduc-
tive apparatus of both sexes. Traditionally referred to as hermaphro-
dites, though now generally called “intersex,” such people are not true 
biological hermaphrodites and do not have two sets of functional repro-
ductive organs. Their situation raises many diffi  cult and complex issues, 
but they are beyond the purposes of this book.3

Furthermore, even with mammals that are solely biologically male or 
female, sometimes their physiological sex will not correspond to their 
sex chromosomes. The underlying sex of all mammals is female; genes 
on the Y chromosome must produce particular proteins at just the right 
times during prenatal development for the default female organism to 
become male. Those genes might end up accidentally moving to an X 
chromosome, making an X/X organism physiologically male, or, while 
staying on the Y chromosome, might become ineff ective, making an X/Y 
organism physiologically female. These problems are rare, but not van-
ishingly so. They are among the reasons that, after a brief fl irtation, 
the Olympic Games stopped using chromosome status to determine an 
athlete’s “true” sex.4

Sex as an Activity

Our survey of sex in the biological world still has to deal with the pro-
cess or, actually, processes of having sex. Again, in the biological world 
we usually think about, living creatures have sex through sexual inter-
course. In cats and dogs, and in mice and men, a male uses a penis 
to introduce sperm into a female’s vagina. The sperm then (sometimes) 
meets an egg and begins a process that leads to the birth of one or more 
new individuals.
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But even among sexually reproducing organisms, sexual intercourse 
is far from universal. Consider sexually reproducing plants. They can-
not, of course, have sexual intercourse; they aren’t built for it. Instead, 
many of them scatter their sperm (in the form of pollen) to the winds, 
hoping that it will land in the right spot on the body of another member 
of their species, fi nd an egg cell, and make seeds. Some plants cheat and 
use a mobile organism—insects, birds, bats, and other creatures (includ-
ing, now, human farmers)—to transfer their pollen for them.

Even among mobile organisms that could have sex, many do not. 
Many species that live in water reproduce by spawning. They cast their 
eggs and their sperm into the water, to fl oat around in the hope of meet-
ing a complementary gamete. Some species, though, get more geographi-
cally specifi c. Female salmon, for example, dig little depressions in gravel 
beds, called “redds,” where they deposit their thousands of unfertilized 
eggs. Male salmon next release their millions of sperm near those de-
pressions. The female then covers the eggs and sperm with gravel, pro-
viding some protection for any fertilized eggs. Although not exactly “in 
vitro” fertilization, this is not “in vivo” fertilization. The fertilization 
occurs outside the female’s body.

And, of course, if fertilization does not occur inside the female’s body, 
embryonic and (in mammals) fetal development does not occur in that 
body. External fertilization does not lead to “live births.” But even in 
species with internal fertilization, some go through some early stages of 
development inside the female but are then expelled to continue their 
development as eggs (classically but not always of the shelled type) on 
the outside. Most vertebrates—many fi sh and amphibians, all reptiles 
and birds—reproduce this way.

Only in mammals does the fertilized egg develop into a new organ-
ism while physically and biologically attached to the female. Pregnancy is 
uniquely mammalian and, across the whole spectrum of the living world, 
quite unusual (and arguably bizarre). Even with mammals, whether the 
off spring fully develops inside the mother can be doubted. For some pla-
cental mammal species, the newborn may be a viable individual immedi-
ately, or almost immediately. In others, and certainly in humans, the devel-
opment of the new individual will continue outside the mother for a long 
time, sometimes decades, before the new one is able to survive on its own.

And, of course, there are intermediate versions. Some fi sh make eggs 
but keep them on the inside. In eff ect, they “lay” their eggs inside them-
selves. When the eggs hatch, the mother “gives birth” to the live young 
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but the egg has been developing inside the female without a biological 
connection to it. On the other hand, marsupials, one type of mammal, 
give birth to extremely underdeveloped off spring that then continue to 
develop inside the marsupial’s pouch, no longer biologically connected 
to the mother by a placenta, but still inside the mother.

Living organisms reproduce in a host of diff erent ways, many of which 
do not involve sex in any of its meanings and certainly not sex as we hu-
mans know it. Taking a wide view, while sex may be “natural,” what 
that means varies enormously across nature. And, as the next section 
shows, even the process of sexual reproduction with which we are most 
familiar—our own—is strange and complicated beyond our imaging.

Sex in Humans

You did not pick up this book to read about rotifers and Komodo drag-
ons. Although the biological world contains many diff erent ways to 
reproduce, unless humans use assisted reproductive methods on them, 
all mammals, including humans, reproduce sexually, as do all humans, 
through sexual intercourse between a male and a female that, on occa-
sion, results in a pregnancy and a live birth. This is not the most com-
mon method of reproduction, but it is our method of reproduction. And 
it is this method of reproduction that, at least in some critical details, 
will be replaced in the coming decades. Before we talk about replacing 
it, though, we need to understand it. I will start by describing the basic 
process of going from cells with a full set of paired chromosomes to cells 
with only an unpaired set, a process called meiosis, and then discuss the 
origin of eggs and sperm, the eff ects of puberty, the fertilization that 
comes from the meeting of eggs and sperm, and what happens after 
fertilization.

Meiosis

Cells that have a full set of chromosomes—in humans, one pair each 
of chromosomes 1 through 22 (the autosomes) and two sex chromo-
somes—are called diploid. When a cell has only one chromosome from 
each pair and only one sex chromosome, it is called haploid. In mam-
mals, only sperm and fully mature egg cells are haploid; all the other 
cells are normally diploid.
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Cells almost always divide through a process called mitosis. The con-
tents of the cell increase in number and amount and the chromosomes 
are copied, giving a human cell, temporarily, not 46 but 92 chromo-
somes. When the cell divides, each daughter cell receives 46 chromo-
somes, one copy of each of the original cell’s chromosomes, with the 
same DNA sequence (except for occasional new mutations) as the par-
ent cell’s chromosomes.

Only eggs and sperm divide by something other than mitosis. The 
process for making gametes turns diploid gamete precursor cells into 
haploid gametes. It is called meiosis and, in humans, it is complex in 
men and amazingly complicated in women. In both men and women it 
has two phases, called meiosis I and meiosis II.

The diploid human reproductive cells that give rise to eggs and sperm 
will prepare for meiosis the same way other cells prepare for mitosis—
they copy their 46 chromosomes, making them 92. Each of the original 
46 chromosomes will now exist in two copies that are connected with 
each other at their centrosomes, the copies of the paternal version of 
chromosome 1, for example, connected to each other. In mitosis, these 
46 sets of duplicated chromosomes line up in the cell and are pulled 
apart, one copy of each duplicated chromosome being pulled in the di-
rection of each of the ends of the dividing cell. The result is that each 
daughter cell gets one copy of each of the preexisting 46 chromosomes.

In meiosis I, on the other hand, the now 92 doubled chromosomes 
pair off  with their equivalents from the other parent, so the two con-
nected copies of each paternal chromosome 1 pair off  with the two 
connected copies of maternal chromosome 1, pulling all four copies of 
chromosome 1 together. At this point, a process called recombination 
happens. Chunks of DNA from a copy of one or both of the pater-
nal copies of chromosome 1 swap with chunks of DNA from one or 
more of the paired maternal copies of chromosome 1. Typically, any one 
chromosome undergoing recombination will swap only a few chunks of 
DNA, usually about two to four pieces.

This recombination does not happen in mitosis, only in meiosis, and 
has important implications. Without recombination, each of us would 
inherit 23 chromosomes from each of our parents but each of those chro-
mosomes would be identical to one inherited from the parents. Thus, a 
person’s two copies of chromosome 1 might include one exact copy of 
his or her father’s mother’s chromosome 1 and one exact copy of the 
mother’s father’s chromosome 1. Because of recombination, a person’s 
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parents will each give a chromosome 1 that combines DNA from that 
parent’s father’s and mother’s chromosomes 1, giving four sources for 
that chromosome’s DNA, not just two. So there are now four diff erent 
versions of chromosome 1 in the cell, still stuck together in two pairs.

These pairs now separate, but not the same way as in mitosis. The 
DNA in the cell is divided, producing two chromosome-containing cell 
nuclei. Each nucleus still has 46 chromosomes, but in pairs made up 
of two copies of what started as either a paternal or maternal chro-
mosome, as modifi ed by recombination. Each will have some mix of 
originally paternal and maternal chromosomes, so that, say, ten of 
the chromosome pairs in one daughter cell will be originally (and still 
mostly) maternal and thirteen will be originally (and still mostly) pa-
ternal, while the other will be thirteen to ten in the other direction. 
This is the end of meiosis I.

Meiosis II is then simple. The two daughter nuclei produced by meio-
sis I, with their 23 pairs of chromosomes, divide again, separating each 
pair. Each of these two nuclei is now truly haploid. They have only 23 
chromosomes, one of each autosome and one sex chromosome. Each 
will have some originally paternal and maternal chromosomes, further 
mixed by the recombination process. If merged with a complementary 
haploid nucleus (that of an egg with that of a sperm), they will produce a 
new nucleus with 46 (and only 46) chromosomes, with one pair of each 
autosome and two sex chromosomes.

Making Eggs and Sperm

The story of just how the body makes, and matures, eggs and sperm is 
incredibly complex—in an earlier draft of this book it took up about 
twenty pages of text—and fascinating. But, for the purposes of this 
book, it is (alas) not important enough for that much detail.

In males, the cells that eventually become sperm lodge in what will 
eventually become testicles about halfway through fetal development. 
They stay there, quiescent, until puberty, when a cascade of hormones, 
starting with the brain and ending with testosterone from the testicles, 
leads some of them to start going through a roughly 60-day process 
involving their transformation through six diff erently named cell types 
before they have gone through both stages of meiosis (and thus become 
haploid, having only 23 chromosomes instead of 46) and become fully 
functional sperm. These sperm lodge in a structure on the outside of the 
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testicle called the epididymis. Men start making sperm at puberty and 
continue, though in diminishing quantities, throughout their lives.

Women are diff erent. They make all the cells that will become eggs 
(oocytes) that they will ever have by early in the third trimester of their 
fetal development; they are born with around one million.5 Before birth 
those eggs begin to go through the fi rst stage of meiosis, but then stall 
until puberty. The brain-released hormones that trigger puberty in men 
do the same in women, leading to the production not of testosterone 
but of several kinds of estrogens, notably estradiol. At puberty, women 
have, on average, about 400,000 eggs left.

With menarche, the start of the menstrual cycle, every month (roughly) 
one egg (usually) will complete a process that perhaps as many as a thou-
sand would-be mature eggs started twelve months earlier. (Some sources 
say about a dozen, again illustrating the limits of our knowledge of this 
process.) That egg grows, fi nishes meiosis I, ejecting 23 chromosomes into 
something called the fi rst polar body, and begins but does not complete 
meiosis II, all to become “ripe” or “mature.” It then gets released from a 
large (about 0.8-inch) fl uid-fi lled follicle (think of a blister) on the surface 
of one of her two ovaries. (Sometimes more than one egg ovulates in a 
month, which can lead to the birth of nonidentical twins if they both are 
fertilized and successfully implant.) This process continues until meno-
pause, with the number of potentially viable eggs shrinking all the while.

How Sperm and Egg Meet

This is the stage where “sex,” in the meaning of sexual intercourse, has 
traditionally been crucial. The sperm needs to get from the epididymis 
into the female reproductive tract and move upstream in that tract until 
it meets up with an egg, moving downstream since ovulation. Again, this 
simple-sounding process turns out to be much more complicated than 
we would imagine—and, in spite of years of research, its story still sur-
prisingly lacks consensus on many details. Treat the following descrip-
tion (and particularly any numbers in it) as approximate and do not be 
surprised if you read somewhat diff erent accounts in other sources.

The sperm wait in the epididymis until ejaculation. At that point, 
roughly 100 million to several hundred million of them (the amounts 
vary from man to man and time to time—and written source to written 
source) move down the length of the vas deferens (variously, and annoy-
ingly, described in the literature as being about 12 inches, 17 inches, and 
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2 feet long) to the ejaculatory ducts, which open into the urethra, the 
same tube through which urine passes, just downstream from the blad-
der. Along the way, the sperm become just a small part (about 2 percent 
by weight) of the semen, a mixture of sperm plus contributions from 
other parts of the reproductive system.

The vagina is naturally very acidic; seminal fl uid provides alkaline 
bases to the semen to counteract the acidity. The sperm will use a lot of 
energy moving through the vagina, cervix, uterus, and fallopian tube; 
the seminal vesicles contribute large amounts of fructose, a sugar, to 
help feed the sperm. The female reproductive system will mount an 
immune response against sperm cells; prostaglandins in the semen help 
repress that.

As the semen moves downstream it is propelled largely by muscles 
in the male reproductive system and not yet primarily by the sperm’s 
tails. Eventually, the semen moves through the urethra, out of the tip 
of the penis, and, in heterosexual penile-vaginal intercourse, into the 
vagina. Most of these sperm actually have no chance of fertilizing an 
egg; they are misshapen or otherwise nonfunctional. But, functional or 
not, after their rapid journey of several feet, the sperm take a break for 
about a half hour, where they separate from the rest of the semen and 
begin various physical and chemical changes, including just warming up. 
(The temperature in the testicles can be as much as 7 degrees Fahrenheit 
cooler than normal body temperature.)

The sperm’s fi rst challenge is to get into, and through, the 3- or 4-
centimeter-long cervix. Most of the month, the cervix is plugged by mu-
cus. The hormones expressed around the time of ovulation thin that mu-
cus, unplugging the cervix. However, there are no road signs, and, even 
if there were, sperm can’t read—at this point sperm just move randomly, 
in part on their own and in part in response to contractions of the va-
gina. Some of them end up moving toward and then into the cervix; 
most do not. Only about 50,000 sperm in any ejaculation actually enter 
the cervix—about one in 5,000 to 10,000 of those in the initial ejaculate. 
And then only 10 percent of the sperm that enter the cervix manage to 
navigate successfully through it and into the uterus.

At some point, probably in the cervix, the sperm become activated 
and their tails hyperactive, allowing them to move much better on their 
own. The tail makes a propeller-like rotating motion to move a sperm 
forward at a rate of one to three millimeters per minute—a breathtaking 
four to six inches per hour.
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Now, a few hours after ejaculation, a few thousand sperm will end 
up at one of two utero-tubal junctions—the places at the far end of the 
uterus where each of the two fallopian tubes enters the uterus. (Sperm 
can survive for several days in the woman’s cervix or uterus, so fertiliza-
tion does not necessarily depend on this fi rst wave of sperm.)

The junctions are tiny, only two or three times the diameter of the 
sperm head, while the uterus is, by comparison, vast—from the top of 
the cervix to the oviducts is another 2 or 3 centimeters, about 500 times 
bigger than the sperm’s head. On top of everything else, these utero-tubal 
junctions are on diff erent sides of the uterus, even though, most months, 
only one of the fallopian tubes will ever contain an egg. The woman’s 
immune system poses an additional problem, as white blood cells in the 
vagina try to destroy sperm. From any ejaculation, it is thought that 
only a few dozen sperm will actually get into the (appropriate) fallopian 
tube, which is about 10 centimeters (4 inches) long. Fallopian tubes are 
a very congenial environment for sperm, with nutrients, a comfortable 
pH level, and protection from the immune system. And there they may 
fi nally meet an egg, to whose progress we now return.

We last saw the egg during ovulation, being ejected from the ovary 
when the blister that the ovarian follicle has become, in eff ect, pops. 
There are diffi  culties here, as well. Oddly enough, the fallopian tubes are 
not actually attached to the ovaries. They fl oat in the abdominal cavity 
with their openings, the oviducts, near to, but not quite touching, the 
ovaries. The oviducts are wreathed in fi ngerlike protuberances called 
fi mbriae. Under the infl uence of hormones released by the ovary around 
ovulation, those fi mbriae become larger. Each one is covered with cilia, 
little beating hairlike projections that help guide the released egg into 
and down the fallopian tube. Occasionally, eggs escape from the fi m-
briae and fl oat, uselessly, into the abdominal cavity. Very rarely, these 
eggs will be fertilized by sperm and will establish a very dangerous—to 
the fetus and woman—abdominal pregnancy.

When the egg enters the fallopian tube, it releases a chemical that 
fi nally gives the sperm some direction. The sperm then head directly for 
the egg. Only a handful of sperm actually reach the egg—or, more ac-
curately, the cumulus cell-oocyte complex.

Because what the sperm reaches is not just an egg, but an egg sur-
rounded by several hundred small cumulus cells that form the corona 
radiata (the “radiating crown”). The egg alone has a diameter about 
twenty times larger than the diameter of the head of the sperm—if the 
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sperm were the size of an adult human, the egg would be a sphere over 
120 feet in diameter, taller than a ten-story building. The sperm binds to 
the corona radiata, which both helps prepare it for fertilization by physi-
cally “roughening” it and puts it into contact with the zona pellucida 
(the “clear zone”), a gooey layer surrounding the actual egg. A molecule 
on the sperm head binds to a receptor molecule on the zona pellucida, 
which in turn leads to the “acrosome reaction,” the bursting of a region 
in the head of the sperm that contains enzymes that help make a hole 
in the zona pellucida. Once the sperm penetrates the zona pellucida, it 
then easily enters the egg’s membrane. As soon as that happen, the egg 
produces a signal that causes the zona pellucida to harden, usually pre-
venting fertilization by more than one sperm.

The sperm that fertilizes the egg may have been ejaculated anytime 
from a few hours to several days earlier. The egg, on the other hand, had 
to have ovulated within the past day. Once ovulated, eggs deteriorate af-
ter about twenty-four hours. All of us conceived the traditional way exist 
only because a sperm ejaculated a few hours or days earlier managed to 
fi nd an egg within twenty-four hours (or less) of ovulation. It is no wonder 
that healthy fertile couples trying to get pregnant take about fi ve months 
on average to succeed. The wonder is that this process ever works.

After Fertilization

The egg and sperm have now met and merged—they have become a zy-
gote. But there are no guarantees that any babies will be born from this 
zygote (fewer than half of zygotes become babies), or that only one baby 
will be born from it (identical, or monozygotic, twins form from one zy-
gote); in fact, that zygote does not immediately act like it is a single cell. 
The former egg and former sperm still have some separate work to do.

For one thing, at this point the genome of the new possible person is 
not yet fi xed. At fertilization, when the sperm is absorbed into the egg, 
that egg has not yet completed meiosis. It still has 46 chromosomes and 
is still stuck in the middle of meiosis II; the chromosome pairs are lined 
up but still attached. Only at fertilization does the egg complete meiosis 
II. Those chromosome pairs now separate, randomly keeping one of 
each pair of recombination-modifi ed chromosomes in the egg’s nucleus 
(called now, and for just a little longer, the pronucleus). The fertilized 
egg segregates the other copies of its chromosomes into the so-called 
second polar body, which it expels.
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The sperm has been absorbed into the much, much larger egg. (The 
egg’s volume is about 10,000 times greater than the sperm’s.) The 
sperm’s tail and midpiece degenerate, destroying the mitochondria in 
its midpiece. This is why, in humans at least, all of our mitochondria, 
and hence our mitochondrial DNA, come from our mothers. Then the 
membrane around the sperm’s head dissolves, leaving its chromosomes 
as the male pronucleus.

The completion of meiosis II by the former egg and the formation 
of the male pronucleus from the former sperm take up about eighteen 
hours after fertilization. The two pronuclei migrate toward the center 
of the zygote. During this time the chromosomes inside each pronucleus 
are duplicating, preparing for the zygote’s mitotic cell division. Thus, 
before they meet, the sperm’s pronucleus and the egg’s pronucleus each 
contain 46 chromosomes, two identical copies each of one of each of the 
autosomes and one sex chromosome.

As the two pronuclei approach, the membranes holding their chro-
mosomes together dissolve and the chromosomes from the egg and the 
sperm fi nally meet, completing the process known as syngamy. They 
come together as part of the act of the zygote’s fi rst cell division, mov-
ing directly into mitosis and preparing for each of the zygote’s daughter 
cells identical copies of each chromosome inherited from the egg and 
from the sperm. Nuclear membranes now form around these two new 
cell nuclei. The nuclei migrate to diff erent ends of the zygote, which then 
splits to form a two-cell embryo.

So now where there was one zygote, there is a two-celled embryo. The 
two cells of the embryo begin their own process of mitosis, splitting into 
four cells, which split again into eight cells. The timing of these divisions 
is not tightly controlled enough to make the divisions of diff erent em-
bryonic cells occur simultaneously, so not all early embryos have exactly 
two, four, eight, or sixteen cells, but that is generally the path they take. 
It usually takes about three days for a zygote to become an eight-cell-
stage embryo by completing three divisions.

To this point, though, the embryo is not really growing; it is “cleav-
ing.” The same amount of material—the contents of the original egg 
along with the tiny contribution from the sperm, almost entirely in its 
chromosomes—is being divided into smaller and smaller compartments. 
The size of the embryo at this point is the same as the size of the egg 
and its eight cells are not really bound to each other. They are just held 
together within the zona pellucida. And, for the most part, no genes are 
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being transcribed and no new protein is being made. The embryo is liv-
ing off  the resources from the egg.

That begins to change after the eight-cell stage. The embryo begins 
the process of compaction; by the thirty-two-cell stage (two more divi-
sions) the cells are bound tightly to each other in a sphere. (At this stage, 
the embryo is called a morula.) At about the same time, widespread gene 
activation starts and the embryonic cells begin to use their own genomes 
to make their own proteins.

Shortly afterward, the embryo begins to diff erentiate. The cells on 
the outside of the sphere begin to pump fl uid inward, forming a fl uid-
fi lled cavity in the middle of the sphere. This marks the beginning of the 
blastocyst stage of the embryo, a hollow, fl uid-fi lled sphere. The outer 
wall of the blastocyst, looking like a lumpy soccer ball, is made up of 
cells called trophoblasts and is itself called the trophectoderm, which 
eventually becomes the placenta and other supporting tissues for the 
pregnancy. The middle is fi lled with fl uid and a few other embryonic 
cells, poetically named the “inner cell mass.” It is the inner cell mass that 
later becomes the fetus and ultimately the baby. In humans the blasto-
cyst forms about fi ve days after fertilization.

Meanwhile, hormones produced in the ovary stimulate the lining of 
the uterus, called the endometrium, to thicken, providing a welcoming 
site for the blastocyst. This thickened endometrium will be the site of 
implantation, if the egg is successfully fertilized and then arrives at the 
uterus at the right time. In the course of a menstrual cycle, the thickness 
of the endometrium goes from microscopic to about a quarter of an 
inch. It is at its largest for about four days, starting roughly seven days 
after ovulation.

Fertilization usually occurs high in the fallopian tubes, close to the 
ovary. After fertilization, while the former egg, now zygote, is cleaving 
and then growing to a morula and then a blastocyst, it is also moving 
down the fallopian tube, pushed toward the uterus by the cilia lining the 
tube. By the sixth day or so, it will have reached the uterus, where the 
endometrium will have grown in preparation to receive it.

The next step is the implantation of the blastocyst into the endome-
trial lining of the uterus. Unless this occurs successfully, the blastocyst 
will die and be fl ushed out with the next menstrual cycle, which, unless 
implantation succeeds, will begin about twelve or thirteen days after fer-
tilization. The blastocyst spends about one day, on average, in the uterus 
before it implants. During this time the blastocyst must “hatch” out of 
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the zona pellucida. Enzymes in the uterus begin to break down the zona 
pellucida and the blastocyst oozes out of it.

About a week after fertilization, the blastocyst, now wholly free from 
the zona pellucida, needs to make contact with the enlarged endome-
trium (also called the decidua) to begin to form the placenta. The blasto-
cyst is now secreting several important proteins. Some of them stimulate 
cells from the blastocyst to invade the endometrium. Others make that 
invasion easier by breaking down the bonds between endometrial cells. 
The blastocyst also secretes several diff erent proteins that inhibit the 
woman’s immune system. After all, the blastocyst only shares half its 
genes with its host. That host’s immune system will see the blastocyst 
(with some justice) as a parasitic invader and, unless prevented, will at-
tack it.

Finally the implanted blastocyst secretes human chorionic gonadotro-
phin (hCG), which tells the body that a pregnancy has started. Modern 
pregnancy tests look for hCG to see if a pregnancy has begun. It can be 
detected almost immediately after implantation (and hence before any 
missed menstrual periods), but its concentration increases more than a 
thousandfold during the fi rst six weeks of pregnancy. Therefore, home 
pregnancy tests typically advise waiting for a week after a missed period.

And only now, with a successful implantation, can a pregnancy truly 
be said to have started.

If implantation did not occur, and take, no hCG is produced and, 
about two weeks after ovulation, the endometrium begins to slough off . 
Menstrual fl uid is a mixture of the endometrium with blood; the fi rst 
day of menstrual bleeding marks the fi rst day of a new menstrual cycle. 
And, once again, a new group of immature eggs will start the roughly 
year long process of competing to become the dominant follicle, to ovu-
late, and to have their chance to lead to a baby, just as another group is 
nearing the end of its race, which will result in the ovulation of one egg 
(usually) in about two weeks.

And so it will continue, roughly every month, unless or until inter-
rupted by pregnancies, oral contraceptives, disease, or menopause. An 
average healthy woman who never becomes pregnant will go through 
about thirty to forty years of menstrual cycles, ovulating around 420 
times. Of the millions of egg precursors that the fetus started with, and 
the hundreds of thousands of primary oocytes each baby girl had at 
the beginning of her life, only those roughly 400 eggs have a chance to 
continue the cycle of life. Healthy men continue to produce sperm until 



 44 T H E  S C I E N C E

death, making hundreds of billions—perhaps a trillion—sperm over their 
lifetimes, but for only a few men do more than a handful of those sperm 
produce children. And, of course, those few “lucky” eggs and sperm 
may produce children who are healthy or sick, happy or miserable.

The process of human reproduction is wasteful, expensive, and bi-
zarrely complicated. Such a process surely must be the product of evolu-
tion, because no one would have designed it this way. And, for many 
people who want to be parents, it does not work. Ultimately, this book 
is about the ways we are likely to redesign that system, to make it less 
wasteful, expensive, and complicated. But we will start, in the next 
chapter, with how we currently try to fi x it for prospective parents for 
whom it does not work.
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3
I N F E R T I L I T Y  A N D 

A S S I S T E D  R E P R O D U C T I O N

This book is about the broad future use of techniques of assisted repro-
duction by fertile people who don’t “need” to use them, but that future 
will strongly rely on techniques established to help infertile people have 
“children of their own”—children made from their own DNA. This 
chapter starts with some background on infertility and the history of 
treatments for it until 1978. It then describes in some detail the history 
and practice of in vitro fertilization (IVF), the crucial method that will 
lead to the end of sex.

Infertility and Its Treatments Developed before 1978

Doctors defi ne infertility as a condition occurring when at least one 
year of unprotected sexual intercourse between a man and a woman 
between menarche and menopause does not produce a pregnancy. On 
that defi nition, an estimated six million American women between the 
ages of fi fteen and forty-four—about 10 percent of the women in that 
age range—are infertile, as are about 14 percent of couples.1 Of course, 
some of those people who missed during the fi rst year will become preg-
nant in the thirteenth month, or the fourteenth. But there will also be 
women who become pregnant but cannot sustain the pregnancy to a live 
birth, as well as people who become pregnant once, or more, but then 
never become pregnant again.

Having just read so much about the things that must go right to es-
tablish a pregnancy, it should come as no surprise that many diff erent 
problems can cause infertility. The most common cause of infertility in 
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women is a lack of ovulation, often caused by polycystic ovarian syn-
drome or by primary ovarian insuffi  ciency—or by aging. About one-third 
of couples where the woman is over thirty-fi ve are infertile. Blocked fal-
lopian tubes are also a substantial contributor to female infertility, along 
with physical problems with the uterus.

In men, the most common problem is absent, insuffi  cient, or badly 
formed sperm. Another very common reason for male infertility is vari-
cocele. In this condition the veins in the testicles are too large, causing 
the testicles to become too warm and killing or damaging the sperm. 
(Lowering the temperature for sperm is presumably the reason men’s 
testicles hang outside the body in a dangerously, and sometimes very 
painfully, exposed way—though assigning reasons to evolution is al-
ways speculative.) Various diseases, from mumps to cystic fi brosis, can 
also cause male infertility.

For couples, infertility stems from problems on the man’s side about 
one-quarter of the time and on the woman’s side about one-half of the 
time, with about half of women’s infertility caused by ovulation prob-
lems and the remainder coming from fallopian tube blockages or other 
causes. In the remaining quarter of cases, the cause is a mystery.

Infertility is certainly not new; it features prominently in the book 
of Genesis and has regularly caused dynastic changes in monarchies, as 
well as divorces, beheadings, and other dramatic and unpleasant events. 
(See, e.g., Henry VIII.) Less dramatically, it has also caused great grief to 
people who have desperately wanted to become genetic parents.

Treatments for Male-Based Infertility

Eff ective medical treatments for some kinds of infertility are also not 
new.2 The fi rst artifi cial insemination in nonhuman animals (dogs) oc-
curred in 1784. The fi rst successful human artifi cial insemination is 
thought to have occurred sometime in the late eighteenth century; the 
details, including the year, vary from source to source. Perhaps more 
clearly, John Pancoast, an American doctor, performed artifi cial insemi-
nation in 1884, leading to the birth of a child, though apparently with-
out the knowledge or consent of either his patient or her (known to be 
infertile) husband.3

Soviet experiments with livestock in the 1930s led to the common 
use of artifi cial insemination for livestock in the United States in the 
1940s and 1950s.4 This increased the interest in using the technique in 
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humans, but that proved intensely controversial because it was generally 
attempted using donated semen when the husband could not produce 
his own. A British commission recommended that it be made a crime, 
and the pope declared that it was sinful. In 1953 a court in Chicago held 
that a married woman who received artifi cial insemination (presumably 
with donor sperm), even with the husband’s consent, was guilty of adul-
tery and that the resulting child was illegitimate.

The tide soon turned. In 1964, Georgia became the fi rst U.S. state 
to legitimize the children of donor artifi cial insemination in marriage, 
as long as both husband and wife had consented in writing. And in 
1973 the National Conference of Commissioners on Uniform State 
Laws approved the Uniform Parentage Act, which expressly approved 
donor artifi cial insemination (at least in married couples), designating 
the husband as the (only) father. In spite of their names, “uniform acts” 
are only recommendations to state legislatures for action; they have no 
legal force in themselves. The act, updated in 2000 and again in 2002, 
has never been universally adopted—or adopted exactly the same way 
in the states that have accepted it. But for our purposes, the 1973 act 
is important as establishing broad social acceptance of donor artifi cial 
insemination. This climate made possible the opening of the fi rst sperm 
banks, storing and selling donated sperm for artifi cial insemination.

Today, artifi cial insemination in humans involves taking sperm, ei-
ther from the man who wants to be the child’s father or from a donor 
who does not intend to play that role, and inserting it into the woman’s 
reproductive tract either into the cervix or the vagina, or by putting 
“washed” sperm directly into the uterus or into the fallopian tubes (or 
both). (The “washing” involves several processes to make this sperm 
more similar to the condition of sperm that reaches the vagina in the 
normal course of events; it also removes components of the semen that 
are left in the vagina in normal intercourse and that can cause prob-
lems in the uterus.)

Artifi cial insemination clearly can help when the prospective father 
cannot make his own functional sperm, but it does not always have 
to involve donor sperm. Sometimes, artifi cial insemination will be used 
when the man can produce sperm but cannot ejaculate it. Some men, for 
example, make sperm but it all gets trapped in their testicles. That sperm 
can be removed using a long hypodermic needle; the photos are discon-
certing (to a man, at least), but the procedure is safe. Men with only a 
few sperm or with sperm that, for whatever reason, cannot normally 
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reach and fertilize an egg usually need another procedure, ICSI, but as 
that requires IVF, I will discuss it later.

Treatments for Female-Based Infertility

Artifi cial insemination can seldom help infertile couples where the prob-
lem is on the woman’s side (or on both sides), but starting in the 1960s, 
medicine began to off er real relief to some infertile women through fer-
tility drugs, tubal surgery, and endometrial treatments.

The fi rst approach increases ovulation, particularly in women with 
highly irregular or absent menstrual periods. Women receive drugs that, 
in eff ect, stimulate the hormonal system that naturally leads to ovula-
tion. The FDA approved clomiphene, the fi rst drug for use in increas-
ing ovulation, in 1967. Others have followed. Infertile women who are 
thought to have ovulation problems can be prescribed pills containing 
these drugs. If that does not work, doctors may recommend daily hor-
mone shots.

For some women, blocked fallopian tubes can prevent the sperm and 
the egg from meeting (at least at the right time) or the embryo from 
getting to the uterus. The blockages often arise from pelvic infl amma-
tory disease, often caused by chlamydia, a sexually transmitted infec-
tion. Specialists estimate that somewhere between 20 and 40 percent of 
female infertility comes from blocked fallopian tubes. If the blockage 
is minor, fallopian tubes can sometimes be opened by surgery. The fi rst 
fallopian tube surgeries were tried at the end of the nineteenth century 
with no success, but the development of microsurgical techniques in the 
1960s and 1970s made this procedure useful.

The endometrium is the lining of the uterus, which expands and 
contracts dramatically during the menstrual cycle. Sometimes those 
endometrial cells end up colonizing the wrong parts of the female re-
productive system, such as the ovaries or the fallopian tubes. This con-
dition, called endometriosis, can cause signifi cant pelvic pain, as well 
as fertility problems. Doctors estimate that 5 to 10 percent of women 
of reproductive age have endometriosis. Fertility problems from endo-
metriosis can sometimes be treated by laparoscopic surgery to remove 
the misplaced endometrium.

These treatments are still widely used in couples for whom they can 
work. But for some couples, none of them work. About a quarter of the 
time, infertility has no identifi ed cause. Even when it does have a known 
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cause, those older treatments may not cure it. These kinds of cases led 
to the truly revolutionary development of IVF and the birth of Louise 
Brown, the world’s fi rst “test tube baby” on July 25, 1978.

IVF—Its History and Current Status

Human in vitro fertilization may be the most important medical advance 
of the twentieth century to have taken place without substantial sup-
port, fi nancial or otherwise, from either corporations or governments. 
Although the preparation took place in the shadows, the fi rst success-
ful case generated a glare of publicity and controversy, but today, over 
thirty-fi ve years later, it is practiced worldwide. It has brought to life mil-
lions of people who would not otherwise have been born—an estimated 
fi ve million by 2012 with another 400,000 or so added each year.

Getting to Human IVF

An Italian priest named Lazzaro Spallanzani claimed to have performed 
what we would now call in vitro fertilization in the 1780s, but he did it 
the easy way, using organisms where fertilization naturally occurs out-
side the body. Mixing frog eggs and frog sperm in a Petri dish is not 
much diff erent from the way those eggs and sperm mix in nature. IVF in 
animals where fertilization normally takes place internally proved much 
harder. Various researchers experimented with IVF or its close relatives 
in mammals starting in the late nineteenth and early twentieth centuries, 
but with very limited success.

Substantial fi ctional progress in IVF was made, though, in 1932 when 
Aldous Huxley published Brave New World, his famous dystopian nov-
el. In the world of his novel, ovaries are surgically removed and the eggs 
are artifi cially matured, using “Podsnap’s Technique.” The ripened eggs 
are then examined under a microscope for imperfections. Those that 
pass are fertilized with sperm from selected men. Fertilized eggs destined 
to become members of the two highest castes, the Alphas and Betas, are 
moved to artifi cial wombs called “bottles.” Fertilized eggs intended to 
become Gammas, Deltas, and Epsilons are instead subjected to the “Bo-
kanovsky Process,” where they “bud” into clones, as many as ninety-
six, though seventy-two is the average. These are then also moved to 
bottles, where they develop, under close and modifying control, to birth. 
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The initial reviewers were not kind to Huxley’s book,5 but it thrived and 
put the idea of assisted, or artifi cial, human reproduction fi rmly into the 
public imagination.

Actual IVF proved much harder than the fi ctional version. Early 
researchers did not understand the importance of the maturity of the 
oocytes or the changes seminal fl uid and sperm go through between 
ejaculation and fertilization. In 1934, however, two researchers from 
Harvard, Gregory Pincus and E. V. Enzmann, got attention by claiming, 
perhaps accurately, in the Proceedings of the National Academy of Sci-
ences to have successfully performed IVF on rabbits.6

Three years later, in 1937, this work reemerged in an editorial in 
the New England Journal of Medicine called “Conception in a Watch 
Glass,” which hailed the research, opening with a direct reference to 
Brave New World.7

The immediate excuse for the editorial was the publication, in that 
issue, of a report, building on earlier work in (of course) rabbits, that 
electrical signals could be detected in humans at the moment of ovula-
tion. (It later turned out not to work in humans.) The last paragraph of 
this two-paragraph editorial is worth quoting in full for its prescience:

Contemplating this new discovery, one’s mind travels much farther. Lewis 
and Hartman have isolated a fertilized monkey ovum and photographed its 
early cleavage in vitro. Pincus and Enzmann have started one step earlier 
with the rabbit, isolating an ovum, fertilizing it in a watch glass, and reim-
planting it in a doe other than the one which furnished the egg, and have 
thus successfully inaugurated pregnancy in an unmated animal. If such an 
accomplishment with rabbits were to be duplicated in human beings, we 
should, in the words of “fl aming youth,” be “going places.” The diffi  culty 
with human ova has been that those recovered from tubes have regressed 
beyond the possibility of fertilization in vitro. But by utilizing the electrical 
sign we may be able to obtain them from the follicle at the peak of their 
maturity. If the new peritoneoscope can be developed along the lines of 
the operating cystoscope, laparotomy may even be dispensed with. What a 
boon for the barren woman with closed tubes! Walton is quoted as saying 
that it is theoretically possible to separate male-determining from female-
determining spermatozoa. Will it be possible to obtain son or daughter, 
according to specifi cations, and even deliver them of women who are not 
their mothers? Truly it seems as if the forge were being warmed, and an-
other link may be welded in the chain by which mankind strives to hold 
nature under control.8
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It was not until 1951 that real progress was made in mammalian 
IVF, as two researchers independently discovered capacitation, essential 
changes in sperm to enable fertilization. It then took eight years before 
the fi rst clear case of a live birth from mammalian IVF took place. In 
1959 Min Chueh Chang, one of the discoverers of capacitation, com-
bined rabbit eggs and sperm in a fl ask for three or four hours, eventu-
ally producing some four-cell embryos. He transferred thirty-six of them 
into female rabbits and they yielded fi fteen healthy live bunnies. IVF had 
fi nally been achieved but, unfortunately, only in a species not generally 
thought to have infertility problems.

The issues in moving to humans were many. Human eggs had to be 
successfully retrieved and in a time frame that respected their short fer-
tile lives. This meant not only the development of surgical procedures 
for the egg retrieval (sometimes called “harvest”), but ways to know 
exactly when ovulation was going to occur. Human sperm had to be suc-
cessfully capacitated in vitro. The human eggs and sperm had to be kept 
alive and viable in vitro while waiting to be combined; then the fertilized 
eggs had to be kept alive in vitro long enough to determine which ones 
were progressing normally. And the time, place, and manner of transfer-
ring the resulting embryos into a woman’s reproductive tract had to be 
worked out. All of this had to be done with more diffi  cult experimental 
subjects than rabbits, while facing serious ethical, religious, political, 
and funding challenges.

Laparoscopic surgery, abdominal surgery performed through a small 
incision with the aid of an inserted camera to allow the surgeon to view 
the internal area, solved the problem of getting human eggs, starting 
in 1961. Only later did it become possible to time the laparoscopy to 
catch the eggs just as they were about to ovulate, through using either 
hormone levels or ultrasound.

The 1960s and 1970s were largely spent in achieving IVF in other 
mammals, which required learning the surprisingly varied quirks of re-
production in diff erent species. Hamsters, mice, rats, sheep, pigs, guinea 
pigs, cats, and dogs were all successfully produced by IVF, eventually. As 
a nice example of the diffi  culties, though, hamster eggs were successfully 
fertilized and brought to the two-cell stage by 1963, but the fi rst hamster 
pups were not born from IVF until 1992. (Ironically, IVF also proved 
unusually diffi  cult in nonhuman primates.)

In spite of the obvious applications of such a technology to treating 
infertility, especially infertility caused by blocked fallopian tubes, human 
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IVF was not a well-funded or closely followed area of research. Only a 
handful of researchers around the world pursued human IVF, led by Pat-
rick Steptoe and Robert Edwards in England. The fi rst convincing report 
of in vitro fertilization of human eggs did not come until 1969 because 
fi nding the right medium in which to sustain (to “culture”) the eggs, be-
fore and after fertilization, had proven diffi  cult. Edwards fi nally cracked 
that problem and reported, with understatement, “There may be certain 
clinical and scientifi c uses for human eggs fertilized by this procedure.”9 
In 1970 and 1971 Steptoe and Edwards reported getting normal cleavage 
of fertilized eggs in culture, but then they got stuck again. An Australian 
group in Melbourne made the fi rst eff orts to transfer human embryos 
into women to try to initiate pregnancy in 1973, possibly with a day or 
two of success. Three years later, Steptoe and Edwards achieved a nonvi-
able pregnancy, an “ectopic” pregnancy where the embryo implanted 
outside the uterus. Then, shortly before midnight, July 25, 1978, their 
work produced Louise Joy Brown, the fi rst baby born as a result of IVF.

From Louise Brown to Today

The full story of the process leading up to Louise Brown has been told 
in impressive and moving detail by Robin Marantz Henig in her book 
Pandora’s Baby.10 The Browns were infertile because both of Lesley 
Brown’s fallopian tubes were blocked. Happily for Louise Brown, her 
parents, the fi eld, and the millions of children born through IVF there-
after, Louise was a healthy, normal infant. The method that produced 
Brown was not entirely the modern version of IVF, which evolved over a 
dozen years of rapid creative change, as new techniques were tried and, 
sometimes, perfected. In 1978, the Australian researchers began using 
clomiphene to stimulate ovulation, instead of relying on natural ovula-
tion cycles. In 1979 several teams began using ultrasound of the ovaries 
rather than hormone levels to determine when ovulation was about to 
occur. In 1980 the culture medium used for embryos was further modi-
fi ed. And other groups began to produce IVF births—the Melbourne 
group in 1980, Howard and Georgeanna Jones in the United States in 
1981, and in 1982 other groups in France, Sweden, and Austria. (How-
ard Jones died at the age of 104 just two weeks before I fi nished the 
submitted manuscript of this book.)

1983 saw the fi rst pregnancies and births from egg donation, where 
the gestational mother was not the genetic mother. The early cases 
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involved women who could not produce their own viable eggs and car-
ried the pregnancies using donated eggs, but the method opened the way 
to the fi rst case of gestational surrogacy in 1984, where the prospective 
mother provided the egg that, after fertilization, was transferred into the 
uterus of another woman for gestation. Also in 1983 the fi rst baby was 
born from a frozen embryo, setting up a major component of modern 
IVF, the freezing of “extra” embryos.

The decade ended with the fi rst use, in 1989, of preimplantation ge-
netic diagnosis (PGD), a technique we will discuss further in Chapter 
5. The next major development took place in 1991 and 1992 with the 
development of ICSI—intracytoplasmic sperm injection. The technique 
developed from late 1980s work in Australia on injecting sperm into 
the zona pellucida. In ICSI a microscope-guided needle “grabs” a sin-
gle sperm, breaks its tail, and injects it directly into the egg, producing 
much higher rates of fertilization than the earlier method. ICSI greatly 
increased the chances of establishing pregnancies from men with very 
low sperm counts or with dysfunctional sperm.

By 1992, IVF had fully emerged in its modern form. Although there 
have been refi nements since then, today’s process is basically the same.

IVF Today

IVF can overcome most forms of infertility. It requires a viable egg, sperm 
that can fertilize the egg, and a woman whose uterus can maintain the 
pregnancy. IVF, however, is not an entirely benign procedure; apart from 
the pregnancy itself, IVF is expensive to all parties and, to the woman 
providing the eggs, at best uncomfortable and at worst dangerous.

The most common IVF protocol today starts with ten to fourteen 
days of injections to stop the prospective mother’s menstrual cycle. This 
assures the physician, usually a reproductive endocrinologist, that, how-
ever regular or irregular the prospective mother’s menstrual cycles, the 
maturation of the woman’s eggs can be synchronized by starting this 
particular menstrual cycle at a precise time.

That’s what comes next, the starting of a new menstrual cycle by in-
jections of another hormone to stimulate and, indeed, hyperstimulate the 
follicular process of ripening eggs. In normal reproduction, several fol-
licles reach the tertiary stage before each new menstrual cycle, but only 
one receives enough hormonal support to become the dominant follicle 
and eventually ovulate. In IVF, the woman is provided with enough of 
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the hormone to allow many follicles to mature and to ovulate. These 
injections must be closely monitored. Too much ovarian stimulation can 
be dangerous; in fact, about 1.5 percent of women who undergo egg 
retrieval end up with ovarian hyperstimulation syndrome, although only 
about 0.4 percent require hospitalization.11

This series of shots lasts for about ten days; near the end of this 
period of stimulation, women also receive shots of yet a third human 
hormone to prevent natural, and therefore less controlled, ovulation. 
Once the physician decides the follicles are suffi  ciently developed, the 
doctor orders the injection of a fourth hormone as “the trigger shot” 
to induce ovulation.

Egg retrieval originally required an invasive surgery, but is now done 
through the vagina. The doctor inserts a needle, guided by ultrasound, 
through the vaginal wall to reach the ovaries. The needle punctures each 
follicle and draws its fl uid, which includes the mature egg, into the sy-
ringe. Egg retrieval takes fl uid, and eggs, from as many follicles as are 
mature, usually between ten and thirty. The egg retrieval process takes 
about ten to twenty minutes; the patient may be under conscious seda-
tion or general anesthesia. The fl uid is taken to the laboratory where the 
eggs are identifi ed and removed from the aspirated fl uid. If ICSI is to be 
used, the eggs are also stripped of their surrounding cumulus cells.

Meanwhile, moving back to the man, he will have been asked to pro-
vide a sperm sample shortly before the egg retrieval process takes place. 
This is almost always done through masturbation, with or without vi-
sual aids. The semen is treated by removing the seminal fl uid and non-
functioning sperm cells and producing “washed” sperm.

In some IVF cases, eggs and sperm are brought together in a heated 
culture medium for about eighteen hours, with about 75,000 sperm for 
each egg. In other cases, single sperm will be picked out for ICSI. Al-
though ICSI was developed for use when the fertility problem was, at 
least partially, the man’s, it is now used in nearly 70 percent of IVF 
cycles in the United States.

Each fertilized egg, now technically a zygote, is picked out and moved 
to a special growth medium, where it develops (or not) for the next 
forty-eight hours, until it reaches the eight-cell stage. How long the em-
bryos are left to develop depends on the lab, often infl uenced by diff erent 
national practices. In Europe, embryos usually are allowed to develop 
in vitro for only two days; in the United States, Canada, and Australia, 
development goes on for at least three days and often for fi ve or six days.
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However long the in vitro culture process continues, it usually ends 
with embryo selection. Often there are more embryos than are needed 
immediately. The number of embryos to be transferred in IVF varies 
from country to country, clinic to clinic, and patient to patient. In terms 
of safety, transferring one embryo would clearly be best; carrying multi-
ple fetuses is dangerous to the mother as well as the fetuses (and eventual 
children). Still, in 2012, the last year for which data are available, only 
19.5 percent of U.S. cases transferred only one embryo. Two embryos 
were transferred 55 percent of the time, three embryos 17.7 percent, and 
four or more just under 8 percent of the time.12 The number of “good 
looking” embryos available has some infl uence, but so does the age of 
the mother (and her eggs), her past history of pregnancy attempts, and, 
perhaps, the prospective parents’ desperation (emotional and fi nancial). 
And, unstated but well understood, couples paying out of pocket for IVF 
may feel fi nancial pressures to avoid multiple expensive IVF cycles by 
transferring more embryos to increase their chances of success.

If there are more embryos than will be immediately transferred, some-
one has to decide just which of the developing embryos will be transferred 
to a woman’s uterus for potential implantation, fetal development, and 
birth. This selection is usually done by the IVF lab, which tries to pick 
the embryos that are most likely to lead to successful pregnancies, based 
mainly on examining the embryos under a microscope. Clinicians look 
at the embryos and “score” them based mainly on their shapes and sizes 
for their stage of development (their time since fertilization). No standard 
scoring system is widely used; IVF clinics tend to use their own idiosyn-
cratic systems, often with quite a bit of seat-of-the-pants empirical “art.”

One clear reality is that some of the best-looking embryos do not 
lead to pregnancies, while, on occasion, very low-grade embryos become 
healthy children. Clinics and researchers continue to try to fi nd better 
ways to predict which embryos will be successful. At least one company, 
Auxogyn (newly renamed Progyny after a merger), has recently started 
marketing a method of embryo selection that relies on time-lapse pho-
tography of the developing embryos to see which ones are most likely 
to be viable.13

Disputes continue over whether it is best to transfer at day three 
or wait until day fi ve. In 2012 in the United States, the latest year for 
which data are available, for IVF cycles using fresh (not frozen) nondo-
nor (made without donor gametes) embryos, about 46 percent of the 
cycles transferred cleavage-stage embryos on the third day and about 
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45 percent transferred blastocysts on the fi fth or sixth day. Three years 
earlier, day three transfers were 55 percent of the total.

Any extra embryos can, especially if they “look good,” be frozen (at 
the temperature of liquid nitrogen, -340 degrees Fahrenheit or -196 Cel-
sius) to be used in a later pregnancy attempt, thus avoiding another egg 
retrieval. Historically, rates of pregnancy with frozen embryos have not 
been as good as with fresh embryos but have not been much worse and 
usually the frozen embryos had not looked “as good”. (In recent tri-
als when embryos of equivalent quality are transferred or frozen, the 
frozen embryos seem to be more successful than the fresh ones, perhaps 
because freezing gives the prospective mother’s reproductive system time 
to recover from the hormones used in IVF.) It is unknown how long 
frozen embryos can remain viable; babies have been born from embryos 
frozen for twelve years and the success rates for using frozen embryos do 
not seem to decline with the length of time spent frozen.

Once the embryos have been selected, the actual transfer is straight-
forward. A thin plastic catheter is run through the vagina and cervix 
and into the uterus of the woman who is to carry the pregnancy. One 
or more embryos are then put into the catheter and fl ushed with fl uid 
through the catheter into the woman, where it is hoped that implanta-
tion will follow. Sometimes the clinic will make a weak spot or opening 
in the embryos’ outer shells to making it easier for them to “hatch” out 
of the shells.

About nine days after a blastocyst transfer (about eleven days if the 
transfer was of a three-day embryo) and then again two days later, the 
woman is carefully checked for the spike in her levels of the hormone 
that signals implantation. The clinicians will want to see hCG levels in 
the normal pregnancy range on the fi rst test date and, equally important, 
will want to see that they have increased by at least 60 percent in the 
next two days. Those levels and growth rates would indicate that im-
plantation has started. At four or fi ve weeks after fertilization pregnancy 
can be confi rmed by an early ultrasound and by listening for a fetal 
heartbeat. Only at that point can the prospective parents be sure that a 
pregnancy has been started, as well as how many fetuses are involved.

IVF Risks, Costs, and Successes

The hormones given as part of IVF—to repress ovulation, to stimu-
late follicle growth, to trigger ovulation, and then to prepare for and 
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maintain pregnancy—almost always have side eff ects that, although 
usually not serious, are unpleasant. They include bloating, cramping, 
and mood swings. And, of course, few people will enjoy receiving (or 
giving themselves) scores of injections in the course of fi ve or six weeks.

The biggest medical risk from IVF for the woman is that the egg re-
trieval process will trigger ovarian hyperstimulation syndrome, in which 
the stimulated ovaries grow larger. About 30 percent of women going 
through egg retrieval will have some symptoms of this condition, main-
ly mild symptoms such as bloating, nausea, diarrhea, and abdominal 
pain or tenderness. Moderate hyperstimulation syndrome can include 
vomiting, rapid weight gain, increased size of the abdomen (from fl uid 
collecting inside it), and decreased or stopped urination. This requires 
bed rest and close monitoring of electrolytes, blood counts, and fl uids 
going in and coming out of the woman’s body. In severe cases, the fl uid 
imbalances can trigger heart, lung, and kidney problems, as well as, in a 
few cases, the very dangerous condition called adult respiratory distress 
syndrome. Severe cases can be complicated by either the rupture or the 
twisting of ovaries.

In addition to hyperstimulation risks, the egg retrieval process can lead 
to infection or to the needle puncturing the wrong things. IVF also has a 
higher risk of ectopic pregnancies than those that occur naturally. About 
1 percent of traditional pregnancies take place, very dangerously, outside 
the uterus, in the fallopian tubes or on the cervix, fallopian tubes, or ab-
dominal wall. In IVF pregnancies, the ectopic pregnancy rate is between 
2 and 5 percent. (This may not be a result of the IVF process itself, as 
damage to the fallopian tubes that can cause ectopic pregnancies is also 
associated with fertility problems—women who need IVF to get pregnant 
may just be, on average, at higher risk for an ectopic pregnancy.)

The bottom line is that almost all women who undergo the procedure 
have pain and discomfort along the way, mainly from the hormones 
they are given, but also from the egg retrieval process itself. Up to 1 
percent of women who undergo egg retrieval end up hospitalized as a 
result, generally from complications of ovarian hyperstimulation syn-
drome. On occasion, women die directly from ovarian hyperstimulation 
syndrome; the British literature reports at least four deaths.14

How much does IVF cost? In some countries it is covered by na-
tional health plans—for some kinds of people, for some procedures, and 
for a particular number of cycles. In the United States, by contrast, it 
is not covered by public health plans (and it is not mentioned in the 
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recent health reform legislation). Most private coverage also excludes 
IVF though it may cover some limited fertility services. In around fi fteen 
states, state law requires private insurers to cover fertility treatments; 
they tend to off er fairly minimal coverage, and employers can avoid even 
these state mandates by off ering self-insured health plans to their em-
ployees and families.

The lack of health coverage for IVF not only makes the prospective 
parents bear the entire cost of the treatment, but it also increases the 
price of those treatments. In most medical procedures, health coverage 
can serve to drive down the price as big insurers negotiate with doc-
tors and hospitals for favorable rates. Without the purchasing power 
of insurers to limit them, IVF clinics in most places are free to charge 
whatever the market will bear. Given the desperation of many infertile 
people, the market will bear a lot.

The minimum price of one cycle of IVF in the United States in 2016 
is probably between $12,000 and $15,000. Various bells and whistles—
ICSI, assisted hatching, embryo freezing, and PGD, among others—can 
easily add another $5,000 to $15,000. On the other hand, using frozen 
embryos is much cheaper, around $3,000 per cycle, because the costs of 
egg retrieval and early embryo culturing have already been paid. Using 
“donated” gametes adds a few thousand dollars for sperm and $15,000 
or more for eggs. Someone seeking to use a paid gestational surrogate—
a woman who will carry the fetus—will probably pay another $40,000 
to $60,000 for her services (and her health care), at least if a pregnancy 
is established and goes to term.

The price for one IVF cycle will vary from case to case and region 
to region but $20,000 is probably a fair estimate for the median price 
of a basic IVF cycle. And, of course, that is the price for one IVF cycle, 
not for having a baby. That will usually cost more—and not just for the 
prenatal and delivery costs. Unfortunately, most of the time one cycle of 
IVF does not yield a baby.

The success rates for IVF vary dramatically depending on the reason 
for infertility, the age of the woman who provided the eggs, the pa-
tient’s past history with IVF, and which procedures are being used. The 
U.S. Centers for Disease Control and Prevention (CDC) collect data on 
IVF success and try to enforce standardized defi nitions. The latest data, 
published in November 2014, contains fascinating information, in great 
detail, both at the national level and down to the individual IVF clinic 
on 456 IVF clinics (more than 90 percent of the total).
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Overall in 2012, the reporting clinics started 158,000 cycles in the 
hope of immediately transferring one or more embryos for possible 
birth. Those 158,000 cycles led to over 51,000 live births and over 
65,000 babies. These babies made up about 1.6 percent of all the chil-
dren born in the United States in 2012—not a large percentage, but not 
trivial. (There are more babies than live births because a live birth is a 
pregnancy that leads to the delivery of at least one living infant; over 
45 percent of IVF births produced multiple births, mainly twins, but 
about 3 percent of the live births are triplets or higher-order births.) 
The overall success rate—the percentage of cycles that led to a live 
birth—was just over 32 percent.

On average, then, statistically average prospective parents should ex-
pect to undergo—and pay for—two cycles of IVF in order to have a 
baby. At roughly $20,000 per cycle, that is over $40,000 in IVF costs 
alone. And, of course, the “about two cycles” is just a statistic; any 
individual couple might be successful in their fi rst cycle—or might go 
through fi ve, six, seven, or more cycles, with their attendant fi nancial 
costs, medical risks, and emotional pain without success. In 2012, about 
58 percent of women who attempted fresh, nondonor cycles were going 
through an IVF cycle for the fi rst time, but some were doing their fourth 
or more.

Not all IVF cycles have the same chances of success. The CDC re-
port breaks down the live birth success rates by age and by procedure 
type. Maternal age is crucial, at least when nondonor eggs are used. 
In 2012, for women under thirty-fi ve, the rate of live births for each 
time embryos were transferred into the uterus was about 47 percent. 
For women thirty-fi ve through thirty-seven, the live birth rate was about 
38 percent. For women thirty-eight to forty, the rate fell to 28 percent, 
then to 16 percent for women forty-one or forty-two, about 6 percent 
for women forty-three or forty-four, and around 3 percent for women 
over forty-four.

In general, cycles using donor eggs were more successful than those 
using nondonor eggs and cycles using fresh embryos were more success-
ful than those using frozen embryos. In the second case, the diff erence 
could be a result of harm caused by the freezing and thawing processes, 
though, as noted above, it may well be a result of the “best-looking” 
fresh embryos being transferred and only the “leftovers” being frozen.

In the thirty-seven years since Louise Brown was born, the proce-
dure that allowed her to exist has produced millions of children around 
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the world—and has become a multibillion dollar industry (an estimated 
$3.5 billion per year in the United States alone).15 But it remains expen-
sive, uncomfortable, risky, and not very effi  cient. As a result, it is very 
much a minority taste, generally accounting for less than 2 percent of 
births even in rich countries. Developments in genetic testing and in hu-
man stem cells will change that, so to those areas we now turn. 
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4
G E N E T I C S

After starting the book with a chapter on the basics of DNA, chromo-
somes, genomes, and genes, I have spent the last two chapters on re-
production—it is now time to return to genetics. The power of genetic 
testing to tell us about our future children will drive the revolution in 
human reproduction. Understanding that revolution will require some 
background on genetics.

DNA makes RNA makes proteins. That is the central dogma of mo-
lecular biology. Although exceptions and qualifi cations have been found, 
it remains largely true. It is also true that variations in DNA can lead to 
variations in RNA, which can lead to variations in protein, which in turn 
can lead to variations in organisms. Gregor Mendel knew nothing about 
DNA, which was not identifi ed until four years after his (now) famous 
publication, but ultimately DNA variations drove the diff erences he saw 
and recorded for his pea plants that led to his discovery of the principles 
of genetics. The variations in DNA that aff ect traits come in many diff er-
ent types. For this book, I will focus on four categories—Mendelian traits, 
non-Mendelian traits, chromosomal abnormalities, plus a smaller “other.”

Mendelian Traits

It is never entirely clear what someone means by Mendelian traits, but 
it means something like “traits that are caused or very strongly infl u-
enced by a variation in a single gene.” And the term “Mendelian” is also 
bound up with ideas of dominant, recessive, autosomal, and X-linked 
inheritance, among others.

Before Mendel, people knew that organisms inherited some char-
acteristics from their parents. Thousands of years of human plant and 
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animal breeding had relied on this fact and the idea that human children 
normally resemble their parents was not new. No one, however, saw 
how this was done. In fact, Darwin, the fi rst edition of whose On the 
Origin of Species was published just a few years before Mendel’s unher-
alded publication, continued through all six editions of his masterpiece 
to worry that the lack of any mechanism for inheritance of parental 
traits was a weakness for his theory. The general idea was that children 
inherited a blend of parents’ traits, but this made it hard to understand 
why off spring did not eventually all inherit an average of all the original 
values of each trait.

In careful work with various traits in peas, Mendel saw that crosses 
of parents whose seed colors were yellow and green did not end up with 
chartreuse or olive seeds, but yellow or green seeds.1 He derived two 
principles from his work, sometimes called Mendel’s Laws—the law of 
segregation and the law of independent assortment. The fi rst law said 
that inheritance is determined by particular factors passed on by each 
parent to its off spring and that each off spring got only one of the two 
factors the parent possessed. Thus, when pollen from one pea plant was 
mated with eggs from another pea plant, each parent gave the resulting 
plant one discrete factor determining, say, pea color.

The second law said that, for any two traits, the inheritance of the 
factors for one was independent of the inheritance of the factors of the 
other. Thus, whether the off spring pea plants inherited a yellow or a 
green seed factor from one parent was independent of whether that par-
ent gave it a factor for a smooth or a wrinkled seed. In addition to these 
principles, he worked out the idea of dominant and recessive inheritance 
based on his statistical analysis of the results of his pea breeding.

Although these principles have been modifi ed over the years, for some 
associations between genes and traits (including diseases) they hold true; 
these traits are now often called “Mendelian” or “simple Mendelian” 
traits. A trait called Mendelian is entirely (or very largely) determined 
by the variations an individual has inherited in its two copies (one from 
each parent) of a single gene. (I will mainly use the common term “al-
leles” for diff erent variants of genes hereafter.) For most Mendelian 
traits, one allele is “dominant” over the other, which is “recessive.”

Mendel looked at seven traits in his pea plants, including whether the 
ripe seeds were smooth or wrinkled. When he started his crosses with 
one parent from a long line of smooth-seeded plants and a second from 
a long line of wrinkled-seeded plants, his fi rst generation of crosses all 
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had smooth seeds. But when he crossed those fi rst generation plants with 
each other, he found that three-quarters of the off spring had smooth 
seeds and one-quarter had wrinkled seeds. Although Mendel did not 
know it, in terms of DNA, the smooth-seeded parent had two copies 
of the smooth-seeded allele; the wrinkled-seeded parent had two copies 
of the wrinkled-seeded allele. All of their off spring, which each got one 
copy of the gene from each parent, had to have one copy of the smooth 
allele and one copy of the wrinkled allele. But when they were crossed 
with each other, the off spring had a 50/50 chance of getting a smooth 
or a wrinkled seed DNA allele from each parent. That meant that, on 
average, one-quarter of the off spring would get one smooth-seeded al-
lele from both parents, one-quarter would get a smooth-seeded allele 
from their “father” and wrinkled-seeded allele from their “mother,” 
one-quarter would get a wrinkled allele from their father and a smooth 
allele from their mother, and one-quarter would get a wrinkled allele 
from both parents. The result would be three smooth-seeded plants for 
each one wrinkled-seeded plant—Mendel had discovered the classic 3:1 
inheritance pattern for “Mendelian” traits.2

Many human genetic traits or diseases are Mendelian. Take, for ex-
ample, the Rh blood type. We all are either Rh positive or Rh negative, 
depending on the DNA sequences of the two copies of the Rh gene we 
inherited from our parents. This gene instructs cells to make a protein 
that sits on the outer surface of the membrane of red blood cells. The 
gene has two main alleles: Rh positive and Rh negative. A person can 
therefore have two copies of the Rh positive allele, two copies of the Rh 
negative allele, or one copy of each. Someone with two copies of either 
allele will have that trait—either Rh positive or negative. But what about 
someone with one copy of each? A person who inherits one copy of the 
Rh positive allele and one copy of the Rh negative allele will be Rh posi-
tive. The Rh positive allele is dominant over the recessive Rh negative 
allele. If each of two parents had one copy of each allele, on average 
three-quarters of their children would be Rh positive—the quarter who 
got two copies of the Rh positive allele and the two-quarters who got 
one copy of each—and one-quarter would be Rh negative, the quarter 
who got two copies of the Rh negative allele.

In humans, not just Rh negative blood type, but many other traits, 
including thousands of genetic diseases, are inherited in a Mendelian re-
cessive way. Cystic fi brosis, sickle cell anemia, beta thalassemia, and phe-
nylketonuria are a few of these recessive diseases. People only have one 
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of these diseases if they have two copies of the recessive (disease-causing) 
allele. A parent with one “normal” and one “disease” allele will not have 
the disease, but will have a 50 percent chance of passing that disease allele 
on to any children. He or she would be called a “carrier” of that disease. 
Normally that will not matter because the child will get a normal version 
from the other parent. But if the other parent is also a carrier, their chil-
dren have a 25 percent chance of having the disease (inheriting two cop-
ies of the disease allele), a 50 percent chance of being carriers themselves 
(inheriting one copy of each allele), and a 25 percent chance of having two 
normal copies (inheriting two copies of the normal allele).

Other traits are dominant Mendelian traits. A person with one nor-
mal allele of the Huntingtin gene and one copy of the allele that causes 
Huntington disease will get the disease. Each of his or her children will 
have a 50/50 chance of inheriting his normal allele or his disease al-
lele. Assuming the child’s other parent does not have the disease allele 
(which, given its happy rarity, is usually safe), the child’s chances of 
inheriting the disease are 50/50.

Recessive diseases or traits are often caused by DNA alleles that make 
the gene ineff ective. It is the absence of any working copy of the gene 
that codes for the CFTR protein, for example, that causes cystic fi brosis. 
A person with one normal and one disease-associated allele will have, in 
each cell, one copy of the gene that makes the proper protein and that 
almost always provides enough protein to allow for a normal life. The 
recessive allele does not do anything affi  rmatively harmful; it just does 
not provide a gene able to play an important, sometimes vitally impor-
tant, role. These are “loss of function” variants.

Dominant diseases are usually caused by alleles that affi  rmatively do 
bad things. The Huntingtin allele that causes Huntington disease makes 
a variant of the protein that causes brain neurons to die. Having one 
good copy does no good; the one “bad” copy causes the disease. These 
are “gain of (bad) function” variants.

Thus far we have been talking about Mendelian traits that are in-
herited on the autosomes, chromosomes 1 through 22, where everyone 
inherits one copy from each parent. Some diseases, however, are caused 
by genes found on the sex chromosomes, X and Y. Almost no diseases, 
except for a very few related to male fertility, are found on the Y chro-
mosome. Those very few can only be, and necessarily will be passed 
down from father to son; mothers have no Y chromosome to give and 
daughters cannot have received a Y chromosome from anyone.
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On the other hand, many important genes, and so many important 
disease genes, are found on the large X chromosome. These include, 
among others, genes that cause hemophilia, fragile X syndrome, several 
forms of muscular dystrophy, and color blindness. Like autosomal re-
cessive traits, these diseases are caused by loss of function alleles, but X-
linked traits are inherited in a diff erent fashion, one that puts boys and 
men at a serious disadvantage.

Take hemophilia, the common forms of which are caused by genes on 
the X chromosome. A woman has two copies of the X chromosome, one 
from her mother and one from her father. To have hemophilia, she would 
need to inherit one disease copy from each parent. But a man has only one 
copy of the X chromosome, which he had to inherit from his mother, who 
had only X’s to give. If, let us say, one in every ten thousand X chromo-
somes has the hemophilia allele, one man in ten thousand would inherit 
the disease but only one woman in one hundred million—ten thousand 
times ten thousand—would have inherited two X chromosomes with the 
disease-causing allele. These classic X-linked traits, then, appear (almost) 
entirely in men but will not be inherited by their sons, who cannot get 
their father’s X chromosome and be male. The daughters of aff ected men 
have to get their father’s X chromosome and must be carriers. Each of the 
daughter’s children will have a 50 percent chance of getting her X chro-
mosome with the hemophilia allele. If a daughter, she will be a carrier; 
if a son, he will have the disease. Queen Victoria carried the hemophilia 
gene on her X chromosome and several of her male descendants suff ered 
from hemophilia, including Alexei, the son of Tsar Nicholas and Tsarina 
Alexandra (Victoria’s daughter’s daughter).3

In addition to the autosomes, the X chromosome, and the (very small) 
Y chromosome, human DNA comes in one other place—the mitochon-
dria. Remember, from Chapter 1, that the mitochondria have their own 
small circular genome. Although it does not have many genes, some of 
those genes are strongly associated with disease. But, remember also from 
Chapter 1, our mitochondria come solely from our mothers. The few 
mitochondria in the sperm when it fi nally fertilizes an egg are generally 
destroyed and are always grossly outnumbered by the mitochondria in 
the massive egg. That means that mitochondrial diseases cannot be inher-
ited from the father (who contributes no mitochondrial DNA) but if the 
mother has the variant, it will always be passed on to all of her children.

So to sum up these Mendelian traits or diseases, they can be inherited 
as autosomal dominant or recessive (if on chromosomes 1 through 22), 
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as Y-linked (passed only and always from father to son, but these are few 
and rare), as X-linked (recessive and rare in women but more common 
and eff ectively dominant in men), and as mitochondrial (passed only 
by women but to all their children). Each of these inheritance methods 
produces a distinctive pattern on a family pedigree chart—at least, if 
the family is big enough and its disease history well enough known. 
On average (but only on average), an autosomal recessive disease, if it 
appears at all in a set of children, will appear in one-quarter of them, 
an autosomal dominant disease will appear in half of them, a Y-linked 
disease can only come from the father and will always pass to a son but 
never to a daughter, an X-linked disease for which the mother is a carrier 
will appear in half of the boys and none of the girls, and a mitochondrial 
disease (in a mother) will appear in all her children.

Non-Mendelian Traits

Logically, if one set of traits is Mendelian, “non-Mendelian” should de-
scribe everything else. But, like the law, the life of a language is not logic 
but experience.4 Thus, the term “non-Mendelian” is not used to describe 
all traits which are not Mendelian. Some traits are caused by “unusual” 
DNA with abnormalities in the number or arrangement of the chromo-
somes. We will deal with those later as “chromosomal abnormalities.” 
Non-Mendelian traits, on the other hand, are made up of traits where a 
single gene has some infl uence—in combination with many other genes, 
the environment, and chance.

What we call Mendelian traits (and most of the chromosomal abnor-
malities) are always or very often present when the relevant DNA varia-
tions are present. In the language of geneticists, their penetrance is very 
high: the percentage of people with a particular confi guration of DNA 
(a genotype) who have (or “express”) the relevant trait (a “phenotype”) 
is close to 100. After Mendel’s laws were rediscovered in 1900, early 
and enthusiastic human geneticists applied them indiscriminately to any 
traits that seemed to run in families, from working on the ocean (thalas-
sophilia) to changing homes frequently (nomadism).5 (Interestingly, as 
genome sequencing is giving us more data about Mendelian “disease 
genes” in healthy people, we are learning that many of them are less 
penetrant than we had believed.)
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Although DNA variations are associated with many traits or diseas-
es, highly penetrant genetic associations are uncommon. Many things 
about people are aff ected by their genes, but they are often also aff ected 
by the interplay of many diff erent genes as well as by the environment 
(understood very broadly) and chance. For example, an average Ameri-
can woman’s chance of being diagnosed sometime in her life with breast 
cancer is about 12 percent and with ovarian cancer, about 1 percent. A 
woman who inherits a disease-causing (pathogenic) allele of the BRCA1 
or BRCA2 gene has a chance of being diagnosed sometime in her life 
with breast cancer of roughly 55 to 85 percent and with ovarian cancer, 
roughly 30 percent. Her risks are higher, but not 100 percent.6 For other 
traits, we know of alleles that raise or lower the risk by much less, tak-
ing, say, the roughly 0.7-percent average risk of Crohn’s disease down 
to 0.5 percent or up to nearly 3 percent.7

The same disease may be, for some people, caused by a completely 
penetrant allele, but others with the disease may have a high-penetrance 
or low-penetrance allele or no alleles linked to the disease at all. Al-
zheimer disease fi ts that description. About one person in one thousand 
has a completely or very highly penetrant allele of a gene called Prese-
nilin 1—or PS1—found on chromosome 14, that will cause early on-
set (ages forty to sixty) Alzheimer disease in everyone who carries one 
“bad” copy (and lives long enough).8 This is a Mendelian autosomal 
dominant condition. For these people, Alzheimer disease is inevitable 
and entirely genetic.

On the other hand, we all have a gene on chromosome 19 called 
ApoE, which makes a protein called apolipoprotein E. In humans, this 
gene comes in three common alleles: ApoE2, ApoE3, and ApoE4. From 
3 to 4 percent of people inherit two copies of ApoE4, one from each 
parent. These people have a very high chance of developing Alzheimer 
disease, somewhere between 50 and 80 percent. About 20 percent of 
people inherit just one copy of ApoE4. They have two to three times the 
normal risk of developing Alzheimer disease, but that risk is still some-
where between roughly 20 and 45 percent.9

And about half of all the people with Alzheimer disease have two 
normal copies of PS1, no copies of ApoE4, and no other known genetic 
cause of their disease. Why do they get the disease? We do not know. 
It may be the current unknown eff ect of other DNA variations that we 
have not yet identifi ed, some aspect of their environment, pure (bad) 
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luck, or any combination of the above. Alzheimer disease thus can be 
wholly genetic, largely genetic, signifi cantly genetic, or apparently not 
genetic at all.

Most human traits and diseases seem to be associated, in one way 
or another, with genetic variations. We see this through what are 
called “concordance studies.” These studies, ideally, compare identical 
(monozygotic) twins, who have exactly the same genomes (and hence 
the same alleles) with nonidentical (dizygotic) twins or ordinary sib-
lings, who share 50 percent of each other’s alleles. If identical twins 
share a particular phenotype (trait or disease) more commonly than 
nonidentical twins do, it is hard not to conclude that the diff erence is 
caused by their much closer (very nearly identical) genotypes. That’s 
still not entirely defi nitive—maybe they share the same trait because 
their parents (and others) treated the identical twins more alike than 
they treated nonidentical twins—but when the diff erences are large, it 
is hard to draw other conclusions.

And sometimes those diff erences are large. For a wide variety of con-
ditions, such as schizophrenia, autism, or height, identical twins will 
be much more similar than nonidentical twins. If one identical twin is 
diagnosed with schizophrenia, the other twin has nearly a 50 percent 
chance of being diagnosed with the disease; if one nonidentical twin 
has the diagnosis, the other twin has about a 15 percent chance.10 These 
concordance studies lead to statistical estimates of “heritability.” Heri-
tability roughly means the proportion of an observed diff erence between 
individuals that is due to their DNA. This turns out to be much trickier 
to calculate, or even to understand, than it seems, but for our purposes, 
heritability is mainly interesting as a mystery.

Many phenotypes appear to be highly heritable, but thus far careful 
genetic research has found only a small part of the DNA variations that 
explain the diff erences. Thus, height clearly is strongly heritable. About 
90 percent of the diff erence in the height of adults in any given popula-
tion seems to be the result of their parents’ heights (and presumably 
their genes); the rest is due to environment and chance. But so far more 
than fi fty diff erent regions of DNA have been associated with variations 
in human height. Added all together, they account for only a small frac-
tion of the overall inherited variation in height. If height were a simple 
Mendelian trait—like, say, Rh positive or Rh negative blood type—we 
would know by now exactly which genes are responsible for the diff er-
ences between people. But for height, as for numerous other traits, many 
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diff erent genes seem to contribute—probably more than fi fty—and their 
combined contribution is small—perhaps as low as 20 percent of the 
inherited portion.11

This so-called “missing heritability” is a major mystery in current 
genetics.12 Are these traits, in fact, highly heritable so that, with time 
and eff ort, we will fi nd alleles that fully explain them? Are these traits 
highly heritable but based on such complicated interactions between 
diff erent alleles that we will never fully understand them? Or are our 
measures of heritability somehow wrong? We may (or may not) know 
the answer to those questions sometime in the next few decades. For 
now, the important thing to remember is that even for traits that we 
have reason to think are strongly associated with genetic inheritance, 
our ability to predict the trait from the genes—the phenotype from the 
genotype—is often bad. This is true of many fairly common diseases, 
from asthma and coronary artery disease to schizophrenia and autism, 
as well as many nondisease traits, from height and weight to IQ test 
results and musical ability.

Chromosomal Abnormalities

DNA can lead to traits and diseases in another way, not involving 
Mendelian inheritance, but through chromosomal abnormalities. The 
chromosomes are, after all, just very long DNA molecules. When the 
chromosomes are abnormal—too many, too few, with missing stretches, 
extra stretches, or rearranged stretches—bad things often happen. The 
most dramatic and fairly common problem is to have the wrong number 
of chromosomes. A person with 46 chromosomes (22 pairs of auto-
somes, plus two sex chromosomes) is called “euploid,” with the eu from 
the Greek for “good.” A person with a diff erent set of chromosomes is 
“aneuploid,” or “not” euploid.

The most common aneuploidy involves having an extra copy of chro-
mosome 21. People with three copies, instead of the normal two cop-
ies of chromosome 21 have what is called trisomy 21—also known as 
Down syndrome. The extra copy of chromosome 21 causes problems, 
notably a mild to moderate intellectual disability but also an increased 
chance of a variety of physical diffi  culties such as heart problems, intes-
tinal blockages, and visual defi cits. About one baby in 700 in the United 
States is born with Down syndrome; that’s about 6,000 each year.13
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In most cases aneuploid embryos and fetuses do not develop success-
fully enough to lead to live births or even well-established pregnancies. 
There are very few, if any, live births, for example, of children missing 
one of the two copies of any of the autosomes and there are not many 
more of people with an extra copy. In addition to trisomy 21, trisomy 13 
(Edwards syndrome) and trisomy 18 (Patau syndrome), where infants 
have three copies of chromosomes 13 or 18, respectively, each occurs in 
around one of 5,000 live births in the United States.14 Median survival 
is one or two weeks although 10 percent or more survive more than 
one year. Those who do survive have very serious mental and physical 
problems. It is not clear that any human is ever born alive whose cells 
all have extra copies of any of the autosomes other than chromosomes 
13, 18, and 21.

Apart from those three chromosomes, only two other chromosomes 
are found in unusual numbers of copies in living humans: the sex chro-
mosomes, X and Y.15 There are a variety of nonlethal sex chromosome 
aneuploidies, not all of which have terrible outcomes. These include 
Turner syndrome, where women are born with only one sex chromo-
some, an X; Klinefelter syndrome, in men with two X chromosomes and 
one Y; and XYY syndrome, in men with one X and two Y chromosomes. 
Each of these three conditions occurs in around one birth in a thousand. 
These conditions lead to some unusual phenotypes but are relatively be-
nign. Other, rarer, sex chromosomes aneuploidies, such as babies born 
with three or more X chromosomes, are more disabling.

In addition to people born with missing or extra entire chromosomes, 
other people are born with substantial chunks of a chromosome miss-
ing, duplicated, moved around, or even just inverted—running in the 
opposite direction from normal. Cri du Chat syndrome, for example, 
is caused by a deletion of the end of the short arm of chromosome 5; 
the name (“cat’s cry”) comes from the distinctive sound made by the 
malformed larynx of an aff ected person. Trisomy 9p is a rare syndrome 
where children have an extra copy of some or all of the short arm of 
chromosome 9; serious intellectual disability is one of the consequences. 
Sometimes these abnormalities involving parts of chromosomes have se-
rious or deadly consequences; sometimes they have no discernible con-
sequences at all.

At a smaller scale, scientists have recently discovered substantial chro-
mosomal variation among people in the form of “copy number varia-
tion” (CNV). Unlike aneuploidies, which involve whole chromosomes 
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and other large chromosomal changes smaller than whole chromosomes, 
chromosomal abnormalities also occur that involve the duplication or 
deletion of much shorter pieces of chromosomes. When these changes 
are very small—and so were not visible until recently—we call them 
CNVs. Once the technology made it easy to see CNVs, geneticists were 
surprised to see how much CNV variation there was from person to 
person. At least some CNVs have been linked to diseases; for example, a 
CNV is one of the few specifi c DNA variations strongly linked to some 
cases of autism (one of those conditions that has seemed to be highly 
heritable until you look for specifi c DNA locations that cause it).16 Just 
how important CNVs turn out to be for diseases or other traits remains 
to be seen.

What causes chromosomal abnormalities? At the level of aneuploi-
dies, it is usually a mistake in “disjunction,” the separation of chromo-
some pairs during cell division. Sometimes two copies of a chromosome 
will go one way instead of the appropriate one. Small chromosomal 
abnormalities are probably smaller errors as the chromosomes line up 
next to each other, either during meiosis or in the early rounds of mitosis 
that egg and sperm predecessors go through. One piece from one copy 
of chromosome 8, let’s say, accidentally gets incorporated into the other 
copy, leaving one daughter cell with a duplication and the other with a 
deletion. Or the piece that switches chromosomes during recombination 
might end up stuck in backwards, leading to an inversion.

One More Thing

Almost every trait or disease that has been linked to inherited varia-
tions in the genome can be, fairly easily, classifi ed as Mendelian, chro-
mosomal (including copy number variations), or non-Mendelian. But 
geneticists have been surprised by genetics (and genomics) in the recent 
past and may well be again in the near future. At least one “other” thing 
may be, at least sometimes, important—an oddball form of inheritance 
sometimes called “epigenetics,” though “inherited epigenetics” might be 
more accurate.

The basic idea is not controversial. Not all genes are expressed in all 
cells, in the same way or at all. Something “epi,” Greek for on top of, the 
genes, determines what genes will be “turned on” or “turned off ” in cer-
tain kinds of cells or at certain times. We are beginning to understand a 
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variety of mechanisms through which epigenetics works, including pro-
cesses like methylation—adding methyl groups (one carbon with three 
hydrogen atoms) to DNA.

We have long known that epigenetic diff erences can be inherited from 
cell to cell. When a liver cell divides, it stays a liver cell because the 
epigenetic factors regulating the expression of the genes in both of the 
daughter cells are the same as those in the parent cell. What has some 
people excited is the possibility that these epigenetic changes—changes 
to the DNA and its chromosomes but not of the DNA sequence—might 
be inherited by children from their parents (or even grandparents). This 
would open up the possibility, for example, that changes made to gene 
expression during someone’s lifetime could be passed on to one’s chil-
dren, which begins to sound like an old idea called, after the French sci-
entist who promoted it, Lamarckian evolution—that organisms inherit 
characteristics their parents have acquired.

The often-used example for Lamarckian thinking is that ancestors 
to giraff es kept stretching their necks to reach higher leaves during 
their lifetimes, leaving their necks taller than their parents’ and that 
they passed their taller necks on to their descendants, who stretched 
their necks as well, passing on still taller necks to their descendants and 
so on. Lamarckianism was not banished as a heresy until well into the 
twentieth century; Darwin himself thought it was a possibility. But it 
was ultimately rejected, making the current discussion of the possibil-
ity of transgenerational inherited epigenetic changes quite unsettling to 
many geneticists.

One form of epigenetics is called imprinting. With imprinted genes, 
contrary to the conventional wisdom about all genes, it matters whether 
the disease allele is inherited from the mother or the father. This has 
been demonstrated with several traits in mice and in a few rare genetic 
diseases in humans. Thus, a baby whose zygote lost the 15q11–13 re-
gion (bands 11 through 13 of the long arm of chromosome 15) will have 
a genetic disease, but which disease depends on whether the lost band 
is on the chromosome inherited from the baby’s father (in which case 
the disease is Prader-Willi syndrome) or the baby’s mother (in which 
case the disease is Angelman syndrome). These two syndromes are quite 
diff erent; the fi rst involves poor muscle tone, learning disabilities, obe-
sity, underdeveloped gonads, and an odd physical appearance; the sec-
ond brings severe developmental delays, serious speech impediments, 
a very small head, epilepsy, tremors, and a constant smile. (An older 
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term for Angelman syndrome, now, happily, discarded, is “happy pup-
pet syndrome.”)17

Whether, in humans, imprinting and other forms of inherited epi-
genetics are vanishingly rare, quite common, or somewhere between is 
a very hot topic right now in genetics. And, like CNVs, further research 
will be required to answer that question.
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5
G E N E T I C  T E S T I N G

All this information about the relationship between DNA and various 
diseases and traits is only useful if we can know not just the relationships 
but exactly which DNA variations particular people, fetuses, embryos, 
or gametes have. Genetic testing is the process of fi nding that out. Ge-
netic testing of humans has taken place for over sixty years. During that 
time, the methods used have varied enormously but have consistently 
become more precise and less expensive. This chapter will fi rst explain 
fi ve methods relevant to this book: karyotyping, fl uorescence in situ hy-
bridization (FISH), array comparative genomic hybridization (aCGH), 
SNP chips (often called genotyping), and sequencing. Applying those 
tests to fetuses or embryos is complicated; the chapter will end by dis-
cussing four ways to do that, including the current version of the star of 
this book, PGD.

Methods of Testing

Karyotyping, the classic method to test for chromosomal abnormalities, 
literally looks at chromosomes. Cells are taken and grown in culture un-
til some of them have reached the stage in the cell cycle when they were 
about to divide. At this point, the chromosomes condense and form the 
rodlike structures that, after staining, show bands of alternating colors. 
These structures can be seen with a moderately powerful microscope. 
The chromosomes can then be photographed, cut out (literally in the 
early days, fi guratively now with computerized images), and each moved 
next to its paired chromosome. The result is a karyotype—a lineup of 22 
pairs of autosomes and two sex chromosomes.

At least, that is how the karyotype looks in a euploid person. An 
aneuploid person does not have 46 chromosomes. If three copies of 
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chromosome 21 are visible, the person has 47 chromosomes, called tri-
somy 21, and hence will have Down syndrome. If there is only one sex 
chromosome, an X, the person will have Turner syndrome. Karyotypes 
can also sometimes make visible smaller problems, such as the deletion, 
copying, or rearrangement (called a translocation) of various fairly large 
chunks of chromosomes. Karyotyping has several problems. First, it 
takes time. The cells have to be grown in culture until they reach the 
phase of the cell cycle when their chromosomes are condensed. And 
then some skilled work needs to be done to pick out, line up, and as-
sess the paired chromosomes. But, perhaps more importantly, it only 
shows quite large changes in chromosomes; it will miss many changes 
that could have serious ramifi cations, including the sequence changes 
responsible for Mendelian diseases.

Beginning in the 1990s, karyotyping to test for aneuploidy was 
largely replaced by another process, fl uorescence in situ hybridization 
(FISH). In this process, probes are created that are made up of sequenc-
es of DNA known to bind to other DNA sequences found only on a 
specifi c chromosome. These DNA probes are combined with fl uores-
cent dyes and then mixed with the sample and allowed to combine 
with the chromosomes. When the mixture of sample and probe is then 
viewed under a microscope and illuminated with a fl uorescent light, 
the selected chromosomes will glow with the appropriate color. So, for 
example, a probe can be made of a particular stretch of DNA found 
only on chromosome 21 and labeled with a green dye. When the probe 
is mixed with the sample from a cell, it will attach only to that section 
of chromosome 21. If viewed under a fl uorescent light, a normal cell 
will show two green dots, one for each copy of chromosome 21. A cell 
from someone with trisomy 21 will show three dots, meaning that it 
has three copies of the chromosome. Although some of the methods of 
FISH continue to be widely used in clinical tests and research, as a clini-
cal genetic test FISH has almost entirely been replaced by a diff erent 
method of looking for diff erences in the number of chromosomes, or 
increasingly small parts of chromosomes, known as array comparative 
genomic hybridization (aCGH).

This method was developed around 2005 and uses a chip (or array) 
approach. A glass slide is divided into rows and columns. At each of the 
spots defi ned by the intersection of a row and a column, a specifi c DNA 
“oligonucleotide”—a stretch of DNA about ten to twenty base pairs 
long—would be placed. The sample to be analyzed would be broken 
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down into small pieces of DNA that would be tagged with a fl uorescent 
dye. These would be put into a fl uid and fl oated onto the chip. Pieces of 
sample DNA that were perfectly complementary to the oligonucleotide 
in the fi rst spot would latch on at that spot. A fl uorescent light would 
then reveal whether any DNA sequences had combined at that spot and, 
if so, roughly how many.

Like karyotyping or FISH, aCGH is useful for detecting aneuploidies 
and other chromosomal abnormalities, including copy number varia-
tions. Today, aCGH is commonly used for medical purposes, including 
prenatal diagnosis, but also for understanding mutations in the chromo-
somes of cancer cells, which often are wildly abnormal.

I discussed aCGH above because it replaced the earlier FISH tech-
nology for testing, but historically aCGH itself grew out of a testing 
approach using so-called SNP chips that was invented in the 1990s and 
caught fi re in the early 2000s. Karyotyping, FISH, and aCGH look at 
the number of and, to some extent, the structure of chromosomes. They 
do not help with the variations in genetic sequence. SNP chips do not 
generally look for the amount of a particular variation found in a DNA 
sample and so do not provide information on chromosome structure. 
Neither do they provide base-by-base sequence data along a chromo-
some, but they do off er cheap and fast information about a certain kind 
of sequence variation, the single nucleotide polymorphism.

This method is not generally used to test for specifi c genes, but to look 
for “markers” in an individual’s genome. It provides information about 
the sequence of the DNA, but only at about one base pair in 3,000. 
That’s a disadvantage, but SNP chips had the advantage of being cheap 
and easy, thus allowing researchers and clinicians for the fi rst time to 
test hundreds of thousands—and ultimately more than a million—dif-
ferent genetic variations in a sample in one cheap assay.

A SNP chip might contain, say, one million locations, ordered in 
1,000 rows and 1,000 columns. Many small DNA molecules, usually 
about 25 base pairs long, with an identical sequence would be put on 
each specifi c spot, say, row 263, column 840. The next spot over would 
have its own set of DNA molecules with their own specifi c sequence, 
perhaps the same except for one change, say a G for a T.

The two hypothetical sequences are almost entirely identical. They 
vary in only one spot, a single nucleotide (the middle one in this case), 
a T in the fi rst example and a G in the second. These stretches of DNA 
that vary in only a single nucleotide are called SNVs, single nucleotide 



 Genetic Testing 77

variations. Some of these SNVs are common among humans. It might 
be the case that the fi rst of these sequences, the T variant, is found in 
60 percent of people and the second, with the G variant, is found in 40 
percent. When each of two variants is found in a substantial portion of 
a population, the SNV gets promoted to the status of a single nucleotide 
polymorphism (SNP).

No universally agreed-upon standard exists for how common an SNV 
must be to rate being called a SNP, but whatever the cutoff , the human 
genome has millions of SNPs—millions of places where most people 
have a T but a signifi cant percentage of others have a G (or other com-
bination). That makes SNPs good markers; the arrays or chips make it 
cheap to analyze those markers in volume.

With improvements, before long, hundreds of thousands, and then 
more than a million SNPs could be detected from any single sample 
for less than $100. Scanning SNPs stretched across the entire human 
genome became a standard research approach, using SNP chips to do a 
genome wide association study (GWAS). These studies were called “as-
sociation” studies because they were not necessarily looking at the ac-
tual DNA variations that caused the trait. Most just identifi ed SNPs that 
were close to the locations of the causative variations. And because of 
the way recombination works in meiosis, if a SNP is close to a disease-
causing location in the parent, it will likely be close to the same location 
in a child who inherits that chromosome. So, on average, SNPs close to 
mutated versions of BRCA1 should run in a family along with BRCA1. 
If one did not know that BRCA1 was a cancer-causing gene, fi nding 
SNPs associated with the disease would give researchers a clue to look at 
nearby genes, and thus might help fi nd some of the missing heritability.

That, at least, was the hope. And it has worked, but somewhat disap-
pointingly. SNP chips have pointed to many regions that are statistically 
associated with particular traits—but too many regions and each associ-
ated with the trait only to a very small extent.

As SNP chips became more common in research, they also made their 
appearance as consumer products. Starting shortly after 2000, several 
fi rms off ered ancestry information based on Y chromosome and mi-
tochondrial DNA variations. In late 2007, they were joined by a fi rm 
called 23andMe that began to off er ancestry information based on SNP 
chips, a move widely followed in the industry.1 This gives people some 
rough guesses about the percentage of their ancestors from various con-
tinents, but also a chance to identify otherwise unknown close genetic 



 78 T H E  S C I E N C E

relatives, including, sometimes, the biological parents of adoptees or the 
children of sperm or egg donors.

The genetic genealogy business has been successful—over a million 
people (including me) have paid companies for this information—but 
23andMe had other aspirations from its beginning. That fi rm, and many 
competitors no longer in the market, such as Navigenics, deCODEme, 
and Knome, quickly began to provide health-related information di-
rectly to consumers, largely bypassing physicians, geneticists, or genetic 
counselors. Most of the other fi rms had pulled out of this market by 
2012, but 23andMe continued to expand its testing.

By late 2013, 23andMe was off ering its customers genetic risk as-
sessments of 254 health conditions based on the almost always very 
weak associations from SNP chip studies. The original 23andMe prod-
uct cost $999; it can now be purchased for far less—at one point it cost 
as little as $99—and currently costs $199, but as a much less informa-
tive package than originally off ered. In November 2013 the U.S. Food 
and Drug Administration (FDA) ordered 23andMe to stop providing 
health information.2 23andMe continued to provide ancestry and non-
health-related trait information while worked its way back into the 
FDA’s good graces. In February 2015 the FDA allowed 23andMe to 
sell a test to consumers for their carrier status for Bloom syndrome, a 
rare genetic condition. In October the FDA expanded its approval to 
include 35 such carrier status tests. None of these tests tell consumers 
their own health risks; just their chances of having a child with these 
conditions, which range from uncommon to vanishingly rare. The fi rm 
still cannot provide any genetic information that is directly about the 
consumers’ health.

The big problem with SNP chips is that the information they provide 
is usually just not very powerful. A powerful eff ect for SNP chips might 
have a relative risk of 2.0, meaning that a person with a particular set of 
SNPs associated with a given disease would have twice the normal risk. 
But if that normal risk is, say, 1 percent, knowing that your risk is 2 
percent, or one-half of 1 percent, is not very interesting—or actionable. 
SNP chips continue to be widely used in research because they provide 
broad coverage of the genome for very little money, but as sequencing 
becomes less and less expensive, their future is uncertain.

Karyotyping, FISH, and aCGH look at the number of and, to some 
extent, the structure of chromosomes. They do not help with the varia-
tions in genetic sequence that cause Mendelian traits or diseases or that 
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infl uence non-Mendelian traits. The other method, SNP chips, provides 
information about the DNA sequence in some widely spaced locations 
over the entire genome, but not the whole sequence in any one location 
(such as a gene). For analysis of a particular stretch of DNA, as opposed 
to wholesale chromosome analysis or checking a SNP every few thou-
sand base pairs, other methods have been necessary. For the last forty 
years, most of those methods have involved sequencing the DNA—de-
termining the order of all its A, C, G, and T combinations.

The fi rst DNA sequencing was done in the early 1970s, but very slow-
ly and laboriously in academic laboratories.3 A friend of mine recently 
told me about his PhD thesis in the 1970s, for which he spent several 
years sequencing about 100 base pairs in one gene. By the late 1970s, 
two groups had developed (comparatively) rapid sequencing methods—
Frederick Sanger and his group at Cambridge University and Allan Max-
am and Wally Gilbert at Harvard. Their sequencing methods went back 
and forth in popularity, with Sanger sequencing, in regularly improving 
versions, ultimately winning out. But Sanger sequencing, though better, 
was still expensive and slow.

In the 1990s the Human Genome Project drove innovation in se-
quencing technologies, leading to a wide variety of “next generation” se-
quencing techniques that have continued to proliferate. These methods 
have resulted in a remarkable decline in the price of sequencing, which, 
for an individual gene, even one tens or hundreds of thousands of base 
pairs long, can now be done for several hundred dollars. But the real 
excitement has been about doing “wholesale” DNA sequencing, either 
of the entire human genome or of the exons, the roughly 1.5 percent of 
it that “codes” for proteins, collectively called the exome.

The fi rst fairly complete human genome sequence, fi nished in the ear-
ly 2000s, cost several hundred million dollars. ($500 million is the ca-
nonical number, but, accounting being the darkest of dark arts, it should 
be called anywhere from $100 million to $3 billion.) By 2011, the price 
was under $5,000 to sequence a whole human genome for research. A 
whole exome sequence for research (the sequence of the protein-coding 
exons) cost about $1,000. By 2015, those fi gures were about $1,500 
to $2,000 for a whole human genome and about $1,000 for a whole 
human exome. (Clinical sequences are more expensive because of the 
increased need for accuracy and interpretation; a clinical whole genome 
sequence today still costs about $5,000.) The $1,000 research whole 
genome sequence has been announced as imminent since 2012; it hasn’t 
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quite arrived (depending on your accounting principles) yet, but is genu-
inely expected soon.

Testing for Genetic Variations before Birth

These fi ve diff erent methods of genetic testing (and others not mentioned 
here) can be applied to adults, children, fetuses, and embryos. There is 
nothing special about how to test a prenatal sample; the special problem 
has been how to get that prenatal DNA sample. It is not easy to test 
DNA from fetuses, embryos, or zygotes because it is not easy to get 
DNA from them; it is (usually) hidden away inside a woman. The story 
of prenatal genetic testing has largely been the story of diff erent methods 
for getting access to the embryo or fetus’s DNA. The rest of this chapter 
will explain each of these approaches: invasive testing (amniocentesis 
and chorionic villus sampling), screening, noninvasive prenatal testing, 
and PGD.

Invasive Testing

Amniocentesis was the fi rst method developed to obtain tissue samples, 
including DNA samples, from a fetus. It involves using a needle to draw 
fl uid from the amniotic sac that surrounds the fetus inside the pregnant 
woman’s uterus. The amniotic fl uid can then be examined for signs of 
infection or other problems; it can also be used as a source for cells 
the fetus has sloughed off , whose chromosomes and DNA can then be 
tested. Genetic testing using amniotic fl uid drawn by amniocentesis was 
fi rst reported in 1956; cultured fetal cells from the amniotic fl uid were 
fi rst used for karyotyping in 1966. By the early 1970s, amniocentesis for 
genetic testing was well established.

Today, the procedure usually is not performed until the fi fteenth week 
of pregnancy and most often is done between the sixteenth and eigh-
teenth weeks; before then, the needle used in the procedure is more likely 
to damage the fetus. The doctor usually starts by administering a local 
anesthetic in the abdomen, then inserts a long needle, guided by ultra-
sound, through the abdominal wall and the uterine wall, into the am-
niotic sac, entering it as far away as possible from the fetus. The doctor 
will then withdraw about roughly two-thirds of an ounce of amniotic 
fl uid. The fl uid is sent to a clinical laboratory that extracts fetal cells 
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from the fl uid, which are then grown in cell culture either for karyotyp-
ing or for direct DNA analysis.

The actual procedure takes only about a minute or two; the most fre-
quent complications are soreness from the site of the needle’s insertion, 
as well as the possibility of cramping. Amniocentesis does, however, car-
ry a small additional risk of causing a miscarriage. The exact size of the 
risk has always been controversial, but originally it was thought to be as 
high as 0.5 percent, added to the roughly 1 percent miscarriage risk at 
that stage of pregnancy. The extra risks of miscarriage from amniocen-
tesis are now viewed as being substantially smaller, in the range of 0.1 
percent, at least when done by experienced practitioners. The procedure 
is invasive and must be performed by a physician; between the cost of 
the procedure and the cost of the analysis of the material removed, am-
niocentesis currently costs about $1,500 to $2,000 in the United States.

Because of the risks of doing the procedure earlier, amniocentesis is 
not normally done before the middle of the second trimester, well af-
ter the pregnancy will have started “showing” and around the time the 
pregnant woman will have begun to feel the fetus move. Aborting a fetus 
at that stage is harder—medically, psychologically, and socially—than 
doing so when the fetus is smaller and the pregnancy less obvious. The 
desire to be able to test earlier in pregnancy led to the development of 
another method, chorionic villus sampling (CVS).

The chorion is a membrane that develops in pregnancy between the 
amniotic sac, on one side, and the placenta, lodged in the uterus, on 
the other. A chorionic villus is a fi ngerlike or hairlike projection from 
the chorion that burrows into the endometrium layer of the uterus, but 
the villi are made up of fetal cells, not maternal cells. In CVS, the fetal 
sample comes from these chorionic villi and not from the amniotic fl uid. 
The sample can be taken in one of two ways, through a catheter inserted 
through the vagina and cervix into the placenta or through a long needle 
inserted through the abdomen directly into the placenta (more like am-
niocentesis). Ultrasound is used to guide either form of the procedure; 
the actual invasive procedure takes only a minute or two.

The main side eff ects to the woman are cramping, the possibility of 
some vaginal bleeding, and a small risk of infection. Like amniocentesis, 
however, CVS does carry a somewhat uncertain risk of causing a miscar-
riage, which was originally thought to be somewhere between 0.5 percent 
and 2 percent. That risk is now much lower, though still somewhat higher 
than the miscarriage risk of amniocentesis. On the other hand, CVS can 
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be done much earlier than amniocentesis. It is usually performed in the 
tenth to thirteenth week of pregnancy, about six weeks earlier than am-
niocentesis. Like amniocentesis, it costs about $1,500 to $2,000.

Screening

Amniocentesis and CVS are diagnostic tests for aneuploidy (and other 
conditions) because they examine fetal cells. Due to their risks and costs, 
however, amniocentesis and CVS are not recommended for every preg-
nancy. Instead, pregnant women are screened to see if, in their cases, the 
procedures are likely to be worthwhile. Several diff erent methods, from 
simple to high tech, are used to predict whether a particular fetus’s risks 
are high enough to justify these invasive procedures.

One screening test is simplicity itself: maternal age. The age of a preg-
nant woman correlates very strongly with increasing risk for three of 
the most common serious genetic conditions, notably Down syndrome 
(trisomy 21) but also Edwards syndrome (trisomy 18) and Patau syn-
drome (trisomy 13). For younger women, the risk of having a fetus with 
trisomy 21 is about one in a thousand, but that rate begins to climb in a 
woman’s thirties. By the time a woman is thirty-fi ve, the chance of a tri-
somy 21 pregnancy is about 0.4 percent, by forty it is close to 1 percent, 
and by forty-fi ve it is over 3.5 percent.4

In the 1970s researchers noticed a biochemical method that might 
be used to screen for Down syndrome. Alpha-fetoprotein (AFP) is a hu-
man blood protein that the fetus produces most actively during the fi rst 
trimester of its development. Some AFP crosses the placental barrier and 
gets into the pregnant woman’s bloodstream. Researchers noticed that 
if the level of AFP in the pregnant woman’s blood (the maternal serum 
alpha-fetoprotein, or MSAFP) were unusually low, the chance that the 
pregnancy would lead to a baby with Down syndrome was increased. If, 
on the other hand, the level of AFP were unusually high, children would 
be at increased risk for one of a set of usually nasty but nongenetic con-
ditions called neural tube defects.5

By the early 1980s pregnant women were encouraged to undergo 
MSAFP screening tests. These tests require only a blood draw from the 
pregnant woman—no fetal cells or DNA is being tested, just the level of 
AFP in the pregnant woman’s bloodstream. An unusually low level, sugges-
tive of Down syndrome, could then be followed by amniocentesis or CVS 
as a diagnostic test for trisomy 21—or not, as the pregnant woman chose.
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Over the years maternal serum screening for Down syndrome and 
neural tube defects has evolved to become both more complicated and 
more accurate.6 Today, women of all ages are off ered an integrated 
screening for Down syndrome, which also provides risk information 
about two other chromosomal abnormalities (trisomy 13 and trisomy 
18) as well as neural tube defects. This screening involves two blood se-
rum tests, one in the fi rst trimester and one in the second, plus a screen-
ing ultrasound in the fi rst trimester.

The integrated Down screen sets its positive level at a risk of 1 in 270 
that the fetus has trisomy 21—about the same level as the average risk 
of a thirty-fi ve-year-old pregnant woman and roughly the average risk of 
a miscarriage from amniocentesis. A woman whose pregnancy screens 
positive is still highly unlikely to have a Down syndrome pregnancy—that 
1 in 270 risk is about 0.4 percent, meaning 99.6 percent of the time the 
fetus will not have Down syndrome. About 5 percent of screened women 
will screen positive but only about one in a thousand will actually be 
carrying a Down syndrome fetus. Women who screen positive will be of-
fered amniocentesis or CVS to determine whether the fetus actually has 
the extra chromosome. A woman whose pregnancy screens negative has 
less than the 1 in 270 chance of having an aff ected fetus and typically will 
not be off ered one of the invasive diagnostic tests. Of course, some fetuses 
that screen negative will, in fact, have Down syndrome; the screening is 
thought to be able to detect about 90 percent of all Down syndrome fetus-
es—which means that it does fail to detect about 10 percent of the cases.

One result of all these screening tests is that many women over thirty-
fi ve, who previously would have been urged to receive amniocentesis 
or CVS because of their age, screen negative and do not undergo the 
further testing. Although good data are hard to fi nd, it appears that by 
2012 only about half as many pregnant women were undergoing those 
invasive procedures as was the case twenty-fi ve years ago before prena-
tal screening was more widely used.

These screening tests are good only for Down syndrome, trisomy 13, 
trisomy 18, and neural tube defects. None of those are Mendelian dis-
eases; the fi rst three are chromosomal abnormalities, and the latter are 
only weakly associated with DNA, if at all. There is no equivalent to 
either maternal age or the biochemical screen for Mendelian traits and 
diseases, though there is one fairly simple screen: the genetic character-
istics of the genetic parents, as shown through themselves or through 
their earlier children. This is, in eff ect, “preconception” genetic testing.
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Women who have already had one or more children with a particular 
inherited genetic disease may be at higher risk for having another child 
with the same disease. If, for example, a couple has already had a child 
with Tay-Sachs disease, there is one chance in four that any subsequent 
fetus will also carry the genetic variations that cause this disease. Start-
ing in the 1970s, though, some groups started doing population-wide 
preconception testing to see whether individuals in a particularly high 
risk group were carriers for some autosomal recessive diseases, before 
they established any pregnancies.

The most successful of these carrier screening drives involved Tay-Sachs 
disease and Ashkenazi (Central or Eastern European) Jews, in whom the 
disease-linked allele is found at a relatively high rate.7 Thousands of Jew-
ish young adults participated in voluntary screening to fi nd out their car-
rier status. When they started having children, they could compare carrier 
status with their mates and see if their children would be at risk, informa-
tion they might use to decide whether to have amniocentesis or CVS and 
possibly abort any aff ected fetuses. Some orthodox Jewish communities 
took the screening even further and used the carrier status to match cou-
ples so that they could not have an aff ected child.8 The number of children 
born today in the United States with Tay-Sachs disease is about one-third 
of what would otherwise be expected but for genetic screening and test-
ing, and most of those children are born to non-Jewish couples.

Thanks to the decreased cost of genetic testing, some couples now get 
screened before pregnancy for their carrier status for scores of genetic 
diseases, without necessarily having a population-based higher risk for 
the disease. A company called Counsyl, for example, will test prospec-
tive parents for their carrier status for about 100 diseases, mainly au-
tosomal recessive or X-linked, for about $350.9 If the screening tests 
are accurate (and currently they are substantially but not perfectly ac-
curate), the parents will only have to worry about a child having one of 
those diseases if both of them are carriers for that disease. Hence, they 
will only have to do amniocentesis or CVS if they are at risk and then 
only for the disease or diseases for which they are both carriers.

Noninvasive Prenatal Testing

Since late 2012, several fi rms have developed noninvasive prenatal test-
ing (NIPT), a new method for doing noninvasive prenatal genetic di-
agnosis. Diff erent companies off er diff erent versions of this testing, but 
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they all share the same important characteristics—they test the fetus’s 
DNA by fi nding small pieces in a blood sample drawn from the pregnant 
woman. NIPT thus avoids the risks and discomfort of invasive diagnos-
tic tests.

These NIPT tests rely on the fact that some fetal cells get through the 
placenta and enter the pregnant woman’s bloodstream. Most of them 
quickly die and break apart.10 Cells die and fall apart all the time in and 
around our bloodstream. When the dead cell’s DNA is dumped into the 
blood, enzymes in the blood break it apart into small pieces, about 100 
base pairs long. This cell-free DNA then gets recycled or excreted. We 
all constantly have billions of these small pieces of cell-free DNA in each 
ounce of our blood. Pregnant women have not only cell-free pieces of 
their own DNA, but pieces of the fetus’s DNA. By the eighth week of 
pregnancy, about 5 percent of the cell-free DNA in a pregnant woman’s 
blood serum will be from the fetus. This fraction can then be tested.

The simplest test is just to look for bits of DNA sequence that the 
pregnant woman does not have, but that her mate does—and hence that 
her fetus might. If, for example, there is Y chromosome DNA in the preg-
nant woman’s bloodstream, it cannot come from the woman and must 
mean that the fetus has a Y chromosome—and will therefore be a boy. 
Similarly, if the father carried a genetic variation linked to an autosomal 
dominant disease and the mother did not, fi nding bits of that genetic 
variation (or not) in the pregnant woman’s blood would reveal whether 
or not the fetus had inherited its father’s allele and therefore the disease.

Aneuploidies and recessive diseases can also be tested for by the sim-
ple expedient of counting. A fetus with trisomy 21 has an extra copy of 
that chromosome. The pregnant woman’s serum will thus contain a few 
percentage points more bits of cell-free DNA from chromosome 21 than 
they otherwise would.

Similarly, consider a case where both the mother and father are unaf-
fected carriers of an autosomal recessive disorder, say, cystic fi brosis. If 
90 percent of the cell-free DNA in the pregnant woman’s blood comes 
from her own cells, both the “normal” and the disease-linked allele of 
the CFTR1 gene will be present in half of that cell-free DNA, making 45 
percent of each. The remaining 10 percent, which comes from the fetus, 
will either be all normal (the fetus got a normal copy from each parent), 
half normal and half abnormal (the fetus got one of each and will be an 
unaff ected carrier), or all abnormal (the fetus got two disease alleles and 
will have the disease). Those three possibilities would correspond to the 
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total percentage of normal alleles in the cell-free DNA in the pregnant 
woman’s blood being 55 percent (normal fetus), 50 percent (carrier fe-
tus), or 45 percent (aff ected fetus).

As of this writing, four companies have already each introduced a 
fetal cell-free DNA test for Down syndrome in the American market; 
those companies and others are using NIPT in other countries. Their 
tests take 10 to 20 milliliters of the pregnant woman’s blood (around 0.5 
ounces) and cost between $800 and $2,400 in the United States. Right 
now, the tests are being sold as screening tests, which means any positive 
results would still have to be followed by invasive diagnostic tests. They 
are better than existing screening tests for Down syndrome because they 
have a much lower false positive rate and hence a much higher “posi-
tive predictive value,” the percentage of times a positive test will actu-
ally turn out to be positive. Far fewer women will have the anxiety of a 
positive test or need the follow-up invasive confi rmation test. The use of 
NIPT has boomed in the United States; by 2015 it was used in several 
hundred thousand American pregnancies. And as NIPT is used more 
often, invasive tests are becoming even less common.

In the longer run, NIPT may be able to do more than look for chro-
mosomal abnormalities. It should be able to test for single gene muta-
tions or even provide a whole genome sequence. By making use of infor-
mation about the parents’ DNA, NIPT has already been used in a proof 
of principle experiment to infer a fetus’s entire genome.11 This is cur-
rently too expensive and uncertain for clinical use, but that will change.

Preimplantation Genetic Diagnosis

NIPT can let most pregnant women check for aneuploidies without the 
discomfort and risks of amniocentesis or CVS and it opens the prospect 
of doing the same for many genetic diseases. But, like those invasive 
tests, it only tells you about a fetus’s DNA after the pregnancy has start-
ed. At that point, the prospective parents’ options in case of a bad test 
result are to abort the fetus or to continue the pregnancy and prepare for 
the birth of a child with a genetic disease or trait. Preconception screen-
ing does not have that problem, but, as a result, it also does not tell you a 
lot about a particular pregnancy. It just gives you statistical information 
about your odds with future pregnancies.

Enter preimplantation genetic diagnosis (PGD), which can give you 
precise genetic information about any given pregnancy before it has 
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started. PGD is genetic testing done on a particular embryo after it has 
begun to develop but before it has implanted.

PGD originally used three-day-old eight-cell embryos; now, fi ve-day-
old embryos (blastocysts) are increasingly being used. At fi ve days the em-
bryo is a few hundred cells in size and diff erentiated between the inner cell 
mass (which becomes the fetus) and the trophectoderm (which becomes 
the placenta and other supporting tissues). The increased size allows clini-
cians to take more cells from the blastocyst, making the analysis easier 
and more accurate. I will only talk about blastocyst biopsy here.

Lab technicians put each blastocyst on a slide and examine it under 
a microscope. Using micromanipulators, they make a small hole in the 
zona pellucida and, using a suction pipette, carefully draw about fi ve 
cells from the trophectoderm. At that point, the cells are sent off  for 
genetic analysis.

Time is a big problem with using blastocysts. Clinics greatly prefer 
to transfer on the fi fth day compared with the sixth day. When three-
day embryos were used for PGD, the genetics lab had about forty-eight 
hours to receive the cell, do the analysis, and report the analysis back 
to the IVF clinic, which then needed to interpret it and discuss it with 
the prospective parents. The genetic analysis had to be performed very 
quickly in order to allow transfer even on the embryo’s sixth day, which 
is the limit for current IVF practice. With blastocysts, there is (almost) 
no time for genetic analysis. As a result, blastocysts that receive PGD are 
usually frozen after the biopsy, extending the analysis time indefi nitely, 
though incurring the possible risks (or benefi ts) of the freezing process.

PGD is not perfect. Genetic analysis of one cell is diffi  cult and even 
fi ve or six cells can give bad results. The possibility of contamination 
leading to false results is signifi cant. Even more troubling, sometimes not 
all cells in the embryo have the same genome. This is called mosaicism, 
because the embryo, or the organism, is like a mosaic, made up of dif-
ferent types of pieces. In our adult bodies, mosaicism is inevitable—our 
cells have accumulated miscellaneous mutations in the thousands of di-
visions most of them have gone through since we were zygotes. As long 
as the mutations do not lead to a disease, like cancer, these DNA varia-
tions make no diff erence.

In an early embryo, though, a few neighboring cells might be aneu-
ploid or have a mutation that other cells in the embryo do not share. 
If the sampled trophectoderm cells have diff erent DNA from the cells 
in the inner cell mass, blastocyst PGD could lead to false positives (the 
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sampled cell is abnormal but the rest are normal) or false negatives (the 
sampled cell is normal but the rest are abnormal). As a result, doctors 
advise women who have become pregnant with embryos after PGD to 
follow up the PGD with more standard prenatal genetic tests.

Although it sounds like science fi ction, PGD was fi rst performed on 
human embryos around 1989, taking one cell from an eight-cell em-
bryo, with the fi rst birth in 1990. The babies who had had one-eighth of 
their three-day-old embryos ripped away were not missing arms, legs, or 
other body parts and were, in fact, quite normal. Thousands of babies 
are born every year, around the world, after their early embryos have 
gone through PGD. Studies show no statistically higher rate of problems 
than for other babies born after IVF.12 (Like all IVF babies, though, this 
cohort suff ers from a higher rate of problems caused by pregnancies that 
involve two, three, or more fetuses.)

About 5 percent of the IVF cycles in the United States in 2012 used 
PGD, yielding about 3,000 “post-PGD children.”13 It had been thought 
that PGD might become much more frequent because of the hope that 
it could improve IVF’s success rate, through screening out embryos that, 
because of aneuploidy or other genetic reasons, had little to no chance 
of implanting successfully. Thus far, studies have not shown that PGD 
does improve the success rate, though the reasons for this failure remain 
unclear—it really should work. PGD costs about $3,000 to $5,000 in 
the United States. It will sometimes be covered by insurance if it is being 
used to avoid a known high risk of a genetic disease in the child.

But, of course, that cost is in addition to the costs of IVF, because the 
biggest problem of PGD is that it can only be used eff ectively in conjunc-
tion with IVF. The embryo has to be readily available; an embryo at 
some unknown spot inside one of a woman’s two fallopian tubes does 
not qualify. And, as we saw in Chapter 3, IVF is expensive, unpleasant, 
and, for the woman who provides the egg, physically risky. Widespread 
use of PGD will have to wait for a time when there is an easier way 
to obtain eggs for fertilization—which leads us to our last background 
chapter, on stem cells. 
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6
S T E M  C E L L S

Stem cells provide the last piece of the puzzle that assembles into Easy 
PGD. This chapter provides background to stem cells and their pos-
sible uses. It will fi rst outline what stem cells are, then describe the de-
velopment of human embryonic stem cells (hESCs), and, after a brief 
digression into the immune system and human cloning, explain human 
induced pluripotent stem cells (human iPSCs).

Stem Cells and the Hayfl ick Limit

Our bodies are all about cells. Except for water-based fl uids, our bodily 
components are either made of cells or, in the unusual instances where 
they are not made up of cells, like cartilage, bone, or hair, they are made 
by cells. Each of our cells is descended from the zygote produced from 
the fusion of our father’s sperm into our mother’s egg and each of those 
cells carries DNA that, except for the occasional mutation after that 
fertilization, is identical. That’s as true of a newborn baby as it is of a 
wizened centenarian.

But few cells in that newborn will still be alive when she turns 100. 
Cells can, of course, die or be killed prematurely—think about an am-
putation—but they also have their own natural lifespans. These vary 
dramatically from cell type to cell type. None of the cells of the very 
early embryo will survive intact until late in life, because each of them 
will have been transformed, in their daughter cells, into other, more spe-
cialized cell types; nevertheless, some cells will last from before birth 
until death. Some neurons, for example, in the brain and elsewhere, will 
survive until the end, as will some cells in other tissues, like the heart. 
Other cells have fl eeting lifespans. Skin cells, blood cells, and most of the 
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cells lining the lungs live for only a few weeks or months before dying. 
Some intestinal cells have only a forty-eight-hour lifespan, less if you 
eat spicy food. (Perhaps not surprisingly, cells exposed to the outside 
world—remember, the gut and lungs are, in a sense, “internal parts” of 
the outside world—tend to have the shortest lifespans.) Most other hu-
man cells survive inside us for more than years but less than centuries.

Of course, our cells cannot only survive inside us but, it became clear 
in the twentieth century, could survive outside us given the right condi-
tions. The ability to keep cells alive in vitro and then to watch them 
grow and change, called “cell culture,” was a revolutionary develop-
ment in the early twentieth century. Several researchers, including par-
ticularly Ross Harrison, were important to this development but it is 
most associated with Alexis Carrel, a French surgeon who moved to the 
Rockefeller Institute in 1906.1

Carrel won the Nobel Prize in Physiology or Medicine in 1912 for 
discovering a few years earlier how to stitch together blood vessels safe-
ly, thus paving the way (eventually) for organ transplantation. Carrel 
became interested in growing organs outside the body, which in turn led 
him to an interest in keeping cells alive outside the body.

Cells in culture were, and to a large extent still are, fi nicky. They 
were, and are, subject to sudden or lingering death and to contamination 
from other cells and from infection. Particularly before antibiotics, keep-
ing cell cultures alive was hard. Carrel’s lab was the center of successful 
cell culture. It invented devices and techniques to improve cell culture, as 
well as protocols to try to avoid or minimize contamination, infection, 
and other problems. And it was the Carrel lab that recognized that, to 
keep them vigorous, cell lines had to be divided and subcultivated—bro-
ken back down into individual cells that were in turn put into new dishes 
to begin the growing process again.

The star of the Carrel laboratory was a cell culture made from frag-
ments of an embryonic chicken heart. It was begun in January 1912 and, 
supposedly, it survived until 1946 (two years longer than Carrel), being 
regularly subdivided and “repotted” in another Petri dish hundreds of 
times.2 This seemingly immortal chicken heart was famous in its day—
its birthday was celebrated every year in a New York newspaper and 
immortalized (in another sense) in a 1966 Bill Cosby comedy skit.3

The “supposedly” in the last paragraph is there for a reason. It ac-
tually seems unlikely that the chicken heart tissue culture from 1912 
actually survived until 1946 without getting fresh chicken cells from 
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time to time, because it turns out that normal cells of birds and mam-
mals (including humans) will not divide indefi nitely. Leonard Hayfl ick, 
a scientist at the Wistar Institute in Philadelphia, realized this in 1961 
in work done with Paul Moorhead.4 Hayfl ick and Moorhead took hu-
man fi broblasts, a type of cell from the skin, and “explanted” them 
into two clean culture fl asks. Eventually the cells grew to cover the 
entire interior surface of those two fl asks, at which point they stopped 
dividing. The researchers then took those cells and subcultivated them 
into two new fl asks. The cells would grow and divide and ultimately 
cover the surface of the two new fl asks, often in a few days, only to 
be subcultivated again. But not indefi nitely. Hayfl ick and Moorhead 
found that human skin cells eventually divided more and more slow-
ly—took more time before they covered the fl ask surface and required 
subcultivation—and eventually stopped. The fi broblasts in their 1961 
experiments went through, on average, about fi fty doublings before 
they stopped growing.

Such a limit was not expected. Hayfl ick and Moorhead pursued it 
with other human cell types and with various cell types from other spe-
cies. The limit to the number of doublings varied from cell type to cell 
type and from species to species, but it was (almost) always there. Alas 
for poor Moorhead—this fi nding has become known as the Hayfl ick 
limit. Most human cell types will divide somewhere between forty and 
eighty times before they stop. The reasons for the Hayfl ick limit remain 
unknown, as do its consequences for aging. Do we age, in whole or in 
part, because some or all of our cells hit their Hayfl ick limits and no 
longer are renewed by dividing into two new cells? No one knows, but 
research is continuing.

The Hayfl ick limit, though, raised a more immediate question. As 
noted above, some of our cell types are short-lived; they die quickly and 
are replaced. Skin cells live for about two to four weeks. They start out 
in the lower layers of the skin and gradually move toward the outer-
most layer, pushed up by new cells being born below and old cells being 
sloughed above. By the time they reach the surface and form what we 
think of as our skin (the outermost layer of the epidermis), they are dead.

Let’s say a skin cell has a Hayfl ick limit of 100 cell divisions and that 
the average cell lives for four weeks—generous estimates for each. That 
means that any skin cell should stop dividing after 400 weeks, or less 
than eight years. But most of us are more than eight years old—how can 
we still have skin?
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The answer is stem cells. Stem cells are able to divide indefi nitely. 
Typically, they divide in an unequal way. One of the two daughter cells 
remains a stem cell, able to keep dividing indefi nitely, while the other 
one becomes a more diff erentiated cell, in this case a skin cell, that is 
launched on a more limited career. For skin, these stem cells are found 
at the base of the epidermis and are called (reasonably enough) basal 
cells. They seem to live forever. To be more precise, we know they can 
live at least 122 years, 164 days. We know that because Jeanne Calment, 
the person with the longest well-documented lifespan, lived that long.5 
Although we have no direct evidence that stem cells can survive longer 
than that, they are sometimes thought of as being, and called, “immor-
tal.” And stem cells can be kept alive in vitro well past the Hayfl ick limit, 
forming continuous cell lines.

It is only fair to point out another type of human cell that can be, ef-
fectively, immortal, because it, too, does not obey any known Hayfl ick 
limit: a cancer cell. Cancer cells will divide indefi nitely. It is their divi-
sion, growth, and spread that makes cancer an often fatal disease. It 
also means that cancer cells can be kept alive indefi nitely in vitro. The 
fi rst commonly used long-living human cell line is the HeLa cell line, 
derived in the early 1950s from a particularly virulent cervical cancer in 
a woman named Henrietta Lacks, recently the subject of a compelling 
book.6 Cancer cells are the evil twins of stem cells.

Some of our tissues have stem cells throughout our lives, typically in 
the places where cells have short lifespans and need to be replaced con-
stantly. The skin, the bone marrow (where blood cells are formed), the 
linings of our digestive tracts and our lungs, and other places have stem 
cells. In other organs, there appear to be no or, at least, very few stem 
cells. Our heart muscle cells scarcely grow and divide after our youth. If 
our hearts are damaged, they do not get signifi cantly repaired with new, 
living cells; they just stay damaged. (Until recently it was thought they 
never divided; now it appears there may be some very small continuing 
cell division.)7

Human Embryonic Stem Cells and Jamie Thomson

The various stem cells in our adult bodies have the disadvantage that 
they are either somewhat, or completely, committed to making one kind 
of cell. Basal skin stem cells just make skin cells. The stem cells in the 
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lining of the colon just make cells for the lining of the colon. Blood-
forming stem cells, found mainly in the bone marrow, make lots of dif-
ferent cell types, but they are all diff erent types of blood cells. Skin stem 
cells do not make blood; blood-forming stem cells do not make heart 
muscle cells.

But there are cells that make all of those cell types, and all other 
human cell types, directly or indirectly. We know the cells in the early 
embryo give rise to every kind of human cell type because they did, in 
every one of us. And, more specifi cally, we know that in the blastocyst, 
the cells inside the blastocyst, the inner cell mass, form every kind of cell 
type in the fetus and, ultimately, in the adult, because they did.

Some researchers thought to take inner cell mass cells out of an em-
bryo and turn them into cell lines, lines that would both last indefi nitely 
and that could be kept undiff erentiated, preserving their potential for 
forming all of the diff erent cell types. These embryonic stem cells quickly 
became a reality—in mice. In 1981, two groups, one at Cambridge and 
one at UC San Francisco, independently established the fi rst successful 
cell lines of mouse embryonic stem cells.8 Such cell lines quickly became 
useful research tools—but only in mice.

It proved diffi  cult to do the same thing with humans. Part of the diffi  -
culty was scientifi c; diff erent species react diff erently in many complicat-
ed and unpredictable ways. The conditions necessary to keep extracted 
inner cell mass cells both alive and undiff erentiated in other species, in-
cluding humans, were not the same as in mice. But, real as the scientifi c 
problems were, they were not the biggest problems.

In 1981, when mouse embryonic stem cell lines were fi rst established, 
IVF was fi rst entering clinical practice, and research with early human 
embryos was fi rst becoming possible. But research aimed at making em-
bryonic stem cells necessarily required destroying embryos in order to ex-
tract their inner cell masses. While no one cared about destroying mouse 
embryos, to many people, in the United States and elsewhere, destroying 
embryos was killing babies—or, at the very least, destroying something 
whose potential to become a baby made its destruction wrong.

As result, National Institute of Health (NIH) funding, the life’s 
blood of American academic biomedical research, was not available 
for research trying to develop hESC lines. Dr. James Thomson of the 
University of Wisconsin nevertheless took on the task of trying to de-
velop such cell lines. Thomson was originally trained as a veterinarian, 
then added a PhD in molecular biology. One part of his postdoctoral 
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training took him for two years to the Primate In Vitro Fertilization 
and Experimental Embryology laboratory in Oregon. He moved to 
the University of Wisconsin in 1991, where he continued research on 
nonhuman primate embryos, including eff orts to make embryonic stem 
cell lines from those species.9

In August 1995 Thomson reported in the Proceedings of the National 
Academy of Sciences that he had successfully created embryonic stem 
cell lines from macaques (also known as rhesus monkeys).10 He had 
taken the inner cell mass from macaque blastocysts, put them into labo-
ratory equipment, and, after much tinkering, found the conditions that 
would both keep those cells alive and keep them from spontaneously 
diff erentiating. This last point was the most important; embryonic stem 
cells do not want to stay undiff erentiated—they want to turn into other 
kinds of cells.

Thomson’s 1995 publication points out that macaque embryonic 
stem cells could be a better model for how human cells develop than 
mouse embryonic stem cells but that, of course, the best model would 
be hESCs. He turned his research toward humans, using “excess” em-
bryos from IVF clinics to try to create hESCs. In November 1998 he 
announced success in the pages of Science.11 Thomson transferred the 
inner cell masses of fourteen embryos and, using the same methods he 
had successfully used with nonhuman primates, managed to create fi ve 
hESC lines. Thomson’s human research had been partly funded, starting 
in 1995, by a private biotechnology fi rm named Geron, which provided 
money in return for preferential access to the research results and intel-
lectual property resulting from it.12

Thomson’s discovery immediately touched off  great scientifi c excite-
ment. Basic science researchers were fascinated by the possibility of tak-
ing hESCs and using them to make all human cell types, including those 
many types for which we do not have adult stem cells. They could then 
study how those cell types developed and how they reacted to diff er-
ent conditions. Clinical researchers, doctors, and the public got excited 
about another possibility—using hESCs to make new cells that could be 
transplanted into patients to replace cells that had been damaged or de-
stroyed or even to regrow whole human organs. Widely discussed pos-
sibilities included making new beta cells for the pancreas to treat type 1 
diabetes, making new cardiomyocytes to repair heart damage from heart 
attacks, making new spinal cord cells to repair spinal cord injuries, or 
making new brain cells to treat Parkinson’s disease or Alzheimer disease.
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The discovery also touched off , a little more slowly, a political fi re-
storm. Federal fi nancial support for hESC research became a key issue 
in political races in the early 2000s, with many Republican candidates 
adopting the pro-life movement’s opposition to any research in which ba-
bies (embryos) were killed or harmed and many Democratic candidates 
arguing that this research was necessary to cure many diseases of living 
children and adults. On August 9, 2001, President Bush announced what 
he termed a compromise—he would allow federal funding for hESC re-
search on cell lines that had been developed before that date—that is, on 
cell lines where the embryos had already been destroyed.13

Although some in the right-to-life movement were disappointed by 
his decision to allow funding for any hESC research, it was largely seen 
as a victory for the opponents of the research. Several (Democratic) 
states passed their own statutes to provide state funding for research; 
in November 2004, an initiative in California authorized the sale of $3 
billion in state bonds to support that work.14 Several (Republican) states 
passed statutes banning state funding of the research, discouraging it in 
other ways, or, in South Dakota, making the research criminal.15

The ebbs and fl ows of the stem cell controversy could fi ll (and indeed 
have fi lled) whole books. For our purposes it is only important to know 
that research continues with these cell lines. So far no wonder cures have 
emerged. On the other hand, some promising results have been obtained 
and a great deal has been uncovered about the factors that drive the dif-
ferentiation and development of stem cells. Scientists are getting better 
at learning how to turn hESCs into particular cell types, how to purify 
the resulting cells to make sure that they are all of the right cell type, 
and how to transplant them successfully so that they do what we want 
them to do, where we want them to do it. The U.S. FDA has authorized 
several clinical trials of hESCs (or cells derived from them) for medical 
conditions, including type 1 diabetes, spinal cord injuries, and two relat-
ed forms of blindness, age-related macular degeneration and Stargardt’s 
disease (a rare juvenile form of this condition).16

The Immune System, Cloning, and Dolly

Even if we become able to cause hESCs to diff erentiate safely and reli-
ably in the particular cell types we need for transplantation, a problem 
remains—the immune system. Each patient needing a cellular transplant 
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has an immune system that distinguishes between “self” and “non-
self”—and attacks nonself. In humans the proteins involved in this 
system are referred to as the HLA (human leukocyte antigen) system.17 
(Across other species, it is called the major histocompatibility complex, 
or MHC—HLA is just the human version of the MHC.)

There are more than twenty diff erent proteins in the HLA system, 
each encoded in a diff erent gene, but six are considered the major anti-
gens. (ABO blood type is also an independently important consideration 
in organ transplantation.) These six are taken into consideration when 
deciding whether someone is a “match” for purpose of organ trans-
plantation. Unfortunately, these proteins exist in many diff erent versions 
within human populations—some of the HLA markers have thousands 
of known variations; all have at least a dozen common families of vari-
ants. So making a match is not easy.

The best way to have a good match for organ transplantation is to 
have an identical twin, who will be a perfect match (and who, as a result, 
were the subjects of the fi rst successful cases of organ transplantation). 
Most of us are not so lucky. Close family members are the next best 
chances for a match, but even then the chance that a sibling will be a 
perfect match is low. Just how low depends on how good a match is re-
quired; in clinical practice, diff erent levels of matches are sought for dif-
ferent organs and even imperfect matches can be successful with the use 
of drugs that suppress the recipient’s immune system—although those 
drugs bring their own hazards. For kidney transplantation, for instance, 
doctors would like to see matches on all six antigens. Siblings who share 
the same genetic mother and father have only about a 25 percent chance 
of being an acceptable six-antigen match.18

So here’s the problem. If a person needs, say, heart muscle cells to repair 
a heart damaged by a heart attack, the hESCs used to make those cells will 
have their own set of HLA genetic variations. If those variations are not 
identical to the patient’s, the patient’s immune system is likely to attack 
the new cells, making the transplant useless or, because of side eff ects of 
the immune system attack, perhaps even affi  rmatively harmful. The HLA 
variants in any hESC line will be determined by the versions of the HLA 
genes that embryo received from the egg and sperm that combined to 
form it. There is no particular reason to believe the embryo’s HLA types 
will match any particular patient who needs cells derived from it.

One possibility is to make lots and lots of hESC lines, each carrying 
a diff erent set of HLA markers so that compatible cells could always be 
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generated. Given the degree of variation in HLA types, that could be bil-
lions of diff erent embryonic stem cell lines, although, in fact, a few thou-
sand lines with carefully chosen diff erent HLA markers would probably 
provide “good enough” cells for most patients.

Another possibility is to make cells that are perfect matches, because 
they have exactly the same HLA variants as the patient who needs them. 
Even if you could get sperm and eggs from the parents of the patient, 
the chance of getting an embryo with even a six-marker match (let alone 
a perfect match) would be about 25 percent—and how often will the 
patient have living parents who are both willing and still able to provide 
both eggs and sperm in order to make embryos from which such a cell 
line might be derived?

Dolly the sheep provided a possible answer. Dolly, whose existence 
was announced about twenty months before Thomson’s publication on 
hESCs lines, was a clone made by somatic cell nuclear transfer (SCNT).19 
In SCNT, an egg whose nucleus has been surgically removed will be fused 
with a somatic cell of another individual of the same species. In Dolly’s 
case an enucleated egg from one breed of sheep, a Scottish Blackface, was 
fused with a cell taken from previously frozen mammary tissue of a ewe of 
another breed, a Finn Dorset.20 The researchers, Ian Wilmut, Keith Camp-
bell, and colleagues in Scotland, gave the resulting cell an electric shock 
and it began to divide, ultimately becoming an embryo that was trans-
ferred into the uterus of a third sheep. The embryo implanted successfully 
and about seven months later Dolly was born. Dolly was the one success-
ful birth from nearly 300 attempts in this SCNT experiment, but she was 
one more birth than most people, even scientists in the fi eld, had expected.

Dolly was, of course, not the world’s fi rst clone—as Chapter 2 pointed 
out, most life on earth reproduces clonally. Nor was she the fi rst mam-
malian clone—remember identical twins—or the fi rst mammal born as 
a result of artifi cial human intervention, or even the fi rst mammal born 
from SCNT.21 Dolly was, however, the fi rst mammal ever born as a re-
sult of SCNT performed with cells from an adult. As such, she made 
scientifi cally plausible the scenarios for making cloned embryos of living 
human beings that could then be transferred for potential implantation 
and eventual birth—human reproductive cloning (though, of course, she 
only proved the possibility of sheep reproductive cloning).22 These were 
the implications that brought front page headlines, intense controversy, 
and legislation in several nations and states banning or limiting human 
reproductive cloning.23
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The research kicked off  by Dolly has helped illustrate, yet again, 
how diff erent reproduction is in diff erent species. Over twenty mam-
malian species have been successfully cloned to live births, some easily 
and some only after years of hard work.24 Cats and mice, for example, 
were easy; fairly closely related dogs and rats turned out to be diffi  cult. 
SCNT in primates did not lead even to any successfully cloned embryos 
until 2007; it still has not produced a born SCNT-cloned primate of 
any kind.25 The fi rst successfully cloned human embryos were not made 
until 2013 (and, in spite of some early claims to the contrary, no human 
babies are known to have been created through SCNT).26

But Dolly also made scientifi cally plausible scenarios for making 
cloned embryos of living human beings and destroying them at the blas-
tocyst stage to create hESC lines, lines that would be perfect genetic 
matches for (clones of) the living human whose somatic cell was used 
in the SCNT. In that case, a patient who needed new heart muscle cells 
might be able to donate a skin cell that could be fused into an enucleated 
human egg and turned into an embryo, which would in turn give rise to 
an embryonic stem cell line. That line could then be used to make heart 
muscle cells that, as far as the patient’s immune system was concerned, 
came from an identical twin.

The prospect of this “nonreproductive human cloning” was very ex-
citing. It generated a great deal of research, an example of huge scientifi c 
fraud (in 2004 by Dr. Woo-Suk Hwang in South Korea), and much con-
troversy and concern.27 It was not until 2013 when a group at Oregon 
Health Sciences University announced that it had succeeded in creat-
ing human cloned embryos, using fetal cells or the cells from an eight-
month-old baby. It then made embryonic stem cells from some of those 
embryos.28 It was another eleven months before two groups successfully 
made cloned human embryos and stem cell lines using cells from human 
adults.29 Human SCNT cell lines had fi nally become a reality, about 
seventeen years after Dolly’s birth was announced.

Induced Pluripotent Stem Cells 
and Shinya Yamanaka

In the meantime, in Kyoto, Japan, Shinya Yamanaka decided to try a 
diff erent path to making personalized embryonic stem cells. Rather than 
making personalized embryos through SCNT, he wanted to try to take 
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somatic cells and cause them to de-diff erentiate—to become more primi-
tive and, eventually, pluripotent. In eff ect, he tried to transform adult, 
diff erentiated cells into cells that were just like embryonic stem cells and 
could then be rediff erentiated into other cell types.

In 2006 he succeeded, using mouse cells.30 He followed that an-
nouncement with a November 2007 paper in Cell, revealing that he had 
used the same method to do the same thing with human cells.31

Yamanaka’s method started with human somatic cells. In his fi rst 
work he used human fi broblasts, a common skin cell. (Rather than tak-
ing the fi broblasts from a particular human donor, he used some readily 
available fi broblast cell lines.) He then employed viruses to introduce 
additional copies of four human genes, genes mainly expressed during 
embryonic development, into the fi broblasts, genes that were transferred 
complete with genetic instructions that turned them on. He cultured the 
resulting cells and, after a few weeks, saw that some of them began to 
look very similar to embryonic stem cells.

Laboratories all over the world quickly replicated Yamanaka’s results. 
Since Yamanaka’s initial announcement, cells produced by his method, 
induced pluripotent stem cells (iPSCs), have been one of the hottest top-
ics in biology and for good reason. These cells hold out the hope of 
providing personalized embryonic stem cells without needing to make 
an embryo. This not only sidesteps the diffi  culties in using SCNT to 
make human stem cells, but also the practical (and ethical) problems of 
obtaining human eggs and the ethical and moral issues around destroy-
ing human embryos to make stem cells.

Yamanaka and other researchers have developed refi nements to the 
stem cell derivation process, so that now they can make iPSCs by add-
ing proteins to cells rather than adding less controllable genes. Making 
iPSCs through one or more of these routes has now become routine. 
Some researchers have even reported success using variations on Ya-
manaka’s method to change one human cell type directly into other hu-
man cell types without fi rst taking them back to the undiff erentiated, 
pluripotent stage.32

More generally, researchers are eagerly trying to see whether iPSCs 
really do work the same as, or as well as, hESCs. Right now, the an-
swer seems to be that the two cell types are not quite the same. Among 
other things, they express some diff erent genes. What this means for the 
future clinical use of iPSCs remains unclear. If they are not exactly the 
same as hESCs, can they be made the same? And, even though they are 
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not exactly the same as hESCs, can they be used safely and eff ectively 
to treat disease? We do not, as yet, have any examples of using hESCs 
safely and eff ectively to treat disease; only a few human clinical trials 
have started. The FDA has approved a few human clinical trials for 
iPSCs, as have Japanese regulators,33 but the results are not yet known. 
Meanwhile, very exciting research, both basic and preclinical work put-
ting human iPSCs into laboratory animals, continues.
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E a s y  P G D :  T h e  P o s s i b i l i t i e s

The fi rst six chapters of this book have given you some background on 
various parts of biology and human medicine—molecular biology, re-
production, infertility treatments, genetics, genetic testing, and stem cell 
research. Those threads will soon be woven together to make a new 
pattern, one that will change fundamentally how our species reproduces.

I call the process that will emerge from these developments Easy 
PGD. It is basically just an extension of preimplantation genetic diagno-
sis, but an extension that will turn PGD from an uncommon curiosity 
to the way many if not most babies will be conceived, at least in the rich 
world. Two technical advances will lead to this change: the accelerating 
improvement of whole genome sequencing and the ability to turn iPSCs 
into gametes, particularly into eggs. The fi rst makes PGD more useful; 
the second makes it much easier.

PGD is currently used only to look at a few genetic or chromosomal 
issues. It can tell prospective parents about whether their embryos are 
aneuploid or euploid, of concern in part for Down syndrome and in part 
for the likely success from transferring any particular embryo. It can also 
be used to look for a genetic disease that runs in the family—Huntington 
disease, sickle cell anemia, Tay-Sachs, or some other dread condition.

But our ability to do genetic analysis—cheaply, accurately, and quick-
ly—is expanding dramatically. Sequencing one whole human genome 
cost $500 million a decade ago, but was $50,000 in 2009. It cost about 
$1,500 in 2015. The cost will soon be in measured in hundreds, not 
thousands of dollars. And in twenty to forty years, that cost may well 
be expressed in scores—or fewer. Doing whole genome sequencing from 
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one embryonic cell will be not only feasible but cheap. With suffi  cient 
precautions, it should also be accurate. When PGD can look at a whole 
genome and not just karyotypes or one particular genetic disease, it will 
become much more interesting to prospective parents.

At the same time, our knowledge of the connections between genetic 
variants and traits or diseases is already large. It will become vast. It is 
unlikely ever to be a perfect predictor for most of the things parents will 
care about, but it already is perfect, or near perfect, for some things par-
ents prize, like “boy or girl?” Combine whole genome sequencing with 
a stronger ability to predict phenotypes from genotypes and PGD will 
only become increasingly attractive. And not just to parents, but also to 
health insurers or government health programs that can project saving 
money on the care of some sick children by paying for prenatal genetic 
diagnosis to avoid their births.

But no matter how attractive PGD becomes, its current form has a 
serious problem. It requires IVF and IVF is not attractive. It is expensive, 
unpleasant, emotionally trying, and physically risky. People use IVF be-
cause it is the only way they can hope to become pregnant or because 
they know their children are at very high risk for a terrible genetic dis-
ease. The problems of IVF, though, are almost all the problems of egg 
retrieval. Getting human sperm is usually easy; getting human eggs is 
always hard. Egg retrieval accounts for about 80 percent or more of the 
cost of IVF, almost all of the discomfort, and all of the health risk.

“Easy” PGD will be easy because it will avoid egg retrieval. Instead, 
prospective parents will provide some of their cells—probably skin 
cells—that a clinical laboratory will transform into undiff erentiated 
iPSCs. These iPSCs will in turn be rediff erentiated into gametes: eggs, 
primarily, but also sperm when necessary. These gametes will be made 
from the prospective parents’ own cells and own genomes. They will 
hold out the prospect of having “a child of our own” without the dif-
fi culties of egg retrieval—and with the advantages of PGD. Eggs from 
iPSCs will make PGD easy and Easy PGD will change our species.

With Easy PGD, it will not just be the infertile or those haunted by a 
family genetic disease who will use PGD. It will be almost anyone. And 
it will open some brand new possibilities. Infertile people who do not 
have their own eggs or sperm will have, for the fi rst time, a chance to 
have a “child of their own.” And, in the not unlikely event that iPSCs 
can make not only eggs from women and sperm from men, but sperm 
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from women and eggs from men, gay and lesbian couples will, for the 
fi rst time, have a chance to have “a child of their own.”

The science for safe and eff ective Easy PGD is likely to exist some-
time in the next twenty to forty years. The scientifi cally possible does 
not always happen or, if it does happen, persist—remember fl ying cars 
or supersonic commercial aircraft. Easy PGD, though, will have favor-
able medical, economic, social, legal, and political factors, at least in the 
United States. Its reception will prove more negative in some countries, 
but more positive in others. Overall, I expect that within forty years, 
around the world among people with good health care, half or more will 
use Easy PGD to conceive their children, selecting them at least in part 
on their DNA and the traits and risks it predicts.

The next six chapters of this book expand on this rough outline, 
specifying the scientifi c progress—and, equally importantly, the social 
factors—that will transform Easy PGD from science fi ction into an im-
portant reality.
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The Pathway

You have just read my vision of Easy PGD as a large part of the future 
of human reproduction. That is not my view of what would be good or 
bad, but my best guess about what will actually happen. Getting there, 
though, will require some important steps: it will have to become not 
just scientifi cally plausible but real, and in ways that are both safe and 
eff ective enough to reach the clinical world, to become a technology. 
This will involve advances in both genetic and stem cell technologies. 
And Easy PGD will have to benefi t from medical, economic, social, le-
gal, and political factors that allow the technology to be widely adopted. 
This section’s six chapters discuss all those issues, as well as some other 
plausible technological alternatives to Easy PGD. You will not, I trust, 
be surprised to learn that I think Easy PGD will pass those tests. One 
reason that runs as a thread through this part is that Easy PGD will ben-
efi t from other uses for its component parts. It will not emerge so much 
as the end of specifi c eff orts to create it, but as a “secondary” use, or 
eff ect, of many other developments.

The fi rst two chapters in this part, Chapters 7 and 8, talk of the need-
ed improvements in the two fi elds that will lead to Easy PGD: genomics 
and stem cells. Chapter 9 looks mainly at money—for research, for com-
mercial fi rms, and for paying to use Easy PGD. Chapters 10 and 11 look 
at legal and political issues, respectively. And Chapter 12 takes a walk 
on the even wilder side of reproductive alternatives.
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7
G E N E T I C  A N A LY S I S

For Easy PGD to become a clinical reality, PGD will not only need to get 
easier, but also to get better. For that to happen, two genetic technologies 
will have to be improved—DNA sequencing and DNA interpretation. 
This chapter will discuss each.

DNA Sequencing

Each embryo has a set of genetic variations that will provide informa-
tion—sometimes powerful, sometimes weak—about the traits of the 
person that embryo might become. Those variations need to be deter-
mined through analyzing the embryo’s DNA. Genome sequencing is the 
best tool we have for this kind of analysis.

How we have done genome sequencing has changed dramatically 
over the past forty years and is continuing to change. Today, many dif-
ferent methods (perhaps as many as ten) are being actively explored 
as paths forward to so-called “next generation sequencing.”1 I will not 
discuss the methods used, either by current sequencing or by the various 
next generation alternatives; however whole genome sequencing is done 
in twenty to forty years will no doubt be diff erent from what is done 
today or even tomorrow. Instead, I will discuss what those methods will 
need to do to enable Easy PGD.

The technical challenges to using genome sequencing for Easy PGD 
are substantial. The method will have to sequence 6.4 billion base pairs 
with high accuracy. The method will have to be very inexpensive, partic-
ularly if many embryos are created (and need to be tested). And the pro-
cess will have to take into account both the best time to take cells from 
the growing embryo and the embryo’s timetable—it must be transferred 
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for implantation, or frozen, by its sixth day. That’s a tall order, but one 
that is clearly on the route to being fi lled. This section will discuss fi rst 
what “whole genome sequencing” means and then its accuracy, cost, 
and speed.

The “Whole Human Genome”

The fi rst “complete” human genome was sequenced around 2003. The 
exact date depends on defi nitions. President Bill Clinton and Prime 
Minister Tony Blair announced completion of “the human genome se-
quence” in a joint press conference on June 26, 2000, but that was a 
“rough draft.”2 The human genome was declared fi nished in 2003.3

None of those whole human genomes, or any completed since, have 
actually sequenced every bit of “the human genome.” This is true for 
two reasons. First, no one person’s whole genome has ever been se-
quenced. Some areas of our genome are very hard to sequence. These in-
clude the ends of chromosomes, their telomeres, and their middles—the 
centromeres—as well as regions that are “locked up” by what is called 
“heterochromatin.” Also hard to read are regions with gene families, 
stretches with many slightly diff erent versions of one ancestral gene. The 
good news is that these regions are thought to provide (almost?) no use-
ful information.

But, second, no one has sequenced “the human genome” because it 
doesn’t exist. All 7.3 billion humans (apart from identical twins) have 
somewhat diff erent genomes. We all have (almost) all the same genes, 
as well as the vastly more common DNA between genes, but in slightly 
diff erent versions. Is the human genome yours or mine, George Bush’s 
or Barack Obama’s?

Even identical twins, formed from the same egg and sperm, will have 
subtly diff erent genomes. Every time a cell divides, the two daughter 
cells end up with slightly diff erent genomes. Errors in DNA duplication 
mean that most normal cell divisions cause some new mutations. The 
cells of each twin will have acquired somewhat diff erent mutations after 
their separation (before the twelfth day after fertilization) and during 
their subsequent development, during pregnancy, and throughout life.

More subtly, none of us has our own single genome. Skin cells on the 
palm of my right hand will have subtly diff erent genomes from skin cells 
on the palm of my left hand or on the backs of either. Each cell took a 
diff erent path, with diff erent ancestral cells, from the fi rst few weeks 
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of embryonic development to its current place and time. In following 
those paths, each cell accumulated diff erent mutations. This is called 
mosaicism—an organism or a tissue has not one genome but is a mosaic 
of somewhat diff erent genomes. These mutations almost always make 
no diff erence. They are in areas of the genome that do nothing, or areas 
that do nothing in that particular kind of cell. If they do cause a serious 
problem, that cell dies, unmourned and rapidly replaced. Only when a 
mutation, whether caused by mistakes in division, radiation, chemicals, 
or just bad luck, sets off  a cancer is its result important. Happily, muta-
tions rarely give rise to malignant cancers, but it is no coincidence that 
most common cancer types (lung, colon, breast, skin, and blood) occur 
in tissues where cells divide frequently and hence pick up more “natu-
ral” mutations.4

But when we talk about sequencing “the whole human genome,” we 
really mean sequencing the easiest-to-sequence 90 percent or so of an 
individual’s “average” genome. That we can already do; going further is 
neither necessary nor particularly useful.

Accuracy

Getting the cost to a reasonable level is only one challenge for the ge-
nome sequencers. The accuracy will need to be very high. Currently, 
if you give a whole genome sequencing process a stretch of DNA that 
contains a sequence of a hundred known base pairs, it will, on average, 
get about ninety-nine of them right. With children at stake, 99 percent 
is not good enough. Making a mistake one time in a hundred means 
tens of millions of mistakes in the whole genome, which would make 
it highly likely that some prospectively healthy embryos will have been 
labeled diseased, and not used, and, more painfully, some prospec-
tively unhealthy embryos will have been labeled healthy and possibly 
become children with genetic diseases. This basic accuracy needs to 
improve, but there is no reason to think that, in the next twenty years, 
that will not happen.

But accuracy is an issue in other ways. Current methods of whole 
genome sequencing have various systemic weaknesses. Three problems 
stand out currently: indels, “phasing,” and repeats.

Indels, short insertions or deletions, can wreak havoc, especially if 
they are found in exons and are of a size not divisible by three, so they 
change how the codons are read. Researchers have run experiments 
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giving the same DNA samples to diff erent sequencing systems. The sys-
tems agree on well over 90 percent of the base pairs, but they agree on 
indels at much lower rates, about 25 percent of the time in one study and 
just over 50 percent in another.5 If they do not agree, one process or the 
other (or both) must be wrong.

“Phasing” means determining which of the two copies of a chromo-
some (the one from the mother or from the father) a variation is found 
on. Current whole genome sequencing techniques cannot reveal the 
phase, which can be a serious problem, especially with autosomal reces-
sive diseases, which occur when a person has no “good” copies of the 
genes and so the normal version of the protein is not being produced at 
all. The problem happens when a person’s sequence shows two harmful 
mutations in diff erent sites in one gene, along with benign versions at 
those sites. Maybe the embryo has one harmful mutation on each chro-
mosome, giving it no functional copies and thus the disease. But maybe 
one of its chromosomes has both mutations and the other one is perfect-
ly normal, making it an unaff ected carrier. You cannot know what the 
result will be without knowing whether the two disease-causing varia-
tions are on the same or diff erent chromosomes—and that current whole 
genome sequencing technologies cannot do.

Finally, repeats are a problem for most current methods of whole ge-
nome sequencing. These rely on a “shotgun” method that breaks a DNA 
sample into small pieces, which it sequences over and over again. A shot-
gun sequence might be made up of hundreds of millions of “reads” of, 
say, 100 base pair sequences.6 Some diseases involve very long stretches 
of repeats and shotgun sequencing is not good at fi nding them. For ex-
ample, Huntington disease is caused by a person having too many copies 
of a CAG repeat in the Huntingtin gene, located on chromosome 4. In 
a particular stretch of Huntingtin, for unknown reasons, the sequence 
repeats CAG several times. Usually there are four to ten copies of this 
CAG repeat. Some people have more alleles with more copies. People 
with up to thirty-seven copies of the CAG repeat on both of their copies 
of Huntingtin are fi ne; people with more than about thirty-seven copies 
on either copy seem to be doomed.

But if each small chunk of DNA that is read is only about 100 base 
pairs long, how can you tell how long the repeats are? Consider a person 
whose two alleles of the Huntingtin gene have eight and forty CAG re-
peats, respectively. Sequencing small pieces of gene containing the eight-
repeat allele should not be a problem. Each will have twenty-four bases 



 Genetic Analysis 111

in the repeat sequence and most pieces will be fully contained within a 
100 base pair read. But forty CAG repeats takes up 120 base pairs. If 
you get a 100 base pair read that is all CAG repeats, that’s not quite 
thirty-four repeats. There is no way to know how long the repeated 
sequence really is.

These issues are real problems for whole genome sequencing accura-
cy—today. But there is no reason to think they cannot, and will not, be 
solved in the next twenty to forty years, especially given how important 
the accuracy of whole genome sequencing will be for many applications 
of genomics to medicine, from newborn screening to “personalized” or 
“precision” medicine.7

Cost

But now let’s talk money. As mentioned in Chapter 5, the fi rst “whole 
human genome” is said to have cost somewhere around $500 million. 
The exact cost is unknowable. Not only was it the product of two dif-
ferent eff orts, one funded by several governments and charities and the 
other by a private fi rm, but fi guring out which costs to attribute to the 
sequence involves inherently arbitrary accounting decisions. It might 
have been a few hundred million dollars lower, it might have been a few 
billion dollars higher, depending on how the costs are allocated. In any 
event, we can safely say that it cost “a lot.”

By 2009, genome sequences were much cheaper. That year, Professor 
Steve Quake, a bioengineering professor at Stanford who, among other 
things, designs sequencing machines, sequenced himself.8 To be more pre-
cise, he and his students, postdocs, and staff , using one of his machines, se-
quenced his genome. Using some unusual accounting, he reported the cost 
at $48,000—the cost of the materials used in the sequencing. He added 
nothing for the costs of the sequencing machine or the time of his stu-
dents, postdocs, and staff ; students and postdocs are cheap, but not free!

By the fall of 2010, the price had fallen again. In a meeting at Cold 
Spring Harbor Laboratories, a Bay Area fi rm, Complete Genomics, let it 
be known that it would provide a complete human genome sequence for 
under $5,000. This was not the “rack rate” but a package deal—ten ge-
nomes for $50,000. By 2015, Complete Genomics (purchased that year 
by the Chinese genomics company, BGI), Illumina, and other fi rms are 
providing whole human genome sequences for, in some cases, around 
$1,500 to $2,000.
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For several years fi rms have been announcing their upcoming $1,000 
genomes, using some quite diff erent approaches. Whole genome sequenc-
ing may or may not reach the $1,000 level in 2016, but the fi eld fi rmly ex-
pects that the $1,000 genome will be available soon. Prospective parents 
may not be willing to sequence fi fty embryos at $1,000 each—at least, 
not many prospective parents—but there seems no reason to believe that 
the price decline will stop at $1,000. If it goes as low as $200, twenty em-
bryonic genomes could be sequenced for $4,000, around a quarter of the 
current cost of IVF. It seems entirely plausible to expect a $200 genome 
within fi ve or ten years. It is impossible to know how low the cost might 
be in twenty to forty years; it surely will not go to zero, but at, say, $50 a 
genome, 100 embryos could be wholly sequenced for $5,000.

Speed

The speed of sequencing may, or may not, be a problem. Currently it 
takes less than three days of round-the-clock machine use to sequence a 
human genome. (Three years ago it took ten days.) PGD does not allow 
three days; at best, as currently performed on blastocysts, it barely al-
lows one day. And even after the sequencing is done, the sequence must 
be interpreted and explained to the parents for their decision on which 
embryos to transfer. For Easy PGD to be feasible, one of three things must 
happen: sequencing must be moved back from fi ve-day blastocysts to 
three-day embryos, the blastocysts must be frozen during the sequencing, 
or sequencing must get much faster. Each has possibilities—and problems.

Using three-day embryos, as has been done for most of the history 
of PGD and is still done frequently, buys time. The reason the fi eld has 
moved toward blastocysts, though, is that several cells can be taken 
from the 100- to 200-cell blastocyst; only one can be taken from a three-
day-old eight-cell embryo. The more cells that are sequenced, the better 
the accuracy—and the more likely the results apply to the whole embryo 
and not just the sequenced cell(s). It is hard to see how improved tech-
nology could eliminate this disadvantage of the three-day embryo.

Freezing embryos, on the other hand, makes the time problem disappear. 
The analysis, interpretation, and explanation to the parents can take as 
many days—or years—as desired. The problem is that frozen embryos have 
not been as successful at yielding babies as fresh ones. Some embryos can-
not be successfully thawed and for those that are thawed, success rates have 
been lower.9 On the other hand, some recent work has shown that frozen 
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embryos of equal quality to fresh embryos may actually be more eff ective at 
producing babies.10 Just how big a drop in success rates would come from 
using frozen embryos twenty to forty years in the future cannot be known. 
It does seem clear that if the couple has more embryos available to them, 
which Easy PGD will allow, a lower success rate may not be as important.

The third possibility is that, over the next twenty to forty years, the 
time to produce whole genome sequences will fall to a few hours. That 
could make it feasible (barely) to use fi ve-day-old blastocysts and im-
plant them on the sixth day.

One step to such greater speed would be having the parents’ whole 
genome sequences. If we know every genetic variation in the parents, we 
know (except for the rare new mutation) every genetic variation pos-
sible in the embryo. Sequencing the prospective parents, which may well 
be a routine part of medical care twenty years from now, should allow 
faster and more accurate sequencing of their embryos. Indeed, when us-
ing parental genomes, it may prove faster, cheaper, and more accurate 
not to do the entire genome sequence for the embryos but to look in just 
enough detail to be able to infer the embryo’s sequence from the parental 
sequences, as well as doing one rough pass to fi nd any major problems 
that were not present in the parents’ genomes.

A similar kind of advance preparation might cut the time needed to 
discuss the results with the parents. Talking with the parents before the 
sequencing about the most likely genetic results could make their choices 
after sequencing easier and faster.

For Easy PGD to work, our sequencing technologies will have to be-
come more accurate, cheaper, and faster. Within twenty to forty years 
(and maybe much sooner), that should happen. And when it does, PGD 
will become much more attractive. Today, PGD can look at chromo-
somes, seeking a few aneuploidies (and the embryo’s sex) or it can look 
for one or two specifi c genetic variations linked to disease or other traits 
(like the HLA system). In the future, prospective parents will be able to 
use PGD to look for everything genes can tell us about an embryo’s fate. 
But what, exactly, does that amount to?

Genetic Interpretation: What Can We Learn, and How?

After you have sequenced the embryo’s DNA, you still need to interpret 
it. It is no good to have a $200, two-hour whole genome sequence if 
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the interpretation takes ten days and $100,000. Genomic interpretation 
is proving much more complicated and diffi  cult than improving the se-
quencing processes. Even in twenty to forty years we may not be able to 
say much with any confi dence about, say, an eventual child’s intelligence 
after assessing a few cells from a blastocyst.

Yet we already can interpret enough to make Easy PGD very attrac-
tive to many prospective parents, especially if the costs and risks of egg 
harvest can be avoided. We can already tell them at least something 
about fi ve categories of conditions or traits linked to the inherited genes: 
serious early onset genetic diseases, other diseases infl uenced by DNA 
variations, cosmetic traits, behavioral traits, and, last, easiest, but cer-
tainly not least, “boy or girl.”

Early Onset, Highly Penetrant, Serious Diseases

We know of about 4,000 powerful and early onset genetic conditions, 
mainly Mendelian or a result of chromosomal abnormalities. Individu-
ally these diseases range from uncommon to vanishingly rare but col-
lectively they aff ect somewhere around 1 to 2 percent of births today.11 
Currently every American state screens newborns for thirty to fi fty of 
these diseases, ones for which some useful, or possibly useful, medical 
interventions exist. Using Easy PGD to extend that screening to in vitro 
embryos and expanding it to all highly penetrant early onset genetic dis-
eases would be very valuable. Parents will never have a guarantee that 
their children will be healthy, but they can be guaranteed that their chil-
dren will not have Tay-Sachs disease, Lesch-Nyhan syndrome, trisomy 
13, or a host of other terrible conditions.

Other Diseases

With our present interpretative abilities parents would also be able to 
choose embryos based on knowing something about “other” diseases, a 
large category of diseases that are not early onset, highly penetrant, and 
serious. This group includes diseases for which our ability to predict may 
be quite strong, such as Huntington disease or early onset Alzheimer dis-
ease, but for which the expected onset comes late in life. It also includes 
diseases that may happen at any age but for which our predictions are 
not very strong. We can say something about a person’s risk of being 
diagnosed with juvenile or adult onset diabetes, breast or colon cancer, 
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or regular onset Alzheimer disease, but not with great confi dence. And 
fi nally there are genetic diseases we may be able to say a lot about but 
that, frankly, are not very important, like having slightly diff erent color 
vision. Like about 6 percent of American males, as a result of an allele 
of a gene on my X chromosome, I am deuteranomalous, which means (I 
am told) that I see shades of green as less intense than most of the rest of 
you. But it is no big deal (except occasionally in choosing socks).

Our ability to interpret embryonic DNA sequences to predict all of 
these kinds of disease risks for children (or the adults they will become) 
will only get better. We will learn more and more about the disease risks 
associated with various genetic variations, not for the purpose of perfect-
ing Easy PGD, but to learn more about the diseases that affl  ict already liv-
ing children and adults—what causes them, how they progress, and how 
they might be prevented or treated. Every new discovery about, say, ge-
netic variations that predispose adults for type II diabetes will have impli-
cations for the diabetes risks of the people who would ultimately be born 
from sequenced embryos. How well we ultimately will be able to predict 
from their DNA which people—and hence which embryos—are at how 
much risk for these diseases remains unknown, but we can say something 
today and will certainly be able to do a better job in twenty to forty years.

It is also important to note that improved genetic interpretation may 
be quite useful not just for highly penetrant genetic traits but also for 
traits or diseases that have a lower penetrance because of a substantial 
environmental component. For example, phenylketonuria (commonly 
called PKU) is an autosomal recessive genetic disease. Children born 
with PKU will inevitably become severely intellectually disabled—unless 
their environment is changed by putting them, quite quickly, on a diet 
low in the amino acid phenylalanine. We have known this for nearly 
forty years and so almost every child born in the United States (and in 
many other places) in the last thirty-fi ve years has been tested for PKU 
shortly after birth.

Improvements in genetic interpretation over the next several decades 
should provide other examples of similar traits. A known genetic pre-
disposition may not now appear to be highly penetrant, because only a 
fraction of those with the predisposition have the environmental expo-
sure that converts the predisposition into a disease. But knowing that an 
embryo has such a predisposition could allow the parents either to select 
a diff erent embryo or to protect the eventual child from the triggering 
exposure.
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Cosmetic Traits

It is not clear just how good our ability to predict disease risks will 
become, but the ability to predict at least one particular kind of trait 
should become much better—cosmetic traits. We are confi dent that skin, 
hair, and eye color, as well as hair type, nose shape, male pattern bald-
ness, early gray or white hair, and many other traits are very strongly 
infl uenced, if not almost entirely determined, by genes. Thanks to sun 
exposure, hair dyes, colored contact lenses, and other interventions, we 
know that they often are not completely determined by genes, but the 
genetic variations associated with these cosmetic traits should be largely 
discoverable.

They have not been found yet, at least not very often, because they 
are not diseases. Most research in human genetics is aimed at diseases. 
It is funded by the National Institutes of Health or by pharmaceutical 
or biotech companies or by disease organizations. These groups are not 
interested in hair color—and neither, frankly, would that be a prudent 
investment of limited research funding. Some work has been done on 
these traits, often justifi ed by diseases or disorders in coloration, such as 
albinism, but, by and large, working on those issues is not a great way 
to get funding.

The fi rst powerful hair color gene we learned about with confi dence 
actually helps prove this point. We can strongly predict whether an em-
bryo will have red hair and a freckled complexion—a look common in 
Scotland and Ireland—because we know those traits are caused by a 
mutation in the gene that controls the body’s production of melanin, the 
main protein for skin and hair coloring.12 Rather than make the normal 
dark melanin, people with two copies of this gene make a much redder 
form of the protein. They also are at much higher risk for the danger-
ous skin cancer melanoma. It was the search for genetic risk factors for 
melanoma that uncovered this particular redhead allele.

The value of investing in a search for cosmetic genes is not likely to 
become much higher, but the cost of that investment will become much 
lower. As sequencing becomes cheaper, more and more complete genom-
ic sequences can be analyzed and compared. The cosmetic traits will be, 
by and large, easy to detect, defi ne, and enter into computer databases—
easier than the diagnoses (or even the actual identities) of many diseases. 
I expect our ability to predict many of these cosmetic traits to improve 
dramatically over the next few years, without any intense eff ort.
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Behavioral Traits

Another kind of genetic prediction will also be of great interest to par-
ents—behavioral traits. Will Embryo #4 grow up to be good at math, 
at music, at sports, at fi lling in the right circles on the SAT test? Will 
Embryo #12 turn into a shy child (and adult) or an extroverted one, a 
diligent and duty-bound person or a carefree one? Researchers believe, 
based largely on concordance studies, that genetic variations must be as-
sociated with these and other behavioral traits.13 Thus far, except at the 
pathological extremes, we have had great diffi  culty in identifying those 
variations.

Maybe the most powerful, and most disconcerting, example of the 
power of behavioral genomics is Lesch-Nyhan syndrome. About a dozen 
children with this disorder are born each year in the United States. The 
gene is on the X chromosome, so the mother is an unaff ected carrier and 
half of her daughters are unaff ected carriers, but half of her sons will 
have the condition. Children are born apparently normal, though close 
examination would detect excessive levels of uric acid. By three to six 
months, they are showing signs of moderate intellectual disability. In 
the fi rst few years, movement problems develop that keep most patients 
confi ned to wheelchairs. But the worst symptom appears at about age 
three—self-mutilating behavior. About 85 percent of aff ected children 
will start biting their lips and tongue, then move on to biting fi ngers and 
toes, as well as banging their heads. So far, there is no useful treatment 
for the neurological and behavioral symptoms.

Or take another, more common behavior—intelligence. We do know 
quite a few “intelligence” variations in the human genomes. Unfortu-
nately, they are variations that lead to pathologically low intelligence. 
Trisomies 13, 18, and 21; four or more copies of the X chromosome; 
fragile X syndrome (the consequence of a vast expansion of a gene on the 
X chromosome); PKU; and a host of other (happily rare) genetic varia-
tions cause intellectual disability. We know almost nothing about genet-
ic links to diff erences within, or above, the normal range of intelligence.

So we know that some genetic variations are linked to some behav-
iors, but mainly pathological behaviors. Our knowledge of genetic vari-
ations linked to normal, and above-normal, behaviors is, so far, almost 
nonexistent. We believe from a variety of studies that a large part of 
the variation in human intelligence, as measured by IQ, comes from 
genetic variations but discovering which variations has proven nearly 



 118 T H E  P AT H WAY

impossible. Intelligence, whatever it means, appears to be a classic ex-
ample (at least currently) of missing heritability.

Will that change in the next twenty to forty years? Maybe—perhaps 
even probably. But how much? If we could (honestly and accurately) tell 
prospective parents, “Embryo #7 will score 1550 on the two-part SAT” 
(the most common U.S. college admission test), at least some parents 
would be very interested. If we were able to say, “Embryo #19 has a 58 
percent chance of being in the top 50 percent of the IQ distribution and 
a 12 percent chance of being in the top 10 percent,” how useful would 
they fi nd that information? How much power we will have to predict 
IQ—or any other behavioral trait—remains unknown. I suspect we will 
never be able to pinpoint an embryo’s future SAT score with decent ac-
curacy, but I would also bet we will fi nd some genetic associations with 
higher intelligence. My own guess is that, even in twenty to forty years, 
the predictions will be more like those for Embryo #19 than for Embryo 
#7, but that is just a guess. Obviously, the more accurately Easy PGD 
could predict behavioral traits, from intelligence to personality to par-
ticular talents, the more interest at least some prospective parents would 
have in it.

Sex

One other genetically associated trait (or, perhaps, bundle of traits) re-
quires special mention. It is both extremely easy to determine and pow-
erfully important for many people—boy or girl. A few people already 
use “hard PGD” for sex selection.  In some places many “people regular-
ly” use prenatal testing followed by abortion of fetuses of the “wrong” 
sex. And, of course, historically, infanticide or neglect of children of 
the wrong sex, almost always girls, was not uncommon. Some parents 
might care enough about it—for their fi rst child or for their second, 
third, or fourth child after a string of children of one sex—to use the 
more benign Easy PGD just for this purpose.

In the long run, it remains unclear just how many more characteristics 
or conditions, and with what power, genetic interpretation will let Easy 
PGD tell us about for embryos in twenty to forty years than PGD can 
do today. We can safely say that however much that is, it will be more 
than we can accurately say today—and with the use of whole genome 
sequencing, it will include at least every genetic trait we know about 
today and not just the handful PGD can currently probe.
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How Will We Interpret Whole Genomes?

In 2009 and 2010 I was a very small part of a group of thirty-two Stan-
ford researchers who interpreted the medical signifi cance of our col-
league Steve Quake’s genome. The interpretation took a long, long time, 
both to catalog what was known about disease-causing DNA variations 
and then to apply that catalog to Quake’s genome. But, once it was 
done, one path forward was clear: take that catalog and turn it into soft-
ware. Then let the software scan the genome for disease risks.

This is already being done today, although with substantial human 
oversight of the fi ndings. The software will only get better, the human 
oversight less necessary. The catalog, however, cannot be a static proj-
ect. Every day brings, and will likely continue to bring for many years, 
new publications about the association, or nonassociation, of particular 
DNA variants or networks of variants with diseases and other traits. It is 
unclear who will pay for, or undertake, the necessary constant curation 
and editing of this kind of catalog. It may be one centralized service or 
a host of private fi rms; it might be transparent or it might be opaque, 
held as proprietary trade secrets. (Myriad Genetics, for a long time the 
exclusive source for BRCA1 and BRCA2 testing in the United States, 
is currently using its proprietary database of variations as a competi-
tive weapon.)14 But whoever creates such an interpretative catalog and 
the software to use it, it will happen. Again, it will not happen in order 
to allow Easy PGD but in order to interpret the genetic risks of living 
people. Once it is available for that purpose, however, its application to 
Easy PGD is simple.

A Word of Caution

I must end with an important qualifi cation about the accuracy of the 
Easy PGD process. Even if the DNA sequencing were perfect and even 
if our ability to interpret the whole genome sequences of multiple em-
bryos were perfect, PGD, at least as currently practiced, is not entirely 
accurate. Some of the mistakes are, no doubt, human errors. In any pro-
cess involving humans, people will make mistakes; human errors can be 
minimized but probably never eliminated. Other mistakes, though, may 
come from the nature of the early embryo.

The cells of a blastocyst, though all derived from the same one-celled 
zygote, will already be somewhat diff erent. These diff erences might be 
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a result of mutations in the DNA that occurred in the fi rst few cell di-
visions or they might be bigger problems of chromosomal transloca-
tions or even aneuploidies. If most of the blastocyst’s cells have 46 chro-
mosomes, but the ones you sampled have 47, with an extra copy of 
chromosome 18, the embryo would, if it were transferred and became 
a fetus, probably be a normal 46-chromosome fetus; the aneuploid cell 
would be “outcompeted” by its normal siblings. (This is particularly 
true when, as with PGD at the blastocyst stage, the cells come from the 
trophectoderm, the shell of the blastocyst, and not from the inner cell 
mass, which becomes the eventual child.) If the cell selected for PGD is 
the aneuploid cell, a likely normal embryo may be discarded as likely 
to have an extremely severe and drastically life-shortening condition. 
On the other hand, if the inner cell mass cells of the blastocyst have 
trisomy 13 but the trophectoderm cells do not, selection of normal cells 
for sequencing would lead to a false negative—a seriously abnormal 
embryo being diagnosed as normal. Adding cells reduces the chance of 
mosaicism but taking them from an already somewhat specialized tissue 
increases that chance.

Today, parents who have used PGD to start a pregnancy, whether 
with three-day embryos or blastocysts, are encouraged to use prena-
tal fetal diagnosis, through amniocentesis or chorionic villus sampling 
(CVS) later in the pregnancy to check the later fetus. NIPT (noninvasive 
prenatal genetic testing, discussed in Chapter 5) is likely to take the place 
of both of these methods by the time Easy PGD is widely used. It would 
likely be a backstop to Easy PGD, though it could only “fi x” one kind 
of mosaicism-caused PGD mistake, false negatives. It could not fi x the 
mistake of the false positive—the healthy embryo that is never trans-
ferred and thus never has a chance to become a fetus because the cell 
whose DNA was analyzed by PGD was a sport. And it could only “fi x” 
the problem of the false negative—the fetus with a dread disease, or 
other undesired trait, that was not picked up in PGD because the tested 
cell was normal—by leading to termination of the pregnancy, and thus 
negating one of the benefi ts to prospective parents of Easy PGD.
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8
M A K I N G  G A M E T E S

If the science stops with the genetics advances detailed in the last chap-
ter, we will have substantially improved the cost, speed, and eff ective-
ness of PGD, but as long as PGD requires egg retrieval, it will remain an 
uncommon procedure. The cost, discomfort, and risks of egg retrieval 
make it unlikely ever to be popular. How to get eggs without retrieving 
them? There are several possibilities, some easier and some harder. The 
best solution would be to make eggs from iPSCs, but other possibilities 
exist. And some of them off er other benefi ts—an eff ectively unlimited 
number of eggs (and sperm) that could be created at any stage during (or 
after) an individual’s life.

This chapter looks at four of those options, from the nearest at 
hand—in vitro ripening of oocytes from ovarian samples or frozen 
slices—to progressively more challenging options—eggs from hESCs, 
eggs from iPSCs, and eggs from cloned embryos.1 Each of these tech-
nologies faces more daunting challenges than the problems faced by 
whole genome sequencing, but most of those challenges should be sur-
mountable. We will then look at one intriguing possibility that could 
come from the last three methods, cross-sex gametes and their potential 
off spring, the “uniparent.”

In Vitro Ripening of Oocytes from Ovarian Slices

As discussed in Chapter 2, most researchers believe women are born 
with all the eggs they will ever have. These oocytes exist in primordial 
ovarian follicles, hollow balls of cells each surrounding one egg, until, 
with the start of menstrual cycles, a few of these follicles move toward 
maturation each month. At puberty, the average woman is thought to 
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have about 200,000 ovarian follicles in each of her two ovaries. The 
ovaries, one on the right and one on the left, are the size and shape of al-
monds. (Interestingly, almost all the references just call them the size of 
an almond, without specifying just how big that is; substantial digging 
was required to fi nd out that they are about 4 centimeters, or roughly 
1.5 inches long, which seems like an awfully big almond.)2 At puberty, 
and for thirty years or so thereafter, each month one of the two ovaries 
will release, on average, one “ripe” egg that has thrived out of those that 
had, long before, started to ripen.

Human ovaries release only around 420 mature eggs during a wom-
an’s reproductive period. Estimates of how many ovarian follicles are 
“used up” every month vary extremely widely. Lower estimates are 
around twenty, in which case the ovaries will use only around 9,000 
oocytes, about 5 percent of those with which they start puberty. Other 
estimates range as high as 1,000 per month, which would imply that all 
the eggs available at puberty, and more, are used up. But at least until 
late in a women’s reproductive life, she has an extra supply of immature 
ovarian follicles, which provide an opportunity. Right now, egg retrieval 
relies on powerful hormones to “hyperstimulate” ovaries, forcing them 
to ripen extra eggs, but also causing the woman uncomfortable, and oc-
casionally dangerous, side eff ects. And when the eggs are just about to 
pop out of the ovary, a surgical procedure is necessary to retrieve them.

Why not ripen the eggs outside the woman’s ovaries, eliminating the 
side eff ects of hyperstimulation? Instead, do one laparoscopic surgical 
procedure and take a slice out of one ovary. If a doctor removed 5 per-
cent of one ovary—a slice about 1 centimeter high, 1 centimeter long, 
and 0.5 centimeter wide—it should contain about 3,500 ovarian fol-
licles, enough to make lots of embryos.

This ovarian slice could be frozen and parts thawed throughout (and 
beyond) the woman’s lifetime, whenever her eggs were wanted. If fi fty 
eggs were thawed for each attempted IVF cycle, in theory this small slice 
could provide enough eggs for seventy attempts at IVF. Once thawed, 
though, the eggs would have to be ripened before they could be fertil-
ized, subjected to PGD, and possibly used to start a pregnancy. There 
are, therefore, two challenges—successfully freezing (and thawing) ovar-
ian slices and then ripening them in vitro. Work proceeds on both.

Audrey Smith, sometimes called “the mother of cryopreservation,” 
made the fi rst eff orts to freeze ovarian tissue slices in 1951, using rat 
ovaries. She was trying to understand how to freeze tissues eff ectively. 
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She showed that frozen slices that were then thawed and transplanted 
into rats whose own oocytes had been destroyed by radiation could 
give rise to pregnancies and healthy rat pups.3 Since then, ovarian slice 
freezing has been successfully demonstrated in many species, includ-
ing humans. By 2010, two successful human births had been reported 
from vitrifi ed (fast frozen) ovarian tissues, although these tissues were 
transplanted into the mother’s ovary and not stimulated in vitro, and, 
by 2014, more than thirty births from slowly frozen ovarian tissue had 
taken place.4 (Note that this is not egg freezing, which just freezes eggs 
obtained from conventional egg retrieval.) Just how successfully frozen 
ovarian tissue slices can restore fertility is not known. The FDA does 
not regulate this procedure and has not required any proof of safety or 
effi  cacy before it is tried.

But transplantation of an ovarian slice back into the donor’s ovary is 
of no interest to us. That would, once again, leave the ripened eggs inside 
the women and diffi  cult to hyperstimulate and to retrieve. Instead, for this 
process to make IVF (and hence PGD) easier, eggs from the slice would 
need to be ripened in the laboratory, where they could then be combined 
with sperm to make zygotes, then embryos, and eventually babies.

This, too, has begun to be done clinically. As of 2009, over 400 ba-
bies around the world had been born as a result of in vitro maturation 
of eggs.5 Follicles are surgically retrieved from ovaries, plunked into a 
hormone broth for a few days, and then used in IVF. This method is 
particularly attractive to women with polycystic ovaries, for whom the 
use of FSH and other hyperstimulation hormones can be dangerous. In 
2007 a clinic at John Radcliff e Hospital in Oxford became the fi rst clinic 
licensed by the Human Fertilisation and Embryology Authority (HFEA) 
to use the procedure; twelve clinics around the United Kingdom now 
provide the service.6 In the United States, where no licenses are required, 
it is not clear how many of the roughly 500 fertility clinics are off ering 
the procedure; one recent source says “only a handful” but a Google 
search quickly revealed more than ten.7

Is in vitro maturation currently safe? There seem to be no gross dan-
gers to the babies born this way, though a 2010 study showed somewhat 
higher birth weights and more diffi  cult deliveries than normal concep-
tions.8 FDA approval has not been required so there has been no rigor-
ous demonstration of either safety or effi  cacy.9

So the two technologies needed—freezing ovarian tissue slices and in 
vitro maturation of immature oocytes—are already in (limited) clinical 
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use.10 As far as I can tell, no one has tried combining them—using in 
vitro maturation on oocytes thawed from frozen ovarian slices. How 
attractive would that be? It might be attractive. It would still require 
a surgical procedure, at some cost and some, probably very low, risk. 
It would also require the prospective mother to have ovaries that can 
produce healthy eggs. But it has the advantage of being very likely to 
work—and to work soon.

Human Embryonic Stem Cells

As discussed in Chapter 6, the appeal of human embryonic stem cells 
(hESCs) is that they should be able to become any one of the hundreds 
of cell types in humans. Thus, hESCs should be able to make eggs and 
sperm because, in us, they do. It is crucial to remember, though, that our 
gametes have our genomic variations; those made from hESCs have the 
variations found in the embryo from which the hESCs were created. It 
would not have our genomic variations.11

The trick with hESCs is to get them to diff erentiate into the cell type 
you want. One approach is to just let them diff erentiate in an uncon-
trolled fashion, forming a wide range of cell types. The result of this kind 
of uncontrolled diff erentiation of hESCs is a teratoma, the equivalent of 
an unusual human tumor that contains a lot of diff erent tissues types—
and body parts. Naturally occurring teratomas are famous for including 
things like bits of teeth and various organs. Scientists test to see whether 
potential hESC lines truly are hESCs, and thus pluripotent, by trans-
planting them into mice and seeing if they create teratomas.

If you create enough teratomas, with enough cell types, you might 
create some gametes, or gamete precursors. If you can then successfully 
separate out those gametes or gamete precursors from the other stem 
cells, you have a possible source for gametes. It is a fairly random pro-
cess, waiting for a teratoma that has created just the cell type you want, 
but germ cells were created this way as early as 2003 in mice and 2004 
in humans.12

An alternative approach is to take embryonic stem cells and subject 
them to factors that will lead them to become gametes. By 2009 Renée 
Reijo Pera had managed to turn hESCs into sperm cell precursors that 
went through meiosis, though the process required adding various genes 
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in a relatively uncontrolled fashion and the results were still short of 
being sperm, let alone participating in the development of an embryo.13

A variation on Reijo Pera’s approach has now been shown to be suc-
cessful. The experiments involved mice, not people, but they are power-
ful evidence of the plausibility of deriving human gametes from stem 
cells.

Mitinori Saitou at Kyoto University took mouse embryonic stem cells, 
let them become teratomas, and then plucked out cells that looked like 
primordial germ cells, cells that, in normal development, might become 
either sperm precursors (in males) or egg precursors (in females). He then 
took these cells, which he called, being very careful, “primordial germ 
cell-like cells,” and implanted them into the testicles of newborn mice 
that had been genetically engineered not to produce their own sperm. 
While in the testicles those cells were exposed to the same hormones and 
other infl uences that normal primordial germ cells experience. And, like 
primordial germ cells, they became sperm.14

Then, in Science in October 2012, Saitou reported on a similar ex-
periment that led to the production of mouse egg cells, and ultimately 
mouse pups.15 Again, he turned mouse embryonic stem cells into “pri-
mordial germ cell-like cells” although these were from female embryos. 
Rather than put the cells into the testicles of living mice, he put them 
into “reconstituted ovaries,” made of ovarian cells in vitro. After two 
days, he moved the entire “reconstituted ovaries” back into mice for fur-
ther maturation of the oocytes. After four and a half weeks he removed 
the oocytes from the reconstituted ovaries and fi nished their maturation 
in vitro. Fertilization with normal mouse sperm followed, resulting in 
some embryos and, eventually, some mouse pups.

One could imagine taking the next step, going back to the Reijo Pera 
approach, and avoiding transplanting these primordial germ cell–like cells 
into living animals. Instead, you would expose hESCs (or mouse ESCs) 
directly to factors (probably proteins) to cause them to become fi rst pri-
mordial germ cell–like cells and then, using other factors, to become eggs 
or sperm. This certainly would be more attractive for human use.

However it is done, using hESCs to make gametes has serious advan-
tages. For one thing, the hESCs are basically the same cells that naturally 
become gametes. They have no genes or proteins added; they are just in-
ner cell mass cells that have been extracted from a blastocyst rather than 
staying inside the blastocyst to become, eventually, germ cells.
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One should be leery about putting too much faith into any one or two 
experiments. “Never believe any experiment until it has been replicated 
several times by several diff erent labs” is a good rule of thumb. But it is 
at least interesting to look at Saitou’s mouse sperm study, which showed 
great success with making sperm from mouse ESCs. Five out of six of the 
primordial germ cell–like cell colonies produced sperm and then healthy 
mice. Saitou’s egg study also led to the birth of healthy mice, although 
only fi ve mice out of 127 transferred embryos.

Of course, mice are not humans—if they were, we could cure just 
about every human disease because we can cure almost anything in mice. 
But we now know that hESCs can do at least some of what mouse ESCs 
can do in terms of making sperm and eggs. In late 2014, Jacob Hanna 
and M. Aziz Surani published results showing that they had made cells 
that look and act like human primordial germ cells—the precursors of 
eggs and sperm—from human stem cells.16

But remember two disadvantages of using hESCs. One is the continu-
ing ethical and political controversy over destroying embryos to make 
them. Even some of those who might allow hESCs for use to treat deadly 
diseases might hesitate at allowing them to be used to enable Easy PGD.

But, secondly, hESCs carry the genes of the embryo that was destroyed 
to make them. And, most importantly, that is an embryo with a diff er-
ent genome from that of either of the hopeful prospective parents—ef-
fectively, it is egg donation from an embryo. Would a couple choose to 
use Easy PGD if it meant that one of the gametes that gave rise to the 
embryos did not have the same genes as one of the two prospective par-
ents? And, if so, how often would they prefer hESC-derived gametes to 
those from living human donors? The cost diff erence might be a factor 
for eggs—living donor eggs are expensive—though not for sperm, which 
are relatively cheap. And with living donors, the prospective parents can 
get at least some idea of how some of the gamete’s genes turned out by 
studying the donor. That isn’t directly possible with hESC-derived eggs 
and sperm, though one might go back a step and study the people whose 
egg and sperm gave rise to the embryo in question.

On the other hand, it is possible that some prospective parents with-
out their own gametes would prefer hESC-derived gametes because no 
living human is their source. If prospective parents are deeply concerned 
about possible interference, actual or psychological, from a living, 
breathing person who would have provided half of their child’s genes, 
hESCs may seem attractive. The interference could be from the donor or 
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could, in a sense, be a result of the desire of the child, when grown, to 
fi nd his or her genetic parent. I suspect that will not be a common view, 
but I also suspect it will not be non-existent. Because they would be less 
expensive than donor eggs and could avoid the risk that a living donor 
would want to interfere in the family, hESC-derived eggs might attract a 
signifi cant market among people without gametes. I suspect they would 
not be popular among people with gametes who just want to use IVF 
to do genetic selection, because they would not produce that parent’s 
“genetic child.”

Induced Pluripotent Stem Cells

Eggs and sperm safely and inexpensively derived from induced pluripo-
tent stem cells (iPSCs) would likely be vastly more attractive than either 
living donor or hESC-derived gametes. Using iPSCs would allow the 
prospective parents to use “their own” eggs and sperm, derived from 
their own cells and carrying half of their own genetic variations, to cre-
ate “a child of their own.” This is likely to be such an important consid-
eration that the widespread adoption of Easy PGD will likely hinge on 
the ability to use iPSCs or some other method of creating gametes from 
prospective parents’ own genetic material. For the many parents who 
view a 50 percent genetic relationship as necessary in “a child of their 
own,” iPSCs would be a wonderful solution—if they work.17

Remember that iPSCs use the patient’s own cells, and hence own 
genes, to make pluripotent stem cells, which can then be diff erentiated 
into other cell types. Most of the work done so far with human iPSCs 
has started with human fi broblasts, a cell type from the skin. The re-
searchers take a skin biopsy, using an elliptical knife to remove an oval 
patch of skin about three millimeters (one-tenth of an inch) in diameter 
and about one and a half millimeters (one-twentieth of an inch) deep. 
The skin is then minced and set to grow in a Petri dish. Some of the fi -
broblasts are then “induced” to become pluripotent.

Shinya Yamanaka earned the Nobel Prize for Medicine or Physiology 
or inventing iPSCs in 2012, only fi ve years after his work on creating 
the fi rst human iPSCs was published. That is practically a world speed 
record for a Nobel Prize. His iPSCs were exciting for several reasons.

For one thing, they did not involve embryos and so avoided much 
of the controversy around hESCs. But they also off ered a way to get 
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stem cells with particular genomes. If you are a scientist studying, say, 
Huntington disease, you could take a skin sample from a person with 
the genetic variation that leads to Huntington disease, turn it into iPSCs, 
then turn the iPSCs into brain cells and see what happens to them over 
time, thus, perhaps, learning more about the disease.

Or, for clinical use, if you wanted to replace damaged heart muscle 
cells in a patient whose heart was scarred by a heart attack, using hESCs 
turned into cardiomyocytes runs the risk that the patient’s immune cells 
will attack the new heart tissue. If, on the other hand, you can take the 
patient’s skin cells, turn them into iPSCs, diff erentiate the iPSCs into 
cardiomyocytes, and inject those into the patient, the patient’s immune 
system should see those cells as its own—they will have its own ge-
nome—and so leave them alone.

Happily, Yamanaka’s method was robust and easily repeated by other 
researchers—repeated and improved. Originally Yamanaka used a form 
of gene therapy to cause the skin cells to revert to an embryo-like plas-
ticity. In some of the infected cells, all four genes began to work, mak-
ing their proteins, and the cells reverted to an undiff erentiated state. 
Although doing gene therapy in living people has proven frustratingly 
diffi  cult, putting genes into cells in a Petri dish has long been possible.

The problem is that the genes involved made people nervous—for 
good cause. Some of those genes were known to cause tumors in hu-
mans. And by putting the genes into the cells, you cannot control how 
much protein they make, at what times, and for how long. This raised 
the possibility that iPSCs expressing these transplanted tumor genes 
would ultimately develop or become cancers themselves. It also raised 
the most subtle concern that these powerful genes might be changing 
which other genes are turned on and off , in ways that make the resulting 
cells abnormal and possibly aff ect their ability to perform their normal 
functions safely and eff ectively.

In subsequent years, these fears have abated somewhat. New tech-
niques have injected the fi broblasts not with genes, but with proteins 
from genes. These proteins are then limited in number and timing in 
ways that gene transfer could not easily or reliably achieve. Perhaps 
more importantly, continuing research comparing hESCs and iPSCs has 
shown that the iPSCs generally react, in gross terms, like hESCs.

On the other hand, closer examination has shown that the iPSCs are 
expressing diff erent genes—making diff erent proteins—than otherwise 
similar hESCs. It is unclear how important these diff erences are, but 
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until that is understood, therapeutic uses of iPSCs will be more ques-
tionable than using hESCs. On the other hand, the immune system 
advantages of iPSCs are so great that much work will go into exploring 
those diff erences, either to proving that they are not important or, if 
they are, fi nding ways to minimize or eliminate them. And note this is 
true for a broad range of tissues and medical applications, not just for 
making gametes.

We do know, however, that, at least in mice, iPSCs can make gametes, 
thanks again to Mitinori Saitou, but that evidence comes with a warning. 
The Saitou group made sperm and eggs not just from mouse ESCs but also 
from mouse iPSCs. Each was made the same way and each worked—but 
the mouse ESCs worked much better. Far more of the ESC colonies gave 
rise to sperm: fi ve out of six in the best attempt compared with three out 
of twenty-eight for iPSCs. Even worse, although most of the mice born 
from ESC-derived sperm were healthy, two of the fi ve mice born from 
the iPSC-derived sperm died young from odd cancers in the neck.18 His 
results with eggs were similarly much better for hESCs than for iPSCs.19 
Using iPSCs may be the best hope for Easy PGD, but gamete production 
from iPSCs will have to be much safer and more eff ective than that before 
this process should be used in humans. The good news is that with several 
decades to work on it, it should improve greatly.

Gametes from Cloned Embryos

The best hope may be iPSCs, but there is another—cloned embryos. As 
discussed in Chapter 6, Dolly the sheep was produced by somatic cell 
nuclear transfer (SCNT), accomplished by moving the nucleus from one 
sheep’s egg into another sheep’s egg that had had its nucleus removed.

Using SCNT to make living animals works, at least in some spe-
cies, but it does not work very well. So, nearly twenty years after Dolly 
shocked the world, there is only limited demand for using cloning to 
make new animals. Even pet cloning, in spite of predictions of great 
prospects, has not really caught on.

But, as noted in Chapter 6, cloning to make blastocysts, from which 
one can derive cloned embryonic stem cells, remains exciting. Doctors 
very much like the idea of having cells that are copies of the cells of their 
patients—transplanting cells from a clone of the patient should elimi-
nate, or at least minimize, problems from the patient’s immune system.
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But it would also mean that, unlike hESCs but like iPSCs, SCNT 
would off er eggs and sperm that are the same as eggs and sperm from 
the person, presumably the prospective parent, whose somatic cell was 
used in the SCNT. Unlike iPSCs, but like hESCs, the cells that give rise to 
these gametes are not treated with extra, and possibly dangerous, genes 
or proteins but develop more naturally from inner cell mass cells. SCNT 
does require a supply of human eggs for use in making the SCNT em-
bryos, but once the process has worked, SCNT eggs should themselves 
be usable to make more SCNT embryos.

There are two problems with this rosy scenario. One, as with hESCs, 
is the continuing controversy around destroying embryos. The second is 
that we are not sure how well SCNT works. Chapter 6 briefl y mentioned 
the long but interesting story of fraud and disappointment in eff orts to 
make SCNT work in humans, but in May 2013 Shoukhrat Mitalipov 
and his team at the Oregon Science and Health University fi nally suc-
ceeded in using SCNT to make human blastocysts, from which they de-
rived stem cells, a feat that a diff erent group replicated in April 2014.20 
Research with these kinds of cells is just starting.

At this stage, we just do not know how useful these SCNT-produced 
hESCs will prove, in general or for making gametes, but they are cer-
tainly promising. I suspect making iPSCs, which has already become 
routine, will always be easier (and cheaper) than using SCNT to make 
hESCs. It is also less troubling to people concerned about the destruc-
tion of human embryos. If both methods turn out to be able to make 
eggs and sperm with roughly equal safety and effi  cacy, hESCs seem 
unlikely to be used. The hESCs will only take over if iPSCs cannot 
perform as well.

How likely is this? Remember that the eff orts to make iPSCs work as 
well as hESCs will not be driven by a desire for Easy PGD. They will be, 
and are being, pushed forward by the desire for a way to make all kinds 
of human cells for research and for cell replacement therapy. Heart dis-
ease, neurological disease, diabetes, and other similar plagues will drive 
the development of safe iPSCs (as well as safe hESCs). Eggs and sperm 
for Easy PGD will just be a secondary use, a “side benefi t.”

The rest of this book assumes that iPSCs will be used, but remember, 
for purposes of Easy PGD, it really does not matter (except possibly po-
litically) which method is used. As long as either iPSCs or SCNT-derived 
hESCs can be used to make safe eggs (and, of less importance, sperm) for 
a reasonable price, Easy PGD can go forward.
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We have now surveyed three diff erent ways of making gametes—human 
embryonic stem cells, induced pluripotent stem cells, and somatic cell 
nuclear transfer. Not one of them is proven.

Will any of these methods work? We cannot be sure, but, given twen-
ty to forty years to perfect them, I would bet that some, and perhaps all 
of them, will. For the last three, the various kinds of pluripotent cells 
(hESCs, iPSCs, and SCNT-derived hESCS), we know that pluripotent 
human cells can make eggs and sperm because they do, in all of us. The 
trick will be to fi nd some way to make those cells safely and effi  ciently 
do the same thing outside of a living, developing human. Given the great 
medical and scientifi c interest in learning that trick for all kinds of hu-
man cells and tissues, it seems likely that eggs and sperm will not turn 
out to be exceptionally diffi  cult.

Cross-Sex Gametes

So now assume that one of the last three methods for making eggs for 
prospective mothers (and sperm for prospective fathers) works. Con-
sider the following variation—what if we could make eggs from cells 
taken from men and sperm from cells taken from women?

In theory getting at least part of the way there may not be too dif-
fi cult. Pluripotent cells make diff erent cell types, including eggs and 
sperm, depending on the environments they fi nd themselves in. In na-
ture, germ cells with an X and Y only develop in a male environment 
and those with two Xs only develop in a female environment. As with 
other pluripotent cells, the right environment may be extremely im-
portant. But we know, or think we know, from studying some genetic 
cases of male infertility that environment is not suffi  cient, at least to 
make sperm. Some genes on the Y chromosome must work for ful-
ly functional sperm to result. But could we fi gure out how to make 
eggs from men and sperm from women? The short answer is we don’t 
know. The longer answer seems to be a defi nite maybe, bordering on 
probably.

Making eggs from men may not actually be very diffi  cult. After all, 
men do have one X chromosome, as well as one copy of the Y chromo-
some. This raises two questions. If the environment is right and the ap-
propriate (female) hormones are bathing the cells, do cells need two X 
chromosomes to become eggs or is one X chromosome enough? And, 
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if one X chromosome is enough, does the possession of a functioning Y 
chromosome block the production of eggs?

Start with the X chromosome. Every diploid male cell will have one 
copy of the X chromosome and that chromosome will have every gene 
that a second X chromosome would have; are two copies of the chro-
mosome necessary to make eggs? That question is particularly interest-
ing when discussing the X chromosome, because, although women have 
two copies of the X chromosome in every cell, one of those copies is 
almost totally deactivated.21

Early in the development of female embryos, diff erent cells randomly 
turn off  diff erent copies (maternal or paternal) of the X chromosome, 
leading to something called “X mosaicism.” From that point on, all the 
cells derived from the cells that made the choice have the same copy 
of the X chromosome turned on and the same one turned off . Women, 
therefore, actually have, in eff ect, two genomes. Each has the same pairs 
of autosomes, but the genome in some of their cells uses the maternal 
copy of the X chromosome while the genome in other cells uses the pa-
ternal copy.

Therefore, all the cells that have produced eggs have done so with 
(mainly) one active X chromosome. But that “mainly” is a catch. Not all 
the genes on the Barr body (the inactivated copy of the X chromosome) 
are turned off . A few are used. But are second copies of those genes im-
portant to making eggs? We do not (yet) know. If those genes or, more 
properly, the molecules produced by those genes are important, making 
eggs from males would require either adding a second X chromosome 
or, at the least, adding the relevant genes or factors to substitute for a 
second X chromosome.

If the “second X” problem turns out not to be a problem, or is a 
problem with a solution, is the presence of a Y chromosome a problem? 
This would require that some of the molecules produced by the Y chro-
mosome have somehow interfered with the development of eggs. That 
may not be the case. Or if the Y chromosome does interfere with egg 
production, maybe the Y chromosome can be turned off . Basically, at 
worst, one needs only to eliminate a chromosome or some genes. And 
eliminating chromosomes—or, more accurately, using cells from which 
chromosomes have been eliminated or have just “dropped out”—may 
not be that diffi  cult. Whatever kinds of stem cells are used to make the 
gametes will be dividing in culture for some time, both as undiff erentiat-
ed cells and as they are in the process of diff erentiating toward gametes. 



 Making Gametes 133

Things happen to cells as they are being cultured. Among other things, 
they can sporadically add or subtract chromosomes.

This is usually a bad thing. As we have seen, aneuploid cells, those 
with the wrong number of chromosomes, are trouble. Some of those 
cells may drop out their Y chromosomes, becoming cells with 22 pairs 
of chromosomes and one, and only one, X chromosome. But, as dis-
cussed in Chapter 4, such a person will be a woman with a condition 
known as Turner syndrome. Women with this condition have some dis-
tinctive physical characteristics and health risks and conditions, includ-
ing greatly reduced fertility, but the condition appears not to prevent the 
production of eggs but rather their proper maturation and functioning.22 
Neither would be necessary to derive eggs in vitro from iPSCs. Even if 
the absence of a Y chromosome were crucial, it might be possible to take 
a man’s cells, turn them into iPSCs, culture the iPSCs, pick out daughter 
cells that have lost their Y chromosomes, and turn them into eggs.

Making sperm from women is likely to be more diffi  cult. The Y chro-
mosome does not have many functioning genes on it, but some of them 
are known to be important for making functional sperm. Women do 
not have Y chromosomes, so to make sperm from a women’s cells it 
seems likely that, rather than something being subtracted from the cells, 
something would have to be added to them. And adding genes, let alone 
chromosomes, has proven diffi  cult. The fi rst human gene therapy experi-
ments began thirty-fi ve years ago and the successes have been few and 
far between. On the other hand, gene transfer is improving substantially, 
as are other methods of genome editing, discussed in Chapter 12, so 
this might not be a problem in twenty to forty years. Also, adding the 
proteins rather than the genes, as is done with some forms of iPSC to 
de-diff erentiate cells back to pluripotency, may make the process easier.

Also, remember that it may not be very important to make fully func-
tional sperm. Thanks to ICSI these women-derived “sperm” need not 
swim long distances, survive in the diffi  cult vaginal or uterine environ-
ment, or be capacitated. They don’t even need fl agella (tails). They just 
need to be injected. And although eggs are packed full of substances 
crucial for the subsequent development of the early embryo, sperm seem 
to provide only two things of importance in human reproduction—a 
haploid genome and, it seems, a structure called the fi rst mitotic spindle, 
which is essential for the fi rst division of the zygote.23

“Spindle” or “spindle apparatus” is the name for a complex struc-
ture in cell nuclei that is important when cells are dividing. The spindle 
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apparatus guides the chromosomes through the complex dance they do 
in mitosis, separating carefully so that the 92 chromosomes (a doubled 
number before cell division) are properly packed into the two daughter 
cells, each cell getting identical copies of the original 46 chromosomes. It 
seems increasingly likely that this father-derived, sperm-delivered “fi rst 
mitotic spindle” is essential to the proper carrying out of the earliest 
divisions of the fertilized egg. Would a female cell turned into a “quasi-
sperm” make a functional mitotic spindle?

And one other potential problem remains: imprinting. Some genes, 
probably not many in humans, are “imprinted” diff erently depending on 
whether they come from the mother or the father, which means whether 
they are delivered in an egg or a sperm. Some of these imprinted genes 
may be necessary for successful embryonic development. As discussed in 
Chapter 2, in some vertebrate species, but no mammalian species, eggs will 
sometimes develop into organisms without the addition of sperm through 
parthenogenesis. No one has been able successfully to make mammals 
through parthenogenesis, or even get as far as establishing a pregnancy. 
One common explanation is that, in mammals, successful embryonic de-
velopment may require some genes that have male imprinting.24

Assuming the hypotheses about the crucial roles of the sperm-delivered 
fi rst mitotic spindle and paternally imprinted genes (and they are just hy-
potheses at this point) are correct, what would that that mean? It means 
that making sperm from female cells will require more than just making 
a female cell go through meiosis and hence go from having a diploid ge-
nome to having a haploid one. Those female cells will have to develop as 
sperm, at least to some extent. They will need to acquire male imprinting 
and a male-derived spindle apparatus.

Maybe both of those necessary steps will occur when a female cell is 
exposed to an environment that promotes the development of sperm. 
But maybe not. It is at least plausible that female cells would need some 
boost from Y chromosome–derived genes or proteins in order to ac-
complish those goals. They probably would not, however, need a full Y 
chromosome and all the proteins or RNAs it produces. They just need 
enough to produce cells with haploid genomes that are male imprinted 
and have a male spindle apparatus.

There is one other arguable problem with women making sperm, 
compared with men making eggs: their sperm won’t (easily) be able to 
make boys. Eggs from male cells could lead to boys, most easily if the 
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sperm that fertilizes them has a Y chromosome. But a cell from a woman 
does not have a Y chromosome to contribute to a sperm. And an egg 
from a woman does not have a Y chromosome. If two women want 
to have a son “of their own,” they will have to fi nd a way to add a Y 
chromosome, or its relevant parts, to their gametes. Whether this could 
be done by inserting someone else’s entire Y chromosome, by adding 
specifi c Y chromosome genes to the X chromosome, or by synthesizing 
and adding the parts of the Y chromosome that are crucial to male de-
velopment—or at all—is not clear. Of course, this may not be important 
for anyone interested in an all-female utopia!

To sum up, if we can make prospective parent gametes at all, then 
making eggs from men or, more accurately, male cells seems quite pos-
sible. Making sperm from women seems more complicated, particularly 
making sperm that will yield boys, but it is not clearly impossible. And, 
again, twenty to forty years is a long timespan—human embryonic stem 
cells were fi rst isolated about fi fteen years ago and the fi rst IVF baby was 
born about thirty-seven years ago.

But cross-sex gametes do face one disadvantage, unique among the 
challenges of Easy PGD. Time, money, and eff ort would have to be ex-
pended solely to try to make eggs from male cells and sperm from female 
cells. Those expenditures might be done for nonhuman uses—consider 
the possible value of this technology in endangered species, particularly 
those with few, or no, reproductively competent individuals of one sex. 
But they would not be the result of research on something other than 
reproduction.

If men could produce eggs and women could produce sperm, what 
follows? Well, the implications for the gay and lesbian community are 
pretty clear. Right now, if a same-sex couple wants “a child of their 
own,” the closest they can come is by using one gamete (sperm for men, 
eggs for women) from one partner and the other gamete from a fi rst-de-
gree relative of the other partner—a sibling or possibly a parent or child. 
That’s close, but not the same as the kind of child that heterosexual 
couples are able to have. This technology could remove that barrier, to 
the likely delight of many same-sex couples. Of course, gay men who 
want a “child of their own” will still need to fi nd a woman willing to 
carry the pregnancy, but lesbians could undertake the pregnancy with-
out a third person, assuming either of the couple is willing and able to 
carry a pregnancy.
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Uniparents and Unibabies

Cross-sex gametes do, however, raise another, more disturbing (even to 
me) prospect, one I had not considered at all until one of my law school 
colleagues raised it—a “uniparent.” If cells from men can produce both 
sperm and eggs and cells from women can produce both eggs and sperm, 
any one person, male or female, could have both sperm and eggs pro-
duced from his or her cells and thus be both the genetic father and the 
genetic mother of any off spring. Note that if the person involved was a 
woman, she could also be the gestational mother of the child.

The child would not be a clone of the uniparent. Where the uniparent 
had the same allele in both copies of a given gene, the child would neces-
sarily be identical to the parent (barring new mutations). But where the 
parent was heterozygous—had, let us say, one allele for type A blood 
and one for type O blood—the child could be AA, OO, or AO/OA. The 
child has a 50 percent chance of being, like the parent, heterozygous at 
that locus, but also has a 50 percent chance of being, unlike the parent, 
homozygous. It is not easy to fi nd out at how many genes humans, on 
average, are heterozygous. If, say, we are homozygous at 50 percent of 
our genes and heterozygous for 50 percent, the child should be identical 
to the parent in about 75 percent of its genes (the 50 percent where the 
uniparent is homozygous and half the time when the uniparent is hetero-
zygous), but diff erent in 25 percent.

It never occurred to me that anyone would want to do this, but, on 
refl ection, it is certainly imaginable—it’s a big world with a lot of odd peo-
ple in it. There would be risks. Each of us is estimated to carry about fi ve 
to ten nasty autosomal recessive alleles, alleles that do not make us sick 
because they are counterbalanced by a normal allele. Each uniparental 
child would have a 25 percent chance of being homozygous for the “bad” 
allele and hence for having a bad genetic disease. If the parent carried 
eight alleles linked to bad autosomal recessive diseases, the average child 
(and embryo) would be a carrier for four, would have two normal alleles 
for two of the diseases, and would have two “bad” alleles for two of the 
diseases. But using Easy PGD, a uniparent (just like a parent couple) could 
screen out embryos with two copies of autosomal recessive “bad” alleles. 
A “uniparent” might have to make, and screen, more embryos than two 
genetic parents to be sure of getting one without a serious autosomal re-
cessive disease, but Easy PGD does seem to make this possible.
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M E D I C A L  P R O F E S S I O N A L S ,  A N D 

H E A LT H  C A R E  F I N A N C I N G

Many things that are technically possible do not happen or, at least, do 
not become common. Consider fl ying cars. Or, more realistically, super-
sonic commercial fl ight. The fi rst supersonic human fl ight was achieved 
nearly seventy years ago in 1947. A supersonic commercial jet, the Con-
corde, went into service in 1975, off ering trips from New York to Paris in 
three and a half hours instead of eight. Only twenty Concordes were ever 
built and the last supersonic Concorde fl ight came twenty-seven years 
later, in the aftermath of a fatal crash in July 2000 and air traffi  c declines 
after 9/11. The service had never really caught on, stymied by a combi-
nation of environmental politics and high costs.1 Will Easy PGD, which 
raises far greater political and emotional concerns, suff er the same fate?

No. Or, at least, probably not. The Concorde never had a pathway 
to acceptance. It appeared likely always to make too much noise (sonic 
booms), emit too many pollutants (especially at vulnerable high alti-
tudes), and cost so much as to remain a scarce, vaguely frivolous luxury 
product. And even if further development and broader use might have 
solved those problems, supersonic fl ight did not remain a consumer 
product long enough to achieve those goals. Supersonic fl ight has not 
gone away, but it has been limited to places where the broad social en-
vironment is less forbidding—to military uses where arguable necessity 
can outweigh environmental damage and cost is little object.

Easy PGD, on the contrary, has a clear path to success, one that fea-
tures intermediate steps with the biomedical, economic, legal, and politi-
cal factors to make the technology succeed. This chapter explores the eco-
nomic factors that will provide research investment and lead industry to 
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become involved in gamete production, attracting the medical profession 
and making health care fi nancing systems pay for it. Although my focus 
(and my knowledge) is primarily on the United States, I believe these fac-
tors will not just allow Easy PGD there but will also help it become part 
of the lives of hundreds of millions of people around the world.

Factors Driving Research Investment

For biomedical research possibilities to become reality, they need to be 
scientifi cally possible, but they also need funding for research and devel-
opment and a signifi cant potential use. These two points are, of course, 
related. The more signifi cant the potential use, the greater the chances 
of getting the resources needed for research and development. And note 
that the resources involved are not just monetary. More signifi cant, but 
sometimes overlooked, is the need for people—intelligent and skilled 
people who will devote their time, attention, and lives to the problem.

Easy PGD requires investment in advances in two areas: genomics 
and making or retrieving gametes. The genomics investment is as certain 
as anything in research; investment in gametes is less certain, but also 
highly likely.

Genomics

The necessary advances in genomics are better DNA analysis (probably 
whole genome sequencing but conceivably some other, less complete 
method) and better interpretation of the meaning of DNA variations—
although, in the second case, even today’s knowledge is probably good 
enough to make Easy PGD a success. But both of these technologies are 
well placed to improve even more, for one important reason—they are 
seen as crucial to better health care in every (or almost every) area of 
medicine. The same genomics technologies, both in DNA sequencing 
and in DNA interpretation, that will make Easy PGD possible are ex-
pected to (or, at least, are being hyped as certain to) revolutionize all of 
medicine. No investment in genomics specifi c to Easy PGD will be neces-
sary—and the general investment is enormous and growing.

Faster and more accurate DNA analysis is important to bringing ge-
nomics to individual patients. Some people are already having their ge-
nomes sequenced, not really as “cases,” but as early adopters—people 
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with the money or infl uence to be sequenced who think the technology 
is cool and want to try it. Early adopters, even in Silicon Valley, are not 
going to be a large market, though as the cost of sequencing becomes 
lower and lower, the market will get bigger. Depending on the regulatory 
framework, we may see a repeat of the direct-to-consumer genomics 
business, where 23andMe, Navigenics, deCODEme, and other fi rms of-
fered genotypes to individual consumers without the need to go through 
a physician. When they started, 23andMe and deCODEme were selling 
genotypes for just under $1,000. The main remaining fi rm in this mar-
ket, 23andMe, is currently selling its service for $199.

But full genome sequencing is also already moving beyond the early 
adopters and being used for actual clinical cases. At medical centers 
around the country, the occasional mysterious case is being investigated 
with full genome sequencing. These are cases, usually involving chil-
dren, where some kind of genetic condition seems likely but the child’s 
signs and symptoms do not match any known genetic syndrome. Whole 
genome sequencing is being used there in a semi-clinical, semi-research 
way, looking both to explain the malady of a particular patient, but also 
to discover the cause of the problem. The distance between knowing a 
genetic cause and providing a therapeutic solution is, sadly, often vast, 
but hope for an eventual treatment, the parents’ desire for knowledge 
useful in future reproductive decisions, and the often very strong desire 
for any explanation—whether or not that explanation is useful—are 
driving the huge investment in improving DNA analysis.

This is clearest in the investment in new methods of doing DNA se-
quencing. The NIH and other national research programs have commit-
ted large sums to support this work. But, perhaps more importantly, sell-
ing sequencing machines is a competitive business. Companies around 
the world are pushing to speed up whole genome sequencing, improve 
its accuracy, and lower its cost. In the United States alone, major players 
include Illumina (the market leader), Pacifi c Biosystems, Life Technolo-
gies, and Roche. China’s BGI, which recently purchased the California 
fi rm Complete Genomics, is also now producing its own sequencing ma-
chines for sale.2 That list is not exhaustive and certainly does not include 
start-up companies not (yet) publicly funded or widely known.

These market pressures extend beyond just research and development 
into sequencing machines, but also into how to use those machines most 
eff ectively. Some of the companies that make sequencing machines also 
provide sequencing services; Illumina is a market leader in both. But 
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other companies specialize in taking someone else’s machinery and us-
ing it most effi  ciently to provide sequence results. BGI, formerly known 
as Beijing Genomics Institute, is the other market leader with Illumina 
in providing sequencing services, especially after its acquisition of Com-
plete Genomics. And, ultimately, if it wants to have a future, 23andMe 
will also move into providing sequencing services (directly or through 
subcontracting). Cheaper, faster, and more accurate sequencing, whether 
aimed at whole genomes (as I expect) or at smaller parts of the genome, 
such as whole exome sequencing, has been regularly arriving for several 
years. There is no reason to expect that to stop anytime soon.

This same easy pathway is available, of course, for genomic inter-
pretation. Researchers, whether governmental, academic, or industrial, 
want to learn the connections between genetic variations and various 
traits or diseases for use not just for embryos but for adults, children, 
and fetuses. Eff orts to associate the sequence of particular genomic vari-
ations with traits have been ongoing ever since we have been able to 
sequence DNA and they will continue. Although it has proven harder 
than expected to understand genetic contributions to common diseases, 
research on these associations continues. Any successes in this work will 
be directly useful in Easy PGD.

Some aspects of Easy PGD will not benefi t as fully and directly from 
existing (and near certain future) research. Those will be uses of Easy 
PGD that predict results other than diseases, notably cosmetic traits. 
The focus of biomedical research, funded publicly or privately, has been 
on diseases and, ultimately, treatments for them. Funding for research 
into the genetics of skin color, for example, has suff ered because skin 
color is rarely a disease. Researchers interested in this subject have dif-
fi culty interesting governmental or nonprofi t funders; often they have 
to resort to connecting their research interests more closely to diseases. 
Thus, a researcher interested in the genetics of skin color may get funded 
to work on the genetics of inherited partial or total albinism.

Sometimes this tactic may be useful. Research on the genetics of some 
mental illnesses may provide insights on normal personality traits that 
are exaggerated in people with the illness. Research on muscle diseases 
may provide useful information about the likely physique and some as-
pects of the future athletic ability of embryos. But substantial private 
investment in genomics research into nondisease traits does not seem 
highly likely. There is little potential for a very profi table product or 
service at the research’s end.
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On the other hand, research on all genomic associations with traits 
should become much easier and cheaper. As more and more people are 
completely sequenced, those whole genome sequences, once ensconced 
in a databank, can be used as easily for research on musical ability as 
for research on pancreatic cancer. If the genome is available, the hardest 
part will be getting information on the traits or diseases themselves. This 
favors diseases. Medical records are full of information about diseases; 
the merging of electronic health records with genomic databases should 
make hunting for associations between diseases and genetic variations 
easier than ever. Those health records will not have much information 
about nondisease traits—perhaps height and weight, but that may be 
about all.

Information on nondisease phenotypes will have to be gathered and 
that is often expensive. Of course, one might try to gather the informa-
tion directly from the research subjects. The direct-to-consumer genom-
ics company 23andMe has done some of this. The problem with self-
reported data is that it is self-reported—and people do not always tell 
the truth, to researchers or to themselves.

On the other hand, some nondisease traits of interest will be easy for 
an impartial third party to detect and record. Height and weight are fair-
ly easy; eye, hair, and skin color, though capable of being manipulated 
to some extent (by colored contact lenses, hair dyes, and tanning) will 
be reasonably ascertainable. So will some other outward cosmetic traits, 
such as nose or eye shape, hair type, baldness, and so on. But for some 
of the traits of potentially greatest interest, such as personality traits or 
cognitive skills, getting good data may prove hard.

Hard is not impossible, but it is not clear who will pay for collecting 
these phenotypes. The interpretation of genetic associations with diffi  -
cult-to-measure nondisease traits may be the area where fi nancing the 
path forward is hardest, but even there the existence of databases with 
genome sequences of hundreds of thousands of research subjects (and 
the prospect of very cheap sequencing of the unsequenced) seems likely 
to lead at least some academic researchers into these fi elds.

Stem Cell–Derived Gametes

Most of the technologies for easy acquisition of gametes rely on start-
ing with stem cells, of one kind or another, and turning them into eggs 
or sperm. These approaches will benefi t from the strong interest in, 
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and support for, stem cell research in general, whether hESCs, iPSCs, 
or SCNT-derived cells. The specifi c step of turning stem cells into gam-
etes will require some more narrow support, but that should also be 
forthcoming.

The fi rst human embryonic stem cell line was isolated in 1998, less 
than eighteen years ago. The fi rst human induced pluripotent stem cell 
line was isolated in 2007, less than a decade ago. Since that time billions 
of dollars, public and private, have been invested in stem cell research. 
The state of California alone has borrowed $3 billion to fund stem cell 
research; several other states have created their own stem cell research 
programs, adding tens of millions of dollars to the sum. And although 
the federal government sharply limited its funding for human embry-
onic stem cell research during the George W. Bush administration, the 
overall federal research funding for stem cell research since 2000—both 
embryonic and nonembryonic—is several billion dollars. Governments 
in other countries have also funded substantial research, especially in the 
United Kingdom, Singapore, Australia, Sweden, and China.

Private corporate funding has not been nearly as robust, but given the 
early stage of the technology, that is not too surprising. A great deal of 
basic research needs to be done before anyone could expect to develop 
a profi table product from pluripotent stem cells. It is a common pattern 
for industry to let government fund the basic research, while paying for 
the latter-stage, more product-specifi c development itself.

It is true that funding, certainly public but also in some instances pri-
vate, for research on human embryonic stem cells has been controversial 
and, in some cases, limited. That, in some ways, helps Easy PGD, which 
is most likely to use iPSCs, which do not require destroying embryos and 
result in children with their parents’ own genes. To the extent contro-
versies over hESCs drive research funding to iPSCs, that probably helps 
Easy PGD.

Research on all the broadly potent stem cells is aimed at learning to 
derive, preserve, and manipulate stem cell lines to make them into dif-
ferentiated cells that can be used safely and eff ectively in medicine. All 
of that work will necessarily be useful in learning how to derive gametes 
from stem cells because the early stages are the same. It is only after the 
pluripotent cell lines are created and they need to be diff erentiated into 
specifi c cell types that stem cell research on heart cells, liver cells, and 
gametes should diverge.
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But what about research on turning pluripotent cells into safe and 
eff ective gametes? Where will support, fi nancial and otherwise, come 
from for that research? The U.S. federal government has been extremely 
reluctant to fund any research on fertility issues for political reasons; it 
is hard to imagine the NIH spending money to support the derivation 
of gametes from stem cells. Nonetheless, I believe there will be plenty of 
support, driven by the desire of some infertile couples to have children 
“of their own.”

People can lack gametes, or a suffi  cient number of suffi  ciently eff ective 
gametes, for many reasons. Some are, for one reason or another, born 
without the ability to make gametes. It might be a genetic fl aw or just 
bad luck—somewhere in their fetal or childhood development, some-
thing took a wrong turn and the result was a lack of useful gametes. 
Other people are born with the ability to make useful gametes, but lose 
it. Castration of boys is not common today, but one need not go back 
many centuries to fi nd castrated slaves, singers, or even fabled leaders. 
Today, other common causes of acquired agametousness are accident 
and disease. Accidents are more likely to aff ect men, with their sperm 
factories hanging out in acutely vulnerable positions, than women, 
whose ovaries are more carefully hidden away, but devastating trauma 
can happen to both sexes.

Disease, though, is even more likely. Historically, a variety of infec-
tious diseases could produce male infertility, including the otherwise 
fairly benign and common childhood disease of mumps. But other 
diseases can also render men infertile. High fevers, for example, can 
kill off  the spermatogonia, leaving men without any sperm-producing 
cells. The “Father of His Country,” George Washington, may well 
have been sterile from nonpulmonary tuberculosis, abetted by small-
pox he contracted in Barbados when he was nineteen.3 Today, cancer 
is more likely to ruin the reproductive futures of men and women, both 
cancers of the gonads and other cancers whose treatment destroys eggs 
and sperm.

But the most likely reason for being, in eff ect if not literally, agame-
tous is, for one of our two sexes, age. Women’s oocytes disappear with 
age, but even before they disappear, they become less and less eff ective 
at producing babies. This decline in the productivity of eggs with age 
produces the sharp decline in women’s fertility through their thirties and 
into their forties. Although a few women give birth from their own eggs 
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in their late forties and even early fi fties, the chances of a successful 
pregnancy with forty-year-old eggs are lower—and they get lower with 
each additional year.

People who cannot produce eff ective gametes but who want to have 
“children of their own” will drive research into stem cell–derived gam-
etes, either through their direct donations, through their organizations, 
or through their attractiveness to investors as a potential market. I ex-
plore this in more detail in the next section, but there are probably mil-
lions of them in the United States who have such a medical problem, 
and many of them will be willing to pay enough to provide a fi nancial 
incentive for research on solutions.4

Factors Driving Industry Involvement

No special industry involvement is needed on the genomics side of Easy 
PGD—those DNA analysis and interpretation facilities and fi rms will 
arise for nonreproductive reasons. The same is true of the process for 
making iPSCs from skin cells. But making eggs out of iPSCs is likely to 
require special industry investment. Would the possibility of owning a 
process useful in Easy PGD be attractive to industry?

We know from existing experience that some people—enough to pay 
for about 160,000 IVF cycles a year in the United States right now—
are willing to spend tens of thousands of dollars to have “children of 
their own.” Most of them have gametes but have some fertility prob-
lem that prevents the gametes from becoming babies, whether it is low 
sperm counts, ineff ective sperm, blocked fallopian tubes, or something 
unknown. Unfortunately, we do not know how many of those people 
have dysfunctional gametes.5

We do have some information on the number of IVF cycles that use 
donor eggs. In 2012, the latest year for which the CDC has data, of 
about 160,000 IVF cycles, over 10,000 used donor eggs in fresh cycles 
(and about the same used frozen embryos from donated eggs). That re-
port does not keep track of the use of donor sperm and apparently nei-
ther does anyone else. The fi gure of 30,000 donor sperm births a year 
is widely used, but its source is unclear; some industry sources argue 
the number is closer to 5,000.6 And, of course, some donor sperm is 
not used because of male infertility but to provide sperm for people 
without any male partner, single women or lesbian couples. For present 
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purposes, let us estimate the annual use because of male infertility due 
to sperm quantity or quality at 5,000 cases.

Presumably, many of the roughly 20,000 women using donor eggs 
each year and the 5,000 men in couples using donor sperm would be 
interested in replacing donor gametes with those derived from their own 
cells. In addition, over 30,000 women in the United States aged forty or 
over used nondonor eggs in IVF cycles in 2012, with only about one in 
eight ending up with a live birth. Many of them would also be interested 
in their own stem cell–derived eggs, at least if those eggs were more 
successful than those that had already spent over forty years in their 
ovaries. That is already over 50,000 people who might want to use such 
eggs. And many other older women, facing problems with or concerns 
about their fertility but unwilling to use IVF, with or without donor 
eggs, might well be tempted by stem cell–derived eggs. The fact that the 
age of motherhood continues to rise, particularly among women with 
higher education and income levels, will help to encourage a powerful 
market for stem cell–derived eggs and, in many cases, broader use of 
Easy PGD.

A disease with over 50,000 new cases a year in the United States is not 
small. That is more than the number of new cases each year in the Unit-
ed States of multiple sclerosis (about 10,000), brain cancer (23,000), 
stomach cancer (about 24,000), and liver cancer (about 35,000). It is 
about the same as pancreatic cancer (49,000) and HIV infection (about 
50,000), and not far below all leukemias (54,000), uterine cancers 
(55,000), kidney cancers (62,000), and thyroid cancers (62,000).7 While 
infertility is not life threatening in the way cystic fi brosis or pancreatic 
cancer are, it is powerfully life limiting to some of those who have it—
and a lot of people have it.

Assume, for the moment, that 50,000 people a year who are infertile 
because of problems with their gametes would like to be able to use stem 
cell–derived gametes to have children. If each one is willing to pay (or 
to have their insurer pay), say, just $1,000 for those gametes, that’s a 
market of $50 million per year in the United States alone. Though not 
huge, it is surely enough to get the attention of physicians, drug and 
biotech companies, and venture capitalists. Now consider some other 
possible users.

As discussed in Chapter 8, we may be able to use stem cells to make 
eggs from men and sperm from women. That would create another mar-
ket for this service, among gays and lesbians who want to have “children 
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of their own” with their partners. How many gays and lesbians would 
be interested in having children through this method? That’s also im-
possible to know, in part because we have so little good data about 
the number of gays and lesbians, let alone their parental desires, and 
what statistics exist are controversial. Plausible estimates of the U.S. 
gay, lesbian, and bisexual population range from 1.4 percent to 3.5 per-
cent.8 That would be about 1.1 to 2.8 million people between the ages 
of twenty and forty. How many want to be (genetic) parents? That is 
again unknown—but a fi gure of 200,000 to 1,000,000 couples seems a 
reasonable guess, or about 10,000 to 50,000 people for each birth year 
in that twenty-year cohort. (Of course, only one member of the couple 
would need cross-gender gametes.)

Another very large market may be women with ovaries that produce 
eggs but who, for other reasons, such as blocked fallopian tubes, need 
to use IVF and may well embrace stem cell–derived eggs as an easier and 
safer alternative to egg retrieval. Right now, about 100,000 American 
women under the age of forty undergo egg retrieval each year. Deriving 
eggs from stem cells will surely be less uncomfortable and risky than re-
trieving eggs. If the price were less, equal, or even a little greater, almost 
all of those women would likely prefer them.

So between people without gametes, gays and lesbians without the 
“right” gametes, and women who want to use IVF but would welcome 
an alternative to egg retrieval, the total U.S. market each year (after an 
initial surge) might be around 200,000 to 250,000 people per year. Even 
at just $1,000, that’s a market of about a quarter billion dollars a year. 
In today’s medical world, that is not chopped liver. And these are just 
the people who want it for fertility purposes—before adding anyone 
who decides to use IVF (and stem cell–derived gametes) in order to do 
Easy PGD! If half of the roughly four million babies born each year in 
the United States had gone through Easy PGD, the manufacturing of the 
gametes that produced them at $1,000 per baby would be worth two 
billion dollars.

Factors Driving Medical Involvement

“Market” is not always an appreciated term in medicine and sometimes 
it is not an appropriate one.9 In the world of assisted fertility, however, 
it is very appropriate. Fertility clinics are a large and very profi table 
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industry. The roughly 500 fertility clinics in the United States are, with 
a few exceptions, for-profi t businesses. The exceptions are mainly clin-
ics associated with nonprofi t medical schools or health systems, but 
even there, although the overall enterprise may not be “for profi t,” the 
chance to make money in one department of a medical school in order 
to cross-subsidize unprofi table but otherwise important areas will often 
be quite strong.

The fertility industry is very profi table for the ironic reason that insur-
ers typically do not pay for the services it provides. It is too simple to 
say that fertility services are not covered by insurance, but only a little 
too simple.10 A few sources of infertility may be covered by most insur-
ance, as when infertility is a result of a broader hormonal problem. And 
a few states require most insurers to cover fertility services, usually at a 
pretty minimal level. Even then, a state’s ability to mandate coverage by 
insurers has some severe limits—under a federal law called the Employee 
Retirement and Income Security Act, states cannot regulate medical cov-
erage that is paid for directly by the many self-insuring employers.

One might think that insurance coverage would provide a larger mar-
ket and hence the chance for more profi t. In many areas of the economy 
that would be true. But medicine is not a normal part of the economy. 
Patients are not very good at fi nding good bargains, at assessing the 
trade-off s in price and quality, and at checking the claims of doctors 
about their success rates. In much of American medicine, the insurance 
industry, including government-funded Medicare and Medicaid, plays 
the main role in constraining prices. They will not pay for “whatever the 
market will bear.”

Fields without substantial insurance coverage, such as cosmetic sur-
gery, laser eye surgery, and fertility, have largely unconstrained prices. 
Ironically, IVF prices are only low in states where insurance covers them. 
(And, if, as I suggest in the next section, payors cover Easy PGD, IVF 
clinics will follow that path and have a much bigger market with much 
smaller profi t margins.)

Even if someone wanted to compete in the fertility clinic market on 
price, they may fi nd it diffi  cult because the supply of doctors is artifi -
cially limited by the limits on medical school graduates. Of more direct 
relevance, this kind of supply limitation applies not only to physicians 
but also to specialists. A fertility clinic needs a reproductive endocrinolo-
gist. Reproductive endocrinologists (or, to be more precise, specialists 
in reproductive endocrinology and infertility, or REI) are not trained 
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as endocrinologists. Instead, the fi eld is a subspecialty of obstetrics and 
gynecology. In the United States, the American College of Obstetrics and 
Gynecology (ACOG) sets the standards for recognition as a reproduc-
tive endocrinologist. Those interested must successfully complete four 
years of medical school, three years of an ob/gyn residency, and another 
three years of an REI fellowship. The Society for Reproductive Endocri-
nology and Infertility is the main organization for REI specialists. It has 
only about 700 members in the United States.

ACOG accredits fellowships in REI. For 2016, the forty-fi ve Ameri-
can institutions off ering REI fellowships were providing a total of about 
fi fty fi rst-year positions; the vast majority train only one new fellow each 
year, a few train two, one trains three, and several were training none.11 
The possibility for new competition in the fi eld is not great.

The point, though, is not just that the fertility industry is and likely 
will remain profi table. It is also intensely commercial. Freestanding fer-
tility clinics, usually not attached to staid medical schools with “respect-
able” reputations to maintain, seek to enlarge their markets. They ad-
vertise. They attract paying patients. And to do so they take advantage 
of an immensely strong human drive—the drive to procreate.

To call it an immensely strong drive is not to call it universal. There 
are people, even when involved in settled romantic heterosexual rela-
tionships, for whom parenthood is easiest, who choose not to have chil-
dren. Nonetheless, in the United States as around the world, most adults 
have children. In fact, in 2013, 74 percent of adult Americans reported 
having had children. (Of respondents over forty-fi ve years of age, the 
percentage was 86.) Another 16 percent of all adult respondents said 
they wanted children and 3 percent said they had not had children but 
wished they had. Only 5 percent said they did not want children.12

Even after the introduction of safe and eff ective birth control, allow-
ing people to enjoy the pleasures of sex without the previously high risk 
of pregnancy and parenthood, people have continued to have children. 
Once a society has made the economic leap that eliminates the need for 
children to act as either laborers on the family farm or in the family busi-
ness or, longer term, as the parents’ retirement plan, the economic value 
of having children would seem to be negative. From one perspective, the 
combination of birth control and assured retirement incomes makes the 
continuing existence of children a mystery.

And yet, have children we do, although at below population replace-
ment levels in some countries. Contraception and economic changes 
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have meant that people have fewer children; such factors have not meant 
that (many) fewer people have children. For some combination of cul-
tural and biological reasons, most people are eager—perhaps irrational-
ly, sometimes desperately—to have children. And not just children but 
“children of their own”—children carrying their genes and not adopted 
children, who carry the genes of strangers, or stepchildren, carrying the 
genetic variations of one stranger.

Fertility clinics invoke this powerful urge in their eff orts to grow the 
market. Right now, it is used to attract customers who have been unable to 
have the wanted “child of their own.” But that same force might be har-
nessed for Easy PGD. There the selling point is not just, as it is for agame-
tous patients, to have your own child, but to have your best possible child.

The fi rst hook, I suspect, will be disease. Invest a little more to guar-
antee that your child will not have one of 4,000 terrible genetic diseases. 
The sales pitch will then move to decreasing the chances that your child 
will have a higher risk for various truly dread diseases. Already that 
list includes colon cancer, breast cancer, ovarian cancer, and Alzheimer 
disease. The list will only get longer in the coming years. The disease 
argument will be the most overt, probably for broadly political reasons, 
but tucked away in the advertisements will be the idea of having not just 
a child of your own, but the child you want—with the cosmetic results, 
the behavioral traits, and, perhaps most powerfully, the sex you want.

The slogans almost write themselves. “You want the best for your 
child; why not have the best child you can?” “We cannot guarantee that 
your child will be healthy, but here are 4,000 diseases we can guarantee 
he won’t have.” “The child of your dreams is available for only a few 
dollars more.” “You spend $30,000 on getting the car you want; how 
much is the baby you want worth to you?” And in the United States 
at least, even commercial advertising is protected by the First Amend-
ment.13 As long as the advertisements are honest and are not for illegal 
products, the government cannot forbid them. The large and very profi t-
able fertility clinic industry is quite likely to see Easy PGD as a way to 
become even larger and more profi table.

Health Care Financing and the Price of Easy PGD

Easy PGD would not just aff ect parents and their children, but could 
also have substantial eff ects on the health care fi nancing system, which 
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currently only rarely covers IVF and then poorly. But Easy PGD should 
change that, for reasons discussed below, in ways that are likely to 
make the price of Easy PGD, to the prospective parents, zero, or very 
close to it.

That its price is zero does not mean Easy PGD will have no cost. 
It will require various human and technical inputs and those will cost 
money. Predicting the cost twenty to forty years from now of procedures 
not yet invented seems almost the defi nition of a fool’s errand. Neverthe-
less, I will provide some back-of-the-envelope guesses below.

One cost will be performing the skin biopsy in order to get cell sam-
ples to be transformed into iPSCs. A trained nurse could do that in a few 
minutes; let’s cost that out, in today’s dollars (not adjusting for infl ation 
in the next twenty to forty years), at $20. The hardest cost to calculate 
is that of de-diff erentiating the donated cells into iPSCs and then redif-
ferentiating them into a large supply of eggs or sperm. Progress in more 
general use of stem cells is likely to have made that process relatively 
mechanized and routine, but there will be costs. I will estimate, without 
a great deal of confi dence, that this would cost about $1,000.

The PGD process is likely to require a skilled professional to extract 
cells from each embryo. Just the extraction seems likely to cost at least 
$10 per embryo. The actual genetic diagnosis and interpretation, how-
ever, should be very inexpensive that far into the future. The sequencing 
will be mechanized and the interpretation will be computerized. Call 
that another $50 per embryo. The most expensive part of the process 
will be the discussion of the results with the prospective parent. As ex-
plained in the Second Interlude below, that might be done in a variety of 
ways, including a completely automated process. A more likely alterna-
tive would include some automated return of results (and counseling), 
probably through Internet-delivered videos, and some interaction, pref-
erably face to face, with a trained professional. Call that another $500.

All in all, this adds up to $1,520 per attempt, plus $60 per embryo. 
At 100 embryos, the total cost would be about $7,520; at ten embryos 
it would be about $2,120. Now add another 50 percent for overhead 
(including liability insurance) and the bottom line cost should be some-
where around $11,000 for 100 embryos or $3,200 for ten embryos. If 
the technologies develop as I expect, the cost seems unlikely to be more 
than twice as high as estimated and could easily be half as much. (The 
cost estimates are particularly responsive to the estimated costs per em-
bryo of extracting one cell and then of performing PGD on it.)
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Assume, then, a cost around $11,000 for 100 embryos. Why would the 
price be eff ectively zero? Because at that cost the procedure should pay for 
itself for health reasons. One end result of Easy PGD should be fewer sick 
children and, ultimately, healthier adults. At $11,000 per cycle, it would 
cost $1.1 million to use Easy PGD in 100 pregnancy attempts. Assume that 
those 100 Easy PGD cycles yield 100 births. This would not, of course, be 
the result of 100 percent effi  ciency in Easy PGD pregnancies, but some of 
those pregnancies will produce twins or (perhaps) other multiples and in 
other cases the prospective parents will use embryos from one Easy PGD 
attempt in several diff erent pregnancies through embryo freezing.

Out of 100 live births, one would expect about two babies to have, 
or rapidly to develop, serious health problems that could have been pre-
dicted with genetic testing. Most of these children will have rare diseas-
es, but 5,000 rare diseases spread over four million births a year produce 
a lot of tragedy, and a lot of costs. Neonatal intensive care units (NICUs) 
have an average cost of over $3,000 per day and that’s before any sur-
geries or other expensive procedures; about 65 percent of babies admit-
ted to those units stay for an average of twenty days.14 Time in an NICU 
might be just the beginning of years and years of expensive treatment. If 
the net present value of the cost of the health care that will be provided 
to those children were to be $550,000 each (a very low estimate for seri-
ous diseases), Easy PGD is, in eff ect, “free” to the health care system. 
And that is before counting the costs of the higher risks of later onset 
diseases that might be avoided, from cases of breast and colon cancer to 
cases of sudden cardiac death to cases of Alzheimer disease. The later the 
onset of the disease, the lower the net present value, but $1 million spent 
in long-term care for an Alzheimer patient at age seventy and beyond 
would still have a nontrivial net present value. (It would work out to 
over $100,000 using a 3 percent discount rate.)

Of course, the “health care system” is not necessarily the same as 
any one insurer or government program that pays for health care. In 
a system with multiple health care payors, the one that pays for PGD 
would not necessarily be the one that benefi ts from the lower health care 
costs. Predicting health care fi nancing systems twenty to forty years in 
the future seems, to me, even crazier than predicting the costs of not-
yet-invented technologies, but whatever that system is, if all the payors 
provide the service, all will benefi t from it. It seems more than plausible 
that overall health care system costs will, in one way or another, be con-
sidered in deciding whether to cover Easy PGD.
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And, of course, health coverage is not intended to make money or 
even to break even. We spend money to prevent and treat human suff er-
ing. Otherwise, we would pay for no health care and have no health care 
costs. People “buy” health care, through insurance or otherwise, be-
cause health care and the anticipated decreases in suff ering and increases 
in lifespan have value to them. In addition to the fi nancial costs avoided 
by Easy PGD would be the costs in human suff ering for the people born 
with the diseases, as well as for the families into which they are born. 
Those values should dwarf the fi nancial costs, but if, in addition, the fi -
nancial costs are negative—if Easy PGD in the long run saves the health 
coverage system more money than it costs—that will surely be a strong 
incentive to adopt it. And this holds true whether the health coverage 
is provided by private, for-profi t insurers; private, nonprofi t insurers; or 
government programs. It may not be a perfect incentive—there may well 
have been cost-eff ective disease prevention eff orts that insurers have not 
covered—but it will be a push toward subsidizing Easy PGD.

How does this square with the current reluctance of insurers to pay for 
IVF? Today they are not paying for a procedure that will reduce health 
costs in the future but one that will, for the most part, merely increase 
births of babies across the whole range of health outcomes (though, thanks 
to the problem of multiple births, skewed a bit toward the unhealthy end). 
PGD can sometimes off er healthier children when it is used by parents 
with a strongly familial disease that using PGD could avoid—and insurers 
sometimes cover PGD, including IVF, for that purpose. But Easy PGD, 
by using whole genome sequencing, greatly expands the range of diseases 
potentially prevented and makes the economics much more favorable for 
those paying for health care. (Note that this argument does not necessar-
ily work for the “roll out” of stem cell–derived gametes for those infertile 
because of missing gametes; the economic argument only kicks in with the 
use of PGD for whole genome—or other broad—sequencing that will be 
used to avoid diseases in the children born.) Easy PGD may still not be a 
“medical necessity,” the usual, though vague, criterion for health insur-
ance coverage, but if it saves the insurers money it is likely to be included 
(like, for example, infl uenza vaccinations).

So combine a population primed to have children with increasing ma-
ternal age, a thriving for-profi t industry looking to expand its market, a 
legally protected culture of saturation marketing, and a procedure paid 
for by health coverage. It is hard to see the result as anything other than 
the broad uptake of any reasonably priced Easy PGD.
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10
L E G A L  F A C T O R S

The current American legal framework contains no insurmountable ob-
stacles to Easy PGD—at least if the science works. This chapter discusses 
how existing law is likely to allow Easy PGD in the United States, with 
a few comments on other countries. In the United States, the procedure 
will face some signifi cant challenges with the FDA about the safety and 
effi  cacy of the process, but at least under current law will be largely free 
from other limitations.

Direct Regulation of Assisted Reproduction

The United States is an odd place in many ways. The most relevant for 
present purposes is that it has almost no direct regulation of assisted 
reproduction. Most other countries regulate assisted reproduction in 
many ways, from assuring safety to making moral choices.1 For ex-
ample, in the United Kingdom, a clinic can only off er any particular 
assisted reproduction service when a government regulator, the Hu-
man Fertilisation and Embryology Authority, approves of the proce-
dure, the clinic, and that clinic’s use of that procedure.2 In France, IVF 
is limited by law to heterosexual couples who are either married (to 
each other) or in at least a two-year relationship.3 In Italy, the statute 
provides that no more than three eggs may be fertilized at a time and 
all the resulting embryos have to be transferred.4 Austria bans the use 
of donor eggs and only allows sperm donors for married couples and 
artifi cial insemination, not IVF.5 Sometimes the rules are diff erent even 
within the same country: some Australian states allow single women 
to receive IVF; others do not unless they are medically infertile or at 
serious risk for genetic disease.6
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In the United States, assisted reproduction is governed by almost no 
specifi c legal regulation. We know this as a result of the Octomom. 
In January 2009, Nadya Denise Doud-Suleman became known as the 
“Octomom.” She gave birth to octuplets, only the second set of oc-
tuplets ever to be born alive in the United States, as a result of IVF. It 
turned out that she already had six children, all conceived through IVF 
while Doud-Suleman was single, unemployed, and on public assistance. 
Her octuplets created a public uproar and a great deal of pressure on 
the fertility industry. Many people, from many diff erent perspectives, 
thought something was deeply wrong with the story. And, in fact, in 
July 2011 the doctor who supervised all of her IVF cycles and births, 
Dr. Michael Kamrava, had his license to practice medicine revoked by 
the Medical Board of California, after an investigation by the board 
found that he had transferred not eight but twelve embryos into Ms. 
Doud-Suleman’s uterus.7

The Octomom scandal put pressure on the American Society for Re-
productive Medicine (ASRM), an organization created to advance re-
productive medicine (along with, no doubt, the interests of the fertility 
professionals who are its members), about the lack of regulation in the 
United States compared with the situation in other countries. The ASRM 
responded by convening “a meeting of professionals, patient advocates, 
government representatives and legal experts in December 2009 to ex-
amine the oversight of assisted reproductive technology.”8 The ASRM 
report on that meeting says, “After examination of the complex network 
of state and federal regulation as well as professional self-regulation 
governing ART practice, we conclude that Assisted Reproductive Tech-
nologies are among the most regulated medical procedures in the United 
States.” The ASRM’s statement might be technically true because few 
specifi c medical procedures are signifi cantly regulated. It is deeply wrong 
in its implication that IVF is actually substantially regulated.

At the federal level, assisted reproduction services, of course, must 
comply with FDA regulation of drugs, biological products, and medical 
devices and, to the extent they involve clinical laboratory services, with 
the Clinical Laboratory Improvements Amendments Act (CLIA), both 
discussed below. But that’s about it. Congress has passed exactly one 
statute dealing specifi cally with assisted reproduction, the Fertility Clinic 
Success Rate and Certifi cation Act, back in 1992. The act sets some defi -
nitions and “requires” fertility clinics to report information about the 
number of cycles of IVF they perform each year and their success rates.
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The Centers for Disease Control and Prevention (CDC) adminis-
ter this law and each year since 1997 the CDC has published annual 
reports showing success rates for each participating clinic. The act re-
quires clinics to provide the relevant data to the CDC; it does not 
provide any sanctions beyond requiring the CDC to publish the names 
of the scoffl  aws. According to its latest report, published in November 
2014, thirty clinics did not report their results for 2012, while 456 
did. The annual report contains a great deal of valuable information 
and makes interesting and potentially useful reading—but it scarcely 
counts as “regulation.”

Of course, the United States is a federal country with many impor-
tant responsibilities left to the states. Yet the states have not directly 
regulated assisted reproduction substantially either. States regulate who 
can practice medicine and they (and their localities) license businesses, 
including fertility clinics. Some states regulate the use of gestational sur-
rogates; others regulate the parenthood status of those adults who use 
assisted reproduction. And Louisiana forbids the disposition of “excess” 
(nontransferred) embryos. But, in contrast to foreign countries, no U.S. 
state regulates how many embryos may be created or transferred at one 
time, the acquisition or use of donor eggs or sperm, the marital or rela-
tionship status of those who can use IVF, the sexuality of those who can 
use IVF, the age of women receiving IVF-produced embryos, the use of 
PGD to select embryos in order to avoid disease, the use of PGD to select 
embryos for sex or other traits, or, in fact, almost anything else. (A hand-
ful of states have recently started regulating abortions performed on the 
basis of the fetus’s sex, race, or, in North Dakota, disability, but these 
laws are not only of questionable constitutionality but govern abortion, 
not PGD.)

The ASRM report relies substantially on professional self-regulation. 
Some of that regulation is done through ACOG’s certifi cation of ob/
gyns. But most of the ASRM’s emphasis is on regulation of practice by 
the ethics and practice guidelines of the specialty society for physicians 
who focus on infertility—the ASRM. The ASRM has an affi  liate specifi -
cally for fertility clinics, the Society for Assisted Reproduction Technol-
ogy (SART). About 90 percent of fertility clinics in the United States are 
members of SART, who are supposed to adhere to the ASRM ethics and 
practice guidelines. But the guidelines are not signifi cantly enforced.9 In 
spite of its eff orts, the report fails miserably in demonstrating the signifi -
cant specifi c regulation of assisted reproduction and hence of Easy PGD.
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The FDA

The FDA, which does not regulate assisted reproduction or any medical 
procedures, provides the main legal hurdles for Easy PGD. Relevant to 
Easy PGD, the FDA regulates drugs, biologics, and medical devices. For 
FDA purposes, drugs are

(B) Articles intended for use in the diagnosis, cure, mitigation, treatment, 
or prevention of disease in man or other animals; and

Articles (other than food) intended to aff ect the structure or any function 
of the body of man or other animals.10

Devices have a similar defi nition.11 The defi nition of biological prod-
ucts takes a diff erent approach (and appears in a diff erent statute), but 
also applies only to a list of items that are “applicable to the preven-
tion, treatment, or cure of a disease or condition of human beings.”12 
Whether a new product is a drug, device, or biological, it cannot le-
gally be released into interstate commerce without a prior decision 
by the FDA that it is safe and eff ective (except of course, for various 
exceptions).

The FDA regulates these products but it does not regulate medical 
procedures or, more broadly, “the practice of medicine.” Lawmakers 
say so, the agency frequently says so, and the American Medical As-
sociation regularly reinforces that position by stringently opposing any 
such intrusion. This is, of course, nonsense.13 Determining which drugs, 
biologics, and devices doctors can use or prescribe is clearly some “regu-
lation of the practice of medicine.”

The FDA, along with the Federal Trade Commission for some prod-
ucts, regulates how covered products can be marketed—what their man-
ufacturers (or sponsors) can say about them and how (subject to a few 
intensely fought-over exceptions)—but almost never, at least without the 
somewhat voluntary agreement of the sponsor, how the products are 
used. The “off  label use” doctrine is one result.14 The FDA examines 
products for their safety and effi  cacy—that is, their use in a particular 
way, at a particular dosage, for a particular “indication.” If the FDA 
decides a drug or biological is safe and eff ective for that use, it approves 
the product for that use, which goes “on the label.” But generally any 
physician is free, subject only to his or her own conscience (and malprac-
tice coverage) to use an approved drug, device, or biological product in 



 Legal Factors 157

diff erent ways, for diff erent patients, and for diff erent diseases. The drug 
maker cannot promote the drug for any unapproved purpose, but the 
FDA cannot stop the doctor from so using it.

So, to what extent will Easy PGD require FDA approval?
Under current law, at least, “Easy PGD” will not require FDA ap-

proval. It is a procedure or, more accurately, a set of procedures and 
that is not what the FDA regulates. But some of the sequencing meth-
ods will require FDA-reviewed devices, and the derived gametes used in 
Easy PGD will most likely have to be approved by the FDA as drugs or 
biologicals.

Genome Sequencing and Interpretation

Various “things” used for genetic testing, when done “for use in the 
diagnosis of disease or other conditions, or in the cure, mitigation, treat-
ment, or prevention of disease” are medical devices. The sequencing ma-
chines used to analyze cells from embryos are clearly medical devices 
when employed for that purpose. If someone only wanted to do PGD 
for nondisease traits, such as eye color or musical ability, those genetic 
tests might not involve regulated medical devices, but Easy PGD will no 
doubt use sequencing machines that do medical as well as nonmedical 
tests and hence involve regulated devices.

The interpretation of the DNA sequence may also involve regulated 
devices. If a whole genome sequence were interpreted directly by a hu-
man being, that human would not be a device but would be both incred-
ibly busy and bored. Analysis of genomes may probably always involve 
some human oversight, but the bulk of the work will necessarily be com-
puterized. Software programs will compare the results of the whole ge-
nome sequence of a cell from an embryo with a database that correlates 
genetic variations with traits. That software may also be a regulated 
device. Software may not seem much like a “device,” but the FDA has 
already successfully regulated some medical software as devices.15

The substance of the tests themselves, whether the DNA variations 
actually predict what the test says they predict, is not currently regulated 
by the FDA, at least when the results are not being provided directly to 
consumers without a medical intermediary. The FDA insists they are 
technically medical devices, but it has used its discretion not to regulate 
what it calls “laboratory developed tests” (LDTs). In October 2014 the 
FDA released a draft guidance that would have brought far more genetic 
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(and other laboratory conducted) tests under review.16 At this point it is 
not clear what will happen with that eff ort.

Just how much proof of safety and effi  cacy the FDA will require before 
authorizing the use of sequencing machines, genetic interpretation soft-
ware, and possibly genetic tests will depend, but this approval is unlikely 
to prove a substantial barrier to Easy PGD. In fact, in 2013 the FDA 
already authorized at least one sequencing machine for clinical medical 
use, one made by Illumina.17 And under Section 510(k), a provision of the 
FDA’s device regulatory statute, once one of a certain type of product has 
been allowed, other “substantially similar” products will be “cleared” by 
the FDA, usually without requiring much evidence of safety and effi  cacy.

The exact same sequencing machinery, genetic interpretation soft-
ware, and genetic tests will be used in Easy PGD as in any other human 
genetic testing using whole genome information. And thanks to the off -
label use provision, even if those were to be approved only for use in, 
say, adults, they can legally be used for other purposes, such as testing 
embryos. FDA regulation on the genomics side will not prove a signifi -
cant barrier to Easy PGD.

Stem Cell–Derived Gametes

The FDA’s real role is likely to be with respect to stem cell–derived gam-
etes, but that story is complicated. Eggs and sperm do not seem to be 
obvious drugs or biological products, let alone medical devices. As far 
as I can tell, they are not medical devices, but, under the FDA’s current 
view, they will be both drugs and biological products and will require 
premarket approval as either.

First, the gametes would be “articles” and would almost certainly be 
drugs when “intended for use in the diagnosis, cure, mitigation, treat-
ment, or prevention of disease in man or other animals” or “to aff ect 
the structure or any function of the body of man.” Similarly, if we grant 
that the gametes fall within one of the list of nouns in the biologicals 
defi nition, they are likely biologicals as long as they are “applicable to 
the prevention, treatment, or cure of a disease or condition of human 
beings.” If the gametes were used for the purposes of providing gametes 
for an otherwise infertile couple, they would meet both defi nitions be-
cause they would be “intended for use” or “applicable to” the treatment 
of infertility, which is both treating a disease and aff ecting the “function 
of the body of [wo]man.”
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The only way to avoid that conclusion would be to say that gametes, 
by their nature, are not the kind of “articles” or one of the list of nouns 
in the drug and biological defi nitions. As discussed below, that runs 
against the FDA’s practice with human cells (and even human embryos) 
and the (admittedly very few) judicial interpretations of FDA’s jurisdic-
tion over human cells.

That’s the only really clear part. But what if the stem cell–derived 
gametes are just intended to allow otherwise fertile parents to select 
their off spring’s genetic traits? It is not, in that case, for the diagnosis, 
treatment, or prevention of any disease in the parents, but maybe the 
embryos, in their role as possible off spring, are the relevant group. If 
parents are using stem cell–derived gametes to be able to choose em-
bryos to avoid some genetic diseases, perhaps it is the “diagnosis” of 
disease in the embryos, even though in most cases the embryos will not 
have symptoms of these diseases, which will not appear until birth and 
sometimes many years after.

Alternatively, it might be considered “prevention of disease” in the 
children. Typically, though, one thinks of preventing disease in a par-
ticular person, not by “selecting” which embryo might become a person 
in a way that “prevents” the creation of a person with the disease. That 
seems more like “avoiding” disease than “preventing” it. On the other 
hand, every embryo, and hence any embryo chosen that becomes a child, 
will have some disease risks in its genomes, which Easy PGD is diagnos-
ing, in advance, for any children born after testing.

These arguments both seem plausible, if not defi nitive, but they still 
have a problem. Either way, PGD, not the gametes, provides the diagno-
sis. Only by taking a broad view could the egg and sperm that created 
the embryo be diagnosed as articles intended for “use” in the diagnosis. 
Such a view is not crazy—after all, in these scenarios the derived gametes 
were only used (instead of old-fashioned gametes and conception) as 
part of a plan for diagnosis. But neither is it clearly right.

And even if that problem were overcome and either the argument 
from diagnosis or prevention of disease were accepted, what if parents 
were to claim that they were only selecting for nondisease traits. This 
may not seem very plausible, but it might if the parents said they only 
wanted to use Easy PGD to determine the child’s sex, which is not 
a disease. Would their use of gametes that had been generated spe-
cifi cally for use when no disease was to be examined therefore not be 
regulated?
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If your head is spinning and you are wondering why we should care 
about the number of angels dancing on this particular pinhead, I sympa-
thize. And, frankly, I think it is not likely to be important in any event 
because I strongly suspect that stem cell–derived gametes will fi rst be 
produced and used in order to treat infertility. These would clearly be 
drugs or biologicals and would require the FDA to approve the gamete-
production process before it could be used and, after that approval, off -
label uses other than infertility would be allowed.

We do have some evidence that the FDA thinks it has jurisdiction 
in somewhat similar cases, starting with cloning. After Dolly, at least 
four diff erent groups or individuals announced plans to use the SCNT 
process that produced Dolly to clone human babies: the Raëlians,18 the 
ironically named Dr. Richard Seed,19 and more credibly Dr. Severino 
Antinori, a well-respected fertility doctor in Rome, and Dr. Panayiotis 
Zavos, a fertility specialist at the University of Kentucky.20 The eff orts 
of the Raëlians, Seed, Antinori, and Zavos did not result in any cloned 
babies (although some births have been asserted), but they did lead to an 
October 1998 letter from Stuart Nightingale, Associate Commissioner 
of the FDA, asserting that the FDA had jurisdiction over human repro-
ductive cloning. The letter made only a vague claim as to the basis for its 
jurisdiction: “Clinical research using cloning technology to create a hu-
man being is subject to FDA regulation under the Public Health Service 
Act and the Federal Food, Drug, and Cosmetic Act.”

This claim of jurisdiction was the subject of several law review ar-
ticles, with some supporting the claim and some rejecting it.21 The argu-
ments against jurisdiction focused on whether the embryos were really 
“articles” or otherwise “things” for purposes of regulation, on issues 
of whether cloning would be used to diagnose or treat disease, and on 
the inconsistency between this regulation and the FDA’s previous avoid-
ance of regulation of assisted reproductive technologies. We have never 
received a clear answer on the FDA’s power over cloning; no court case 
has tested it. Nonetheless, the FDA’s 1998 letter provides evidence that 
it would consider stem cell–derived gametes as coming under its jurisdic-
tion. It was willing to call an actual human embryo a “drug” or “bio-
logical product” in spite of similar questions about medical purpose (the 
would-be cloners did not have disease-related ends in mind).

Since then the FDA has asserted jurisdiction over reproductive tech-
nologies in another similar situation: mitochondrial transfer. Women 
with diseases caused by the DNA of their mitochondria will necessarily 
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pass that disease-causing DNA to any of their children. In addition, 
some researchers believe the decline in fertility of aging eggs has to do 
with problems in their mitochondria (or, perhaps, more broadly in the 
“cytoplasm,” the material between the egg’s outer membrane and its 
nucleus). These problems might be solved for the woman concerned ei-
ther by transferring the nuclei of her eggs into the enucleated eggs of a 
healthy young woman or by transferring the cytoplasm (including the 
mitochondria) from a healthy young woman into some of her eggs. Both 
of these approaches were tried nearly twenty years ago and with some 
success. And then the FDA stepped in.

One group, at NYU, created embryos using these reconstructed eggs 
for at least two patients, though no pregnancies resulted. In October 
1998 they presented their results at an ASRM meeting and were re-
warded shortly thereafter by a letter from the FDA, telling them that 
they were using biological products (presumably the SCNT eggs) with-
out prior FDA approval.22 Another fertility doctor in New Jersey tried 
the other approach, moving not the nucleus but the cytoplasm from 
one egg to another. By 2001 thirty children had reportedly been born 
around the world using this technique. In July 2001 the FDA intervened 
again, claiming that, like the eggs resulting from nuclear transfer, these 
eggs were “more than minimally manipulated” cells and, as such, were 
biological products subject to its jurisdiction.23 Rather than pursue FDA 
approval, both groups stopped performing the procedure (at least in the 
United States). It should also be noted that both of these procedures pro-
duce “three-parent children,” as noted in the headlines from the 2015 
debate (and positive parliamentary vote) on the procedure in the United 
Kingdom.24 Whether this process is safe or not remains to be shown; it 
clearly has raised some strong, and sometimes silly, public responses.25

As with the claim of jurisdiction over reproductive human cloning, no 
court case followed so we do not know whether the FDA’s claim of ju-
risdiction over these eggs is valid. But it is further evidence that the FDA 
would consider stem cell–derived gametes as subject to its jurisdiction.

What does all this mean? The FDA is likely to assert jurisdiction over 
all stem cell–derived gametes, whatever their intended use (as long as 
reproduction was involved). It will require that they be proven safe and 
eff ective, through appropriate nonclinical and clinical trials before being 
approved under a New Drug Application (NDA) or a Biologics License 
Application (BLA). It is possible, though I think unlikely, that the FDA 
might take a diff erent position. It is also possible, and perhaps somewhat 
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less unlikely, that a court would take the position that such gametes are 
not subject to FDA regulation. In that case, given the importance of 
making babies in a safe way, I suspect Congress would step in to give 
the FDA such jurisdiction.

I must briefl y describe one more FDA issue before moving on. The 
FDA has had a diffi  cult time fi guring out how to deal with living tissues. 
Blood was transplanted for decades before the Federal Food, Drug, and 
Cosmetics Act was passed. And when solid organs began to be trans-
planted regularly in the late 1960s, the FDA did not assume jurisdiction 
over them. But in the 1990s the FDA decided it did need to regulate 
some aspects of living tissue used medically and it ultimately, in 2007, 
adopted regulations to govern “human cell, tissue, and cell- and tissue-
based products” (HCT/P). Many of these HCT/Ps do not require pre-
marketing approval by the FDA, but are subject to regulation only to 
avoid passing infections from the donor to the recipient. Some HCT/Ps, 
including some gametes (donated eggs and sperm), do not need to be 
proven safe and eff ective before they can be used clinically, but that only 
applies to cells and tissues that are “not more than minimally manipu-
lated.” The exact contours of “not more than minimally manipulated” 
are not clear, but gametes derived from hESCs, iPSCs, or SCNT cells 
will certainly not qualify. In 2014 the FDA’s general approach to HCT/
Ps and the minimal manipulation exception was generally upheld by the 
federal appellate court most expert in the laws dealing with administra-
tive agencies (including the FDA), the Court of Appeals for the District 
of Columbia Circuit.26

So the FDA will, probably successfully, try to require stem cell–de-
rived gametes to be proven safe and eff ective before they can be used 
clinically. What does that mean?

It is useful to break the derivation process down into two steps. The 
fi rst would be the derivation of pluripotent cells. Cells from hESCs, 
iPSCs, or SCNT cells will clearly be subject to the FDA premarket 
approval requirements as long as they are intended to be used for an 
appropriate medical purpose. Those kinds of processes will have to 
be judged, and approved, by the FDA before any therapies with cells 
derived from pluripotent cells can be adopted. Gametes will not be 
the fi rst successful stem cell product; those fi rst steps will have already 
been approved in other products, some of which are in clinical trials 
today. FDA approval for medical use of such cells will almost certainly 
arrive long before Easy PGD.
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The second is the process of turning those stem cells into gametes. 
Here the FDA would require evidence for the safety and effi  cacy of that 
process, judged, presumably, by how well it leads to healthy babies. This 
will require fi rst work in laboratories and on nonhuman animals before 
moving eventually to human clinical trials. This FDA process will add 
greatly to the time and expense of developing this technology. Typical-
ly, FDA approval for drugs or drug-like biological products takes eight 
to twelve years and hundreds of millions of dollars. I suspect the FDA 
would be extremely careful (and slow) before approving a stem cell–
based method for making babies.

In Chapter 13 I argue that such caution would be appropriate and 
propose some steps the FDA should take to assess the safety of stem cell–
derived gametes for the children they produce. I think FDA approval 
should, as a matter of good policy, be required. It seems likely the FDA 
and the courts will take the position that it already is required, although 
that is a bit uncertain, at least where the gametes are not intended to 
treat infertility.

Non-FDA Regulation

The FDA will not pose the only barriers to Easy PGD under existing law, 
but it will pose almost the only serious barriers. The DNA sequencing 
part of Easy PGD will also be subject to some non-FDA regulation, as 
will, in a few states, at least one of the ways in which gametes could be 
derived.

The DNA sequencing will presumably be done by a clinical labora-
tory, perhaps one that is part of the fertility clinic or possibly (as is done 
now in PGD) a separate entity. As noted above, many of the devices that 
laboratory would use, notably the sequencers, are products subject to 
FDA regulation, but in addition the clinical laboratories themselves will 
be subject to other federal and state regulation.

CLIA—the Clinical Laboratory Improvements Amendments Act of 
1988—is the most important regulation of clinical labs. This federal 
statute, administered in diff erent parts by the FDA, the CDC, and the 
Centers for Medicare and Medicaid Services, sets quality standards that 
clinical laboratories have to meet. (Laboratories can usually either meet 
the CLIA standards directly or meet them indirectly through accredita-
tion by the College of American Pathologists or some states.) The quality 



 164 T H E  P AT H WAY

standards involve the training and compensation of the personnel, the 
quality controls in the laboratory, and a number of other steps aimed at 
ensuring a good “process.” CLIA does not regulate what the laboratory 
measures or its medical value, but just how, and how well, it measures it. 
Becoming, and staying, CLIA-certifi ed is somewhat expensive and time-
consuming, but not diffi  cult. Laboratories doing the DNA analysis for 
PGD should have no trouble becoming CLIA-certifi ed.

Clinical laboratories, though, can also be regulated by states. Most 
states do a fairly desultory job of that regulation. New York has taken 
a more aggressive position with respect to clinical laboratories and, un-
like CLIA, requires them to demonstrate that the tests they do actually 
measure something useful. It is possible that various state health depart-
ments could use their regulatory authority over clinical laboratories to 
limit genetic sequencing as part of PGD, though presumably they would 
need to make an argument that the safety and effi  cacy of those tests had 
not been proven.

Although no state’s laws raise concerns about the legality of deriv-
ing gametes from iPSCs, using gametes made through either hESCs or 
SCNT may be impossible in a few American states. A few states in ban-
ning reproductive cloning explicitly banned the use of SCNT to start a 
pregnancy, either by name or by requiring that the pregnancy start with 
an embryo from combining an egg and a sperm. (Interestingly, Illinois 
went further and banned any “transfer to a uterus or attempt to transfer 
to a uterus anything other than the product of fertilization of an egg of 
a human female by a sperm of a human male”—probably not foreseeing 
cross-sex gametes but with the eff ect of foreclosing their use.)

Other states reach the same result in diff erent ways. In Louisiana, 
for example, destroying embryos is illegal so making stem cell–derived 
gametes by making hESCs or SCNT cells in Louisiana would be illegal. 
(Of course, if the hESCs or SCNT cells are made outside Louisiana and 
then shipped into the state for gamete derivation—or the gametes are 
made outside the state and then shipped in—this law would seem not to 
apply.) Other states have banned research involving the destruction of 
embryos, either in the early 1980s as an early political move by the pro-
life movement or around 2000 as part of the political fi ght over hESCs. 
Neither would seem to aff ect production of gametes from stem cells for 
FDA-approved clinical use.

A newer pro-life approach, through “personhood” laws, might make 
it illegal to use hESCs or SCNT in Easy PGD. In 2011 Mississippi voted 
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on an initiative that would have defi ned an embryo as a living human 
person from the moment of fertilization and would have protected—or 
tried to protect—its right to life. The Mississippi initiative failed (in large 
part for fears about its eff ect on conventional IVF), and even if it had 
passed, to the extent its protection of embryonic life confl icted with the 
U.S. Supreme Court’s protection of a right to abortion, it would have 
been unenforceable. The Supreme Court, however, has not found a right 
to make gametes; the use of hESC (and probably SCNT) may well have 
been banned under that initiative. Groups in other states have tried to 
pass similar laws, so far without success.

In addition to embryo protections (and hESC prohibitions), the small, 
early burst of would-be human cloners led several American states, start-
ing with California, to pass laws banning human reproductive cloning. 
Some of them defi ned cloning broadly enough (usually intentionally) 
to include SCNT. In those states, using SCNT as part of the process to 
make gametes would be illegal.

So, in the United States, legal challenges do exist to Easy PGD, but, 
except in a few states in cases where hESCs or SCNT cells are used, the 
only serious one is FDA approval. This is not true in other countries; 
many have adopted more restrictive direct regulation of reproduction.

Sometime in the next twenty to forty years, Easy PGD will be ap-
proved by the FDA and, where specifi c laws do not make methods ille-
gal, in equivalent foreign bodies. Under existing law, in the United States 
and in many other countries, those regulatory agencies are required to 
examine safety and effi  cacy and only safety and effi  cacy—not moral or 
ethical concerns. But the law can always change, either expressly or as 
applied, which leads us to the next chapter, and politics. 
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11
P O L I T I C S

Current American laws may not prevent Easy PGD but laws can be 
changed. Will political forces prevent the rise of Easy PGD? That ques-
tion cannot be answered with confi dence, even in United States, the one 
country I know something about. Nevertheless, my unconfi dent guess is 
that Easy PGD will not be subject to signifi cant regulation in the United 
States or in very many of its individual states. For an explanation, we 
need to start with some discussion of the American politics of IVF.

The Politics of IVF

As discussed above, most developed countries have signifi cant substan-
tive regulation of IVF and other assisted reproductive technologies. They 
regulate some combination of the marital status, sexual orientation, and 
age of the people who can use it as well as the procurement and use of 
donated eggs and sperm, the number of eggs that can be fertilized, the 
number of zygotes that can be transferred, and some of the procedures 
that can be used. The United States has almost none of that.

On its face, this is a mystery. Pro-life groups should detest almost all 
forms of IVF. The Catholic Church certainly does; it classifi es IVF, along 
with almost all other interventions in reproduction, as sinful. In addition 
to the sin of letting artifi cial techniques interfere with “the unitive nature of 
reproductive sex within marriage,” IVF almost always produces embryos 
that are not transferred. These embryos are treated, for at least pruden-
tial purposes, as living, “ensouled” persons in Catholic doctrine, in part 
because of uncertainty and in part because of the certainty that, if not 
destroyed, they, and only they, would eventually receive their individual 
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souls even if they have not yet.1 To many conservative Protestants, they are 
“babies.” Unless every embryo is transferred (as the law used to require 
in Italy until overturned in court), some of these persons will never get the 
chance to live and will, in fact, usually be disposed of as medical waste.

The United States has a vociferous pro-life movement, but it has no 
laws banning IVF or even requiring the transfer of all IVF-created em-
bryos. The nearest approach is Louisiana’s statute prohibiting the inten-
tional destruction of human embryos, resulting in clinics with freezers 
full of embryos that will never be used but can never be destroyed.2

A few aspects of IVF that particularly trouble some feminists are 
lightly regulated. The paid “donation” of eggs may exploit women, par-
ticularly poor women, by off ering them substantial sums for undergoing 
an unpleasant and somewhat risky medical procedure, typically for the 
benefi t of women (and men) who are not poor. A handful of states, as 
part of laws generally encouraging human embryonic stem cell research, 
have prohibited the payment of women who donate eggs for research. 
California, for example, in the same initiative that authorized the spend-
ing of $3 billion on stem cell research, prohibited any research funded 
by that money from using eggs whose donors had been paid anything 
beyond reimbursement for their out-of-pocket expenses. Even paying 
for any wages they lost as a result of missing work for the donation 
process is impermissible.3

Yet no U.S. jurisdiction forbids the payment of women who are “do-
nating” eggs for reproductive purposes. The average payment to such 
a donor is between $5,000 and $10,000 per cycle. Nor does any U.S. 
jurisdiction forbid paying men for sperm donation, where the average 
payment is $50 to $200 per “donation.” Similarly, paying gestational 
surrogates to carry other people’s babies poses the same risks of exploi-
tation. Both liberals and conservatives worry about this. Yet only a few 
American states have banned paid surrogacy or surrogacy contracts and 
a few others have limited payments to surrogates to reimbursement for 
their expenses. Most have not taken any position.4

What is the answer to this mystery? I think it has several reinforc-
ing answers. One is the recognition in the United States of the strength 
of people’s desires to have “children of their own.” Even, or perhaps 
especially, the generally more conservative people who make up the pro-
life movement are acutely aware of the “blessings” of children. While 
the offi  cial Catholic position sees IVF as impermissible, the powerful 



 168 T H E  P AT H WAY

fundamentalist Protestant part of the pro-life coalition makes no such 
argument. Pro-life advocates tend to idealize the innocence and desir-
ability of a child. That general posture makes it diffi  cult for many to con-
demn people—especially married, heterosexual, middle class people—
who desperately want a child.

A second is an American unwillingness to take no for an answer, es-
pecially from medicine. The same resistance to fatalism that impels fami-
lies to push for additional medical treatments to and beyond the point of 
futility fuels an expectation that medicine should, both scientifi cally and 
legally, be able to help people have their own children.

The relatively libertarian nature of U.S. society also plays a role. Al-
though many things are banned in the United States, the arguments for 
bans may have to be better, or at least more time honored, than in other 
countries. There are, of course, exceptions, yet, in general, aided and 
abetted by a popular belief in the existence of constitutional rights (a 
belief widely shared by people who disagree vehemently on what those 
rights might be), Americans seem less likely than many peoples to accept 
government bans.

It is also the case that, at least at the federal level, the structure of 
American government, and particularly of the Congress, makes passing 
any regulation over the opposition of a well-organized group diffi  cult. 
State legislation is often not quite as subject to legislative gridlock.

This opposition to government limitations on private choices may be 
particularly strong when it comes to the family. Restrictions on how par-
ents can raise their children exist, but they are exceptional. Parents can 
give their children any names they wish, a right Americans are amazed 
to fi nd is not universal. Although American parents must educate their 
children, they are free to educate them in private schools or at home. Pa-
rental rights even extend against the members of the extended family; in 
1980 the U.S. Supreme Court held unconstitutional a Washington State 
law that gave grandparents visitation rights against the parents’ wishes.5

But one other factor needs to be added. In the United States fertility 
services make up a large, profi table industry. It advertises, it lobbies, and 
it can call on the good will of hundreds of thousands of Americans who 
are grateful to IVF clinics for giving them “children of their own” (as 
well as, increasingly, those adult IVF children themselves).

The relative immunity of assisted reproduction to regulation in the 
United States is a function of all of these factors. Their relative strength 
can be debated. The result cannot. In spite of the self-serving protests of 
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the ASRM, assisted reproduction is almost totally unregulated—at least 
by governments—in the United States. Even the FDA’s regulation of the 
safety and effi  cacy of assisted reproduction has been late, limited, and 
half-hearted.

The Likely American Politics of Easy PGD

Will that limited regulation continue in the face of Easy PGD? Although 
predicting politics even a year in advance is hazardous and predicting 
it twenty to forty years in advance is certifi ably insane, nonetheless, I 
think it will, at least through the fi rst, crucial stages of the technology. 
And that is because the critical technical steps that will make Easy PGD 
possible will be perfected and widely adopted without being about Easy 
PGD at all.

Infertility as the Entering Wedge

At least when it comes to human health (as contrasted with, say, ge-
netically modifi ed food), genomics technologies face almost no political 
opposition. Quite the contrary; they have strong political support be-
cause of the hopes invested in them for preventing, treating, and curing 
disease. Even hESC research, a fl ash point for opposition to bioscience 
research, has been pulled along enough by medical hopes that it has not 
been banned at the federal level or in most states. Diff erentiating eggs 
and sperm from stem cells could provide a moment for political action, 
but it will not, because it, too, will be viewed as a politically admirable 
health measure.

Stem cell–derived gametes will fi rst be approved and introduced to 
help people who are infertile because they lack functional gametes—a 
group that will likely include many older potential mothers whose own 
eggs are no longer eff ective for making babies. Eff orts to prevent help for 
people who “just want to have children of their own” will not gain polit-
ical support. Consider the following advertisement. Start with an attrac-
tive and articulate married (heterosexual and most likely white) couple, 
in their late twenties or early thirties. They explain that cannot have chil-
dren of their own because one of them had a youthful cancer. They talk 
of their grief at not being able to have children and how this application 
of stem cell technology could reverse the way that this lingering eff ect of 
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cancer has blighted their lives. In the American context, at least, that’s a 
compelling story—and one that the ASRM, or others, would be happy 
to put on television, either in an eff ort to infl uence legislators or as part 
of an initiative campaign. It is hard to believe that any American state 
would forbid this technology, at least for these people.

One might imagine that politics might draw the line at married, het-
erosexual couples, but that also seems implausible in the American con-
text. Over a third of babies born in the United States are now born 
to women who are not married, including an increasing percentage of 
births to well-educated, economically successful women. And any ef-
forts to limit the use of this baby-making technology to heterosexuals (if 
cross-sex gametes proved possible and safe) would face, in many states, 
well-organized and well-funded opposition from same-sex organiza-
tions, as well as triggering the same kinds of litigation that have con-
fronted bans on gay marriage. And, particularly after the recent Oberge-
fell decision fi nding a federal constitutional right to same-sex marriage, 
it would raise very substantial constitutional questions.6 Even people 
who do not like homosexuality may fi nd it hard to turn a deaf ear to the 
pleas of people, particularly, now legally married people, for “children 
of their own.” The use of cross-sex gametes will, and should, face hard 
regulatory questions about safety and effi  cacy, but I doubt that it will 
face eff ective political opposition.

Health-Related Expansions beyond Infertility

Once the procedure has been approved for use in infertility, what will 
stop it from being used to make eggs for IVF even for parents who actu-
ally make their own eggs? Here the issue is not the child’s health but the 
mother’s. Stem cell–derived eggs will off er safer (and cheaper) IVF. It is, 
again, hard to see political support for legislation that, while allowing 
the use of such eggs (or sperm) for people without their own gametes (or 
without gametes of the “right” kind), would forbid it to the vast major-
ity of the adult population—and electorate.

Similarly, the use of Easy PGD to avoid the birth of children (or the 
abortion of fetuses) with serious diseases is unlikely to be (very) politi-
cally contentious. Prenatal genetic testing has been legal and practiced 
in the United States for over forty years. PGD has been in clinical use for 
over twenty-fi ve years. A few conservative states, in recent years, carry-
ing out the current incremental strategy of the pro-life movement, have 
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banned abortion for sex or race, and in one case, North Dakota, for 
disabilities.7 It is unclear whether those bans are constitutional, but it is 
interesting that, as noted in Chapter 10, they have banned the abortions, 
not the tests necessary to provide information on which to base the abor-
tions. And, of course, for most people, not transferring an embryo is less 
morally worrisome than aborting a fetus so PGD is less worrisome than 
fetal testing. Easy PGD to avoid health problems (or, at least, nontrivial 
health problems) should not face much political opposition.

Nonhealth Reasons

Once we move beyond health, at least four uses of Easy PGD might 
generate enough political opposition to lead to bans or substantive reg-
ulation: nondisease traits, sex selection, selecting for a disability, and 
uniparents.

The nonhealth uses of Easy PGD, such as for cosmetic traits or (non-
disease) behavioral characteristics, might be a palatable target. Certainly 
some prospective parents will want to use Easy PGD for reasons other 
than avoiding diseases; at the same time, many in the population may 
want to ban anyone from using it for such purposes. But the argument 
for such regulation is simultaneously an argument against it. These traits 
may not be important enough to justify intervention by Easy PGD, but, 
on the other hand, is a parental choice to have a brown-eyed or tall child 
important enough to justify legal intervention?

And note that thanks to whole genome sequencing, Easy PGD will 
yield all the genetic information about prospective parents’ embryos. If 
they are given that information, who can say whether parents are mak-
ing a decision based on medical risks, on nondisease traits, or (most like-
ly) on some combination of the two? As every embryo will have some 
genetic health risks, any regulatory scheme that wanted actually to stop 
selection based on nonhealth characteristics (as opposed to making a 
merely symbolic statement against such selection) would have to forbid 
parents from getting genomic information relevant to nonhealth traits.

It is hard to see a legislature allowing prospective parents to be shown 
some parts of their embryos’ genomes but not others, particularly when 
the actual consequences of diff erent genetic variations remain at all com-
plicated and uncertain. We have already seen, in the direct-to-consumer 
genetic testing debates swirling around 23andMe, resistance to the 
idea that the government can control personal access to one’s genome.8 
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Telling prospective parents that they cannot have access to information 
about their embryos’ genetic variations that their doctors know, for fear 
the parents will make morally bad choices, seems a political loser (as 
well as suspect as a matter of constitutional law, as will be discussed in 
Chapter 16).

It does seem possible that some jurisdictions could forbid, or regulate, 
one set of nondisease traits: sex. As noted above, a few U.S. states have 
already banned sex-selective abortions and a few have banned selective 
abortion based on the fetus’s race.9 These statutes seem to be more of 
a ploy in the ongoing abortion wars—picking an issue where public, 
and judicial, sentiment against aborting a healthy fetus might be at its 
peak—rather than a genuine expression of concern about sex-selection 
abortion. There are, however, good reasons to be concerned about the 
long-term social consequences of unbalanced sex ratios, reasons that 
might be seen as rationally justifying restrictive legislation.10 One could 
see a coalition of the bioconservatives and feminists, worried about se-
lection against female embryos, pushing for restrictions on sex selection.

Sex selection, though, does have some support, at least when used for 
“family balancing.” A 1999 ASRM committee had discouraged PGD 
solely for gender selection, but then in 2001 the committee opined that 
it was permissible for “family balancing.” The ASRM’s most recent po-
sition on sex selection, adopted in spring 2015, takes no position on 
nonmedical sex selection, other than that it is controversial and clinics 
should develop their own thoughtful positions.11 And although we like 
to think of sex selection and, specifi cally, a strong preference for sons as 
alien and exotic cultural habits, found mainly in Asia, some people even 
in the United States would like to choose the sex of their children.12 My 
own guess is that even strict regulation of sex selection through PGD is 
unlikely to be adopted in the United States, certainly at the federal level 
and probably not in most states. And, of course, if a few states do ban 
it, their ability to enforce it when their residents can get the same service 
right across a state line would be very limited.

A third potentially attractive target for regulation of Easy PGD is to 
forbid people from choosing embryos with particular genetic diseases or 
disabilities. Those parental choices may seem bizarre and unlikely, but 
at least in some contexts, they are plausible.

Some deaf parents want deaf children. Some have already used lower-
tech assisted reproductive technologies, such as artifi cial insemination 
using sperm from a man with a hereditary form of deafness, to increase 
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their chances of having a “child of their own”—or, more specifi cally, a 
“child like themselves.”13

Others who might be interested in this kind of selection are “little 
people,” those with dwarfi sm or other forms of very short stature. Cou-
ples where each partner has the most common form of dwarfi sm, achon-
droplasia (the condition of most of the actors who played the Munch-
kins in the movie The Wizard of Oz), already often use prenatal genetic 
testing. They have a one-quarter chance of conceiving an embryo that 
will inevitably die, either before birth or just after it. When couples with 
achondroplasia use fetal testing or, even more so, PGD, they have the 
possibility not just of avoiding futile pregnancies but of choosing babies 
who will have achondroplasia—who will be “like them.”14

Achondroplasia is a fairly benign genetic condition. Although it is 
associated with a few health conditions, people with achondroplasia 
have normal intelligence and close to normal lifespans. Should people 
with achondroplasia be allowed to have “children like them”? Serious 
deafness is actually a surprisingly powerful disability; people born with 
profound hearing impairments have education and economic levels far 
below average. But their life expectancy is close to normal and they are 
otherwise healthy. We would not allow deaf parents to deafen any nor-
mal children they have, but should we forbid them from selecting deaf 
embryos?

Would the desire of people with these disabilities to have children 
“like them” be any worse than the desire of most of us to have “children 
of our own”? Would it be any diff erent? And, of course, does that mean 
we should allow people with a particular disability to select children 
with that disability but forbid it to people without that disability? What 
about people with a beloved relative, a sister or brother, a mother or 
father, with that disability?

It would be tempting (it would tempt me) to forbid parents from se-
lecting embryos in order to have children with a nasty, inevitably fatal 
genetic disease, like Tay-Sachs. But, as discussed below in Chapter 16, 
this would lead to some very diffi  cult problems in implementation, in-
cluding how to have the government say that lives with some diseases 
are worth living, but others are not?

The fourth argument for banning the use of stem cell–derived gametes 
is politically the strongest—its use by “uniparents.” The idea of a person 
who is both the mother and father of a child will strike many people as 
profoundly wrong; for one thing, many people will view it as incest or 
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confuse it, inaccurately, with reproductive cloning, a thus far science fi c-
tion procedure with an enormously negative public image. For another, 
unlike the other uses of stem cell–derived gametes, it is hard to come up 
with any compelling story about why someone needs to be a uniparent. 
It is more likely to appear an unattractively egocentric, even egomania-
cal, step. Whether any legislature would fi nd such a ban politically ap-
pealing is not clear, although it could easily be a sop to those who want 
some kind of action taken against “all this” new reproductive technol-
ogy. (Whether such a distinction, singling out one and only one kind of 
use of this technology, would be constitutional in the United States is 
another interesting question, discussed in Chapter 18.)

The Politics of Public Financing

One last political issue must be mentioned. Even when it is politically 
or legally too hard to ban something, it may be possible to ban the use 
of public funds for it. Abortion is legal (at least in theory) throughout 
the United States but no federal funds can be used to pay for abortions, 
even when the woman involved has federally funded health care. In fact, 
physicians receiving federal Medicaid funds to treat a pregnant woman 
are not even allowed to discuss the option of abortion.15

Fertility treatments are not currently covered by Medicaid, the huge 
federal-state program for the poor, or by Medicare (probably because 
the vast majority of Medicare recipients are over sixty-fi ve). That is true 
even before adding the likely political opposition to Easy PGD, either 
for creating and destroying so many embryos or for its uses for genetic 
selection. It is certainly plausible that some states (or perhaps the federal 
government) would ban the use of governmental funds to support these 
procedures.

It will be interesting to watch how those political fi ghts turn out. On 
the one hand, conservative legislatures may not want to encourage Easy 
PGD, but they will also want to keep their Medicaid costs down, which 
Easy PGD could help do. Some of them may also be uncomfortable, for 
some of the same reasons that drove eugenics, with the fact that only 
the poor will be “breeding recklessly.” At the same time, others will be 
arguing that it is peculiarly unfair, and perhaps unconstitutional, eff ec-
tively to deny such an important family-creating tool only to the poor. 
Of course, in most countries with a unifi ed national health coverage 
requirement, this would not be an issue. Whether Medicaid will exist 
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in the United States in twenty to forty years—or what its health care 
fi nancing system will look like at all—is unknowable.

Summing Up the Likely American Politics of Easy PGD

Two anonymous reviewers of a draft of this book said that the political 
fate of Easy PGD would depend on whether people viewed it as more 
like IVF or more like reproductive cloning. I think they were right. Sev-
eral states (and many countries) quickly banned human reproductive 
cloning after Dolly.16 But that procedure seemed deeply unnatural in 
ways that had no precedent. Easy PGD is just another application of 
two longstanding (and entirely legal) medical procedures, IVF and PGD.

Reproductive cloning also had few, if any, sympathetic possible uses. 
Two might be asserted. One is parental grief at the loss of a child and 
the desire to have another child as similar as possible. The other (in a 
world without the possibility of generating new gametes) is infertility—a 
cloned baby might be the only kind of genetically related baby a person 
without gametes could have. Easy PGD fi ghts not just infertility (and in 
a closer to “natural” way than cloning) but also fi ghts disease.

Reproductive cloning was still distant and speculative (and remained 
so for at least fi fteen years). Easy PGD is much less speculative and its 
near relative, “hard” PGD, already exists. It may also be signifi cant that 
cloning has much scarier fi ction (The Boys from Brazil, Never Let Me 
Go, The Island, the two Star Wars fi lms set during the Clone Wars, and, 
in part, Brave New World) than Easy PGD (Gattaca and again, in part, 
Brave New World).17

The same reviewers also noted the growing political strength of fun-
damentalist Christians in the United States (or, at least, some parts of it). 
I am not convinced the political strength of that movement is increasing 
today. More importantly, I suspect, in part from past cycles of political 
involvement interspaced with long periods of relative political quietism, 
that any increase today is not likely to be sustained over the next several 
decades. But, of course, if such a major shift in the American political 
landscape occurs, it could certainly have negative consequences for Easy 
PGD, at least beyond its uses in fertility and possibly in avoiding serious 
health conditions.

All things considered, I expect that there will be little likelihood of 
banning or heavily regulating Easy PGD in the United States. Two more 
general factors make this true. First, inertia is the most important force 
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in human aff airs; it is almost always easier to do nothing than to do 
something and that is particularly true in the federal government with 
its checks and balances. And second, Easy PGD will have substantial 
political support, some of it with money and infl uence. The IVF industry 
will surely support it. So will the millions of Americans—whatever their 
sexual orientations—who need it for fertility. So will many prospective 
parents who just like the idea of having healthier children, or children 
with traits they want. So might even people who think the government 
should, by and large, keep out of parental choices. (The transhumanist 
movement would also support Easy PGD, as at least a small step, though 
its political importance seems to me unlikely to be great.)

I do think that the four particular uses noted above (under “Non-
health Reasons”) might be subject to some regulation, either in a few 
states (sex selection or trait selection) or by many states and the fed-
eral government (uniparenthood). It is also possible that a few states 
will limit public funding of Easy PGD for patients. But, subject to all 
the caveats about the uncertainty of political predictions, most uses of 
Easy PGD by most people seem likely to be permitted in a future United 
States—if and when the procedure is shown to be safe.

Outside the United States

However limited my expertise in American politics, I have enormously 
less for any other country. And lifespans being what they are, no realistic 
prospect of obtaining much more. All I can say is that just as diff erent 
states may take somewhat diff erent positions on Easy PGD, other coun-
tries will also take diff erent positions, only more so. But I think I can 
off er a few generalizations.

Countries with a politically powerful religion or religions opposed to 
Easy PGD are less likely to allow it. The Catholic Church is the example 
that comes fi rst to mind, though some fundamentalist Protestant groups 
may be at least as strongly opposed (if less likely to be politically domi-
nant at a national level). Even there, it is easy to overestimate or mistake 
the eff ects of religion. Some very Catholic countries, like Malta and El 
Salvador, ban all abortion; others, like France, Spain, and Uruguay do 
not.18 And within the Muslim world, some (mainly Sunni) countries lim-
it assisted reproduction, particularly using donor gametes; other (mainly 
Shia) countries, including Iran, allow it more broadly.19 And religion in 
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Israel, at least Orthodox Judaism, strongly supports assisted reproduc-
tion.20 Finally, both religious membership and the political power of 
religion within a country can change substantially over a few decades.

Some countries have histories or cultures that make them particularly 
skittish about human biotechnologies. Germany, with its Nazi legacy, 
is the prime example.21 More broadly, much of Western Europe is a lot 
more concerned about genetic interventions, particularly in food, than 
the United States. The human side of this can already been seen in the 
greater restraints on IVF and other forms of assisted reproduction in 
those countries than in the United States.

On the other hand, some countries have histories and cultures that 
are likely to make them even more accepting of Easy PGD than the Unit-
ed States. In most East Asian countries, embryos and fetuses are much 
less important than in many countries with Christian backgrounds. Sex 
selection, through prenatal testing and abortion, has been quite common 
in some of these countries even though illegal, notably in China.22 It is 
easy to imagine East Asian countries adopting Easy PGD enthusiasti-
cally—perhaps disconcertingly so.

As Tip O’Neill, the former Speaker of the U.S. House of Representa-
tives, famously liked to say, “All politics is local.”23 Ultimately, I sus-
pect the world will be a patchwork in terms of its regulation of, and 
use of, Easy PGD. It will be widely permitted, or even encouraged, in 
some, banned in a few, and limited in its uses in some in between. And 
many countries, with more immediate life and death concerns, may not 
regulate it at all. But I will be quite surprised if, within forty years, it is 
not available to many—probably most—prospective parents around the 
world who have access to good health care.
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S O M E  O T H E R  P O S S I B L E  U S E S  O F  N E W 

T E C H N O L O G I E S  I N  R E P R O D U C T I O N

This part has, so far, laid out a case that Easy PGD is likely to be pos-
sible, accepted, and common sometime in the next few decades. But 
the revolutions the biosciences may bring to human reproduction will 
not necessarily stop with Easy PGD. Four other possible technological 
advances lying farther down the path deserve mention. Each could pro-
foundly aff ect human reproduction and at least the fi rst three seem plau-
sible within something close to our twenty- to forty-year time window: 
human reproductive cloning, genome-edited embryos, synthetic chro-
mosomes, and artifi cial wombs.

Human Reproductive Cloning

Remember the uniparents and the “unibabies” from Chapter 8? They 
would not be clones, but it now seems plausible that someone who 
wanted a clone, of himself (somehow, with no real evidence, it seems 
to me men are more likely to want a clone than women) or of someone 
else, might be able to do it sometime in the next twenty to forty years. 
I would not have said so fi ve years ago. The lack of progress in mak-
ing cloned human embryos had been quite impressive and the progress 
made in nonhuman primate cloning was no better. But the eventual suc-
cess in 2013 of using SCNT to make cloned human blastocysts makes 
me think baby clones may well be possible.

 “May well be possible” is not a ringing endorsement, but then, so 
far, no one has made any primates, human or other, through SCNT. Cell 
lines have now been created from cloned blastocysts, but cell lines are not 
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babies. Still, blastocysts are a large and essential step toward babies. Those 
human cloned blastocysts are a fi rst step toward reproductive cloning.

Good reasons exist to worry that “possible” will not be the same 
as safe. The safety of using SCNT to clone individuals in other species 
is quite mixed. About twenty species of mammals have been cloned.1 
For some, like mice, it has become fairly routine. For larger mammals, 
the incidence of miscarriages, still births, and deformed off spring re-
mains higher than in “normal” reproduction.2 We might be willing to 
put up with unusually high numbers of dead or disabled livestock, but 
we care much more about human babies. It is unclear whether human 
reproductive cloning would ever become safe enough for the result-
ing babies (which should probably be about as safe as other assisted 
reproduction methods in common use) for it to be permitted. And it 
is unclear just how one should go about proving the safety of human 
clones—it will be a brave or foolish (or both) person who, however 
good the results in, say, nonhuman primates, fi rst tries to make a hu-
man baby through cloning.

In the longer run, though, it would be interesting to see just how 
popular human reproductive cloning would be even if it were “safe 
enough.” A clone would not be the same person as its “progenitor,” 
any more than identical twins are the same people.3 And, in spite of 
almost identical DNA, these clones would not be as similar as identi-
cal twins. They would not have developed inside the same uterus at the 
same time, exposed to the same conditions. They would not be raised in 
the same world, with the same physical and cultural environment. How 
many people would want to make a baby that was nearly the same as 
an identical twin of someone else, but not quite? My guess is that even 
if safe and approved (and human reproductive cloning has been banned 
in many countries and states), it would be a minority taste and probably 
quite a small minority. (At least, for some reason, I hope so.) But that, 
necessarily, is only a guess.

Genome Editing and “Designer Babies”

So far, I have assumed that parents will want to make their children 
using eggs and sperm with the prospective parents’ genetic variations—
that they will want “a child of their own” or, for a clone, a “child of a 
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particular someone.” But that may not be the case. Consider a parent 
who, by very bad luck, has two alleles associated with an autosomal 
dominant disease or disease risk—say, two copies of the Huntington 
disease allele or two copies of a dangerously mutated BRCA1 gene. Any 
egg or sperm from that parent will necessarily pass the disease-associated 
allele on to any child. Similarly, if both parents have two copies of the 
same allele for any gene, the child will necessarily get two copies of that 
allele. If the allele is the one for cystic fi brosis, the two parents, each with 
cystic fi brosis, will necessarily have a child with cystic fi brosis.

Perhaps parental devotion to having “a child of their own” will not 
extend that far. That seems plausible where diseases are concerned, 
though the disease examples I have given are likely to be rare. It might 
also be the case, though, for other traits, such as cosmetic traits or be-
havioral traits, where the parents would like children who would re-
ceive a “better” genetic inheritance than the parents’ own gametes can 
provide. What then? New technologies seem likely to make it possible 
for parents to edit their prospective children’s genomes to change alleles 
they do not want into alleles they do. None is more exciting, and more 
concerning, than CRISPR/Cas9.

In earlier drafts of this book, I did not pay as much attention to 
genome editing. It was plausible, but expensive, unreliable, and time-
consuming. That has changed in the last few years thanks to the de-
velopment of a technique called CRISPR (which stands for “Clustered 
Regularly Interspaced Short Palindromic Repeats”)/Cas9 (the name of 
a particular protein).4 The invention of this technique is usually traced 
to 2012 and Jennifer Doudna at UC Berkeley and Emmanuelle Char-
pentier, then working in Europe—but there is controversy over the 
“true” inventors, as well as a patent fi ght specifi cally over CRISPR/
Cas9.5 It has been widely and enthusiastically adopted by laboratories 
around the world.

CRISPR/Cas9 seems to be the Model T of genome engineering. Like 
cars before the Model T, other genome editing methods existed earlier, 
but they were expensive, diffi  cult, and, as a result, not commonly used. 
With CRISPR/Cas9, cheap, easy, and fast genome editing is now avail-
able, like the Model T was, to everyman—or at least everyone with mo-
lecular biology training and a few thousand dollars. And, like the Model 
T, CRISPR/Cas9 will almost certainly be overtaken by some improve-
ments (CRISPR/Cas10? 20?)—but it will have been the advance that 
changed the world.
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The broad potential of CRISPR/Cas9 has drawn concern, not least 
from co-inventor Jennifer Doudna. Although the technique has many 
potential uses, such as improving the potential for gene therapy to treat 
diseases of children and adults or greatly easing the creation of all kinds 
of genetically modifi ed nonhuman organisms, attention has focused in-
stead largely on the possible use of CRISPR/Cas9 to make inheritable 
modifi cations in the genomes of people—so-called “germline modifi ca-
tions.” These are changes taken up by all the person’s cells, including her 
eggs or his sperm, and so passed on to future generations.

In January 2015 Doudna was instrumental in convening a workshop 
to discuss the ethical and social implications of CRISPR/Cas9, with an 
emphasis on human germline genome editing. The workshop resulted 
in an article published in Science that spring calling for a moratorium 
on using this or similar methods to edit the human germline genome, 
along with extensive public discussion and further research.6 (I was one 
of the participants in the January meeting and one of the eighteen co-
authors on the Science piece.) The upshot of that article, bolstered by 
concerns expressed by other parties, was a commitment by the United 
States National Academies both to hold a “summit” on the implica-
tions of CRISPR/Cas9 and to convene a special committee to study and 
report on the issues it raises.7 The Summit, which was cosponsored by 
the United States National Academy of Sciences and National Academy 
of Medicine, the British Royal Society, and the Chinese Academy of Sci-
ences, was held in early December 2015; the study committee has just 
begun its work and is expected to report sometime in 2016.8

Although many will no doubt misunderstand this point, Easy PGD is 
not about “designer” babies, but about “selected babies.” CRISPR/Cas9 
and similar genome editing methods off er “designer babies.” Prospective 
parents could choose which DNA variations their children would have, 
whether or not the parents carry those alleles. As noted above, there 
are only a few times where this would be necessary to avoid a genetic 
disease or trait, but parents might want to use genomic engineering to 
add “enhancing” variations to their children that they themselves do not 
possess. Right now, few such enhancing variations are known, but that 
is likely to change in the next twenty to forty years.9

How likely are CRISPR-edited babies? That remains unknown. First, 
it is not clear exactly when and how the genomes would be edited. Each 
cell needs to be modifi ed to take out the old and add the new DNA. If 
some cells were edited successfully and some were not, the result would, 
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unfortunately, be a mosaic, whose actual phenotype would be some mix 
of the results of the two genetic components.

One might try to edit the zygote, where only one cell has to be modifi ed, 
though both the sperm’s and the egg’s pronuclei would have to be modi-
fi ed. Two-, four-, or eight-cell embryos could also be tried, but the more 
cells, the greater possibility of incomplete editing and mosaicism. The 
embryos would have to be tested for such mosaicism and, presumably, 
the mosaics discarded. This method could use a lot of embryos, which 
would be a logistical problem (unless stem cell–derived gametes become 
possible). But the unsuccessful editing of otherwise healthy embryos and 
the destruction of those improperly edited would also be a moral prob-
lem for many people, and not just those at the pro-life extreme.

Probably the better course would be to edit the germ cells used to 
make the embryos. Those eggs and sperm, or, more likely, the cells that 
produce them, could be grown and edited in vitro. The cell lines could 
be tested to see that they had been edited correctly before using them to 
make embryos. Making cell lines from human germ cells is not yet pos-
sible, but it is essential to the gamete derivation part of Easy PGD and I 
assume it will be possible in the near future.

Of course, it is not clear whether genome editing will ever be made to 
work safely and eff ectively enough for making babies, where the stakes 
are very high. The possible use of CRISPR/Cas9 to treat an adult volun-
teer for a serious illness is quite diff erent from its use to create an uncon-
senting baby who might have a long and painful life.

Thus far, one known eff ort has been made to use CRISPR/Cas9 on 
human embryos. In March 2015 a Chinese team published the results 
of their editing of nonviable human embryos, embryos that had been 
double fertilized and thus had three copies of every chromosome.10 The 
group found that CRISPR/Cas9 did work but not very eff ectively—lots 
of mosaicism—or very accurately—lots of potentially dangerous unin-
tended editing of other (“off  target”) DNA sequences. And beyond these 
questions of the short-term eff ectiveness of the genome editing lie con-
cerns about the longer-term eff ects of the process on embryonic and fetal 
development.

Before any such editing could be tried for making human babies with-
out being criminally reckless, extensive safety work would be necessary, 
perhaps including even trials on other great apes (probably chimps). And 
if, instead of using alleles already present in other humans, the process 
were used to edit DNA to give humans genomic variations found only 
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in other organisms or not found in nature at all, the safety testing would 
have be much more stringent.

Will parents want to use genome editing? Should we allow genome 
editing, either in a world with Easy PGD as an alternative or in one with-
out that option? And consider that without Easy PGD as an option, or 
at least its egg creation ability, genome editing (if done to embryos and 
not to gametes) may well fail because of a need for too many harvested 
eggs to make the embryos. Much will depend on its safety, but not ev-
erything. What kinds of enhancing gene sequences will be found and, 
more importantly, just how signifi cant will they be? A 1 percent edge 
in, say, math ability is not very exciting, but a 50 percent improvement 
might be. Also, how expensive will the process be? And in addition, how 
many parents will want, for all but the most serious medical reasons, a 
child that is “theirs” and not one that has genes added for nonmedical 
purposes by genomic editing?

The safety issues of Easy PGD revolve around the safety of deriving 
gametes from iPSCs; we already accept PGD as safe enough. Germline 
genome engineering would have those safety issues if, as seems almost 
inevitable, it uses derived gametes. It would also have the safety issues 
of the editing intervention and, for “enhancing genes,” the safety and ef-
fi cacy issues of their use. As a result, I would expect safe Easy PGD to be 
available sooner than safe germline genome editing, as well as more ac-
ceptable to prospective parents, and so probably to be used much more, 
at least in the next few decades. But things come and go very quickly in 
bioscience—after all, two years ago, in writing an earlier draft of this 
chapter, I did not know CRISPR/Cas9 existed. So when I try to look 
more than a few decades ahead, my crystal ball remains foggy.

I need to make one last point on genome editing. We have been trying 
for thirty-fi ve years to do a kind of genome editing, one where, rather 
than replacing a particular sequence, we just want to add a particular se-
quence. This has been called gene therapy. It was fi rst tried in humans in 
1981, but it is just beginning to prove successful as a therapy. In fact, its 
fascinating history is, so far, largely a tale of woe, of unexpected failures, 
few successes, and, in some cases, failures in the midst of success.11 That 
may be changing; in 2012 the European Medicines Agency approved the 
fi rst human gene therapy for use in the European Union.12

Gene therapy could be used to add alleles to an embryo for a particu-
lar trait that its genetic parents did not have and thus confer those traits. 
This would only work where the trait can be changed by adding a new 
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dominant allele without subtracting an existing one and it would have 
its own safety risks. And, with the very likely rise of CRISPR/Cas9 for 
editing genomes, it is hard to see much of a future for this pure “allele 
addition” in modifying embryos (or the gametes that create them).

Similarly, another technique, called “gene silencing,” which may 
eventually prove useful for “turning off ” dangerous or otherwise un-
wanted alleles, also seems less attractive in light of CRISPR/Cas9.13 Why 
not just edit the unwelcome alleles instead of silencing them for an un-
known period of time? Gene silencing may well be useful in treating 
some conditions in people who have been born; it seems unlikely to be a 
valuable technology in making babies.

Wholesale Chromosome Construction

We have been talking, so far, about small-scale genome editing, modi-
fying a few alleles at a time. But some researchers have much greater 
ambitions. The synthetic biologists want to be able to construct, from 
scratch, whole genomes, base pair by base pair. And, in fact, they have 
already done so.

In May 2010, a team led by Craig Venter, the driving force behind 
the private sector’s version of the Human Genome Project, announced 
that it had created the genome of a living organism from scratch.14 Using 
small pieces of DNA it built a variant version of the genome of a bacte-
rial species, Mycoplasma mycoides, and transferred that genome into 
the cell of a related bacterium, Mycoplasma capricolum, whose own 
DNA had been removed. And the new construct was alive.

The Venter team constructed the M. mycoides genome by ordering 
from a DNA synthesizing company 1,078 pieces of DNA, each 1,080 
base pairs long. The ends of each of these pieces of DNA overlapped 
by eighty base pairs the piece of DNA that was next in the M. mycoides 
genome. The 1,078 pieces of DNA, which they called “cassettes,” added 
up, absent the overlaps, to the entire 1.08 million base pair genome of 
M. mycoides.

In spite of occasional press claims to the contrary, the Venter group 
did not “create life” in a test tube. The M. capricolum bacteria into 
which they transferred the synthetic M. mycoides genome had been 
alive. And the M. mycoides genome, by itself, would not be alive. It 
required the membrane, the cytoplasm, all the proteins, and the various 
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other bells and whistles that the M. capricolum host provided. All the 
Venter group really did was transform one species into another, a trick, 
as we saw in Chapter 1, Oswald Avery and his associates had managed 
in the early 1940s in their proof that DNA and not protein was the stuff  
of inheritance.

What the Venter group did that was new and diff erent was to con-
struct the whole genome of one species, which, when put into the shell 
of the other species, transformed it utterly. The result was a paper in 
Science, a lot of publicity, and an order from President Obama to his 
then-new bioethics commission to report to him on synthetic biology.

The Venter accomplishment, or stunt, or both, is just the most famous 
achievement of the synthetic biology movement, which can be described 
as an eff ort to turn biology into engineering, using standardized biologi-
cal parts to recreate existing biological organisms and tissues or to create 
brand new ones. Why is this relevant to the end of sex? Because it may 
be possible to synthesize the whole genomes of gametes, rather than to 
use prospective parents’ genomes as a starting point to make those gam-
etes. This would allow the prospective parents to select exactly which 
alleles they wish their children to have at every point of the genome.

It is a long way from the Venter publication to a whole human genome. 
The whole genome for M. mycoides is only 1,080,000 base pairs long and, 
like most bacterial genomes, it is contained entirely on one circular chro-
mosome. The human genome is more than 6,000 times larger than that of 
M. mycoides and is contained on 46 complicated chromosomes. The very 
smallest of the human chromosomes, chromosome 21, has 47,000,000 
million base pairs, nearly fi fty times as many as the genome Venter synthe-
sized. Humans have about 23,000 genes; some of those individual genes 
are longer than the entire genome of M. mycoides.

On the other hand, twenty to forty years might be a long enough time 
to go this great distance. I would not bet against the possibility that we 
could synthesize a complete human genome in the next twenty to forty 
years, but I do think there are reasons to doubt how important synthetic 
genomes or chromosomes will be in human reproduction. Most of those 
revolve not around the DNA itself, but its packaging.

In what form would synthesized DNA be packaged to be introduced 
into a gamete or a zygote? One simple approach would be to make 
the DNA into one or more circles, like a bacterial genome. One mil-
lion base pairs, roughly the size of the bacterial genome constructed 
by Venter, could easily contain fi ve to fi fteen human genes of average 
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length; if we learned enough to “edit” those genes and only include the 
important parts of them—say, all exons and regulatory regions, but no 
introns—that number could go to more than a hundred. If, instead, we 
built a circular chromosome as large as the largest bacteria genomes, it 
might hold up to a thousand intron-less human alleles. It would take 
about twenty-three such circles to hold one haploid human genome and 
forty-six—by coincidence, the same number as our normal complement 
of chromosomes—to hold two haploid genomes (one from each parent).

The problem is what happens to these DNA circles in humans. They 
might function in the cell in which they are introduced, but would they 
be duplicated, with very high accuracy, and passed down evenly to the 
two daughter cells each time a parent cell divided? Mitosis in humans 
is set up to duplicate pairs of chromosomes, which undergo a complex 
dance to ensure that each daughter cell gets the same pairs of chromo-
somes the parent cell had. There is no reason to think that the machinery 
that makes mitosis work would also work with the equivalent of human 
plasmids. And meiosis, the cell division that turns the diploid ancestors 
of gametes into haploid eggs and sperm, is even more complicated.

One answer to this problem is not to put synthesized alleles into 
gametes or zygotes as circular bacterial DNA, but as one or more 
actual humanlike chromosomes. This would certainly be more com-
plicated. Chromosomes are DNA molecules wrapped around a long 
protein backbone. Human chromosomes are between about 250 mil-
lion (chromosome 1) and 50 million (chromosome 21) base pairs long 
and have special regions—centromeres in the middle, telomeres at the 
end—and other physical features that may, or may not, be of vital im-
portance. On top of this, the DNA in human chromosomes can have 
various other molecules attached to it that aff ect when and how it is 
expressed. These include methyl groups, which seem to prevent use of 
the gene; acetyl groups, which encourage gene expression; and phos-
phate groups, whose function is unclear. Constructing a functional 
human chromosome would be diffi  cult. Being confi dent that it would 
function properly indefi nitely—for at least seventy or eighty years—
would be even more challenging.

The work needed to make perfect (or, at least, “good enough” for 
eighty years) chromosomes would, no doubt, be substantial. The safety 
of the processes by which one, ten, or all forty-six old chromosomes were 
removed from cells and the new chromosomes added would also require 
much study. Ultimately, one might want to build not just chromosomes 
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but an entire cell nucleus in order to limit the disruptive eff ects of the 
transfer. Each move up in complexity, however, adds time, cost, and, 
mostly, uncertainty.

On the other hand, a widely distributed team has already synthe-
sized an entire chromosome of a yeast species.15 And although yeasts are 
not humans, unlike bacteria they are eukaryotic organisms, the kinds of 
complex organisms that include all “big” creatures, including us. And 
although their chromosomes are smaller and have fewer introns, they 
are much more similar to human chromosomes than bacterial chromo-
somes are.

So creating whole new custom chromosomes for embryos seems 
(somewhat) plausible. Eventually. It does not seem easy. And I suspect 
that for most parents (and for companies seeking to profi t from the deci-
sions of parents), it will not seem worthwhile when compared with ei-
ther Easy PGD or germline genomic editing. Synthetic chromosomes for 
making babies may (or may not) become signifi cant in the next century, 
but probably not in this one.

Artifi cial Wombs

Artifi cial wombs are the least plausible of the technologies discussed in 
this book—and the least directly related to its subject. Such a technology 
would not aff ect the genes that children carried or the choices that par-
ents made about their children’s genes, but it would have major eff ects 
on the future of human reproduction. And, as the least implausible ver-
sion of such an invention stems from one of the technologies discussed 
here, it seems worth mentioning.

The uterus, plus all the pregnancy-supporting tissues it hosts, is a re-
markable organ. It produces, or allows the passage of, signals that help 
guide embryonic and fetal development. Through the placenta, it pro-
vides life support to the fetus, conveying oxygen, glucose, and water to 
it and removing its waste products. It allows those transfers while gener-
ally isolating the fetus from all outside infl uences. It grows enormously 
in size and complexity in the course of nine months and then returns to 
its entirely diff erent nonpregnant state. Exactly how it does all of this is 
quite mysterious.

From time to time, newspaper articles appear talking about excit-
ing research being performed with artifi cial wombs, usually in Japan 
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and usually involving goats.16 By the later stages of a pregnancy, when 
a fetus has a fi ghting chance of surviving outside the womb, it may be 
possible to use a mechanical device (or combination of devices) to pro-
vide the fetus with its needs for oxygen, food, fl uid, and waste removal. 
Machines already exist for extracorporeal oxygenation (providing nec-
essary oxygen directly into the blood of humans, thus bypassing the 
lungs), parenteral nutrition can provide food directly into a person’s 
bloodstream, and kidney dialysis cleans waste products from the blood. 
Combine these methods with a direct link into the fetus’s circulatory sys-
tem—and a pump if necessary to help the fetal heart keep the fetal blood 
moving—and you may have a form of life support for a well-developed 
fetus that might be viewed as a kind of artifi cial womb.

It seems highly unlikely, however, that a mechanical device, or combi-
nation of mechanical devices, will be able to replace the womb through-
out development, for the nine months from the implantation of the blas-
tocyst to the moments just before birth. We have little idea of what 
is actually happening inside the human womb in the early months of 
pregnancy and it is hard to imagine how to conduct ethically accept-
able studies that would help us fi nd out. A mechanical artifi cial womb, 
for use from the earliest moments of pregnancy, seems highly unlikely, 
perhaps forever.

But why do artifi cial wombs have to be mechanical? The excitement 
about stem cells comes from the idea that they can be used to produce 
replacement tissues for humans—new blood, new heart cells, new insu-
lin-producing cells for the pancreas. And there are hopes for even more 
complex constructions. Researchers have already used stem cells to cre-
ate, and transplant into human patients, semi-artifi cial bladders, built 
with human cells over a synthetic scaff olding. Similar progress has been 
made in constructing stem cell–based trachea, the “tube” connecting 
the mouth with the lungs.17 Other human organs would also be of great 
interest, from skin to livers to kidneys to hearts.

The uterus is an organ. It is the product, ultimately, of stem cells, as 
are all other human body parts. Why not use stem cells to construct a 
human uterus? Organ construction work to date has focused on trans-
plantation, growing trachea or bladders for use as transplants into hu-
mans. This makes sense. Apart, perhaps, from some research uses, it is 
hard to see how a human bladder would be valuable outside the body 
of a human who needed one. But the uterus might be useful outside a 
human body.
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Consider the following scenario. A box is built that is able to provide 
human blood with appropriate control over its oxygen, glucose, waste 
products, and hormone levels. Inside that box, and fed by the blood sup-
plied and maintained by the mechanical side of the box, a human uterus 
is grown. The uterus receives, through the blood supply, the appropriate 
hormonal signals needed, fi rst to mature and then to prepare it for be-
ginning a pregnancy. At the appropriate time, a blastocyst is transferred 
to the inside of the uterus where, if all goes well, it implants in the uter-
ine tissue, begins growing a placenta and the other support apparatus of 
a pregnancy, and starts on its path to becoming a baby.

This is not a vision for the next ten years or even twenty. I suspect it 
would only be tried after long experience with other kinds of stem cell–
grown organs used for transplants.18 Its adoption would be slowed fur-
ther by the fact that the technology would never be medically essential. 
Even for women without functional wombs, there is already a workable 
replacement—gestational surrogates, living women who carry another 
woman’s pregnancy. We know that works.

But we also know that it does not work perfectly. The gestational sur-
rogates sometimes misbehave: drinking, smoking, using drugs, or doing 
other things that endanger the fetus. Sometimes they become emotion-
ally bonded to the eventual baby and cause diffi  culties in the child rais-
ing. And they are always subject to the risks of accident and disease that 
affl  ict anyone. Artifi cial wombs would also be at risk for some problems, 
like power outages, earthquakes, or fi res, but parents might consider 
those more easily avoided than the risks that come with another human 
being carrying their child.

How would making babies without requiring women to be pregnant 
change the world?19 Certainly it could change the behaviors of prospec-
tive mothers, allowing them to continue their normal work, lives, and 
habits without the interruption of nine months of pregnancy. Would it 
change the emotions between mother and child? Perhaps. There seems 
to be little evidence that surrogacy has had that eff ect, although, to be 
honest, there is little good evidence about the eff ects of surrogacy at 
all. Would children be diff erent if they didn’t experience their mother’s 
heartbeats, food choices, and daily motions (and emotions) for the nine 
months before birth? And, if so, could those not be easily simulated by, 
for example, just building a heartbeat into the artifi cial womb?

Some women love being pregnant and claim they never felt better 
in their lives. Others endure it, but not with pleasure. I suppose it is 
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possible that some women love labor and delivery, though I have not 
yet heard anyone say so. Would there be a market for safe and eff ective 
artifi cial wombs? I think so. What would the implications be? Beyond 
“vast,” I do not know—but unlike the implications of Easy PGD, I be-
lieve we will have a long, long time to think about them.

I want to end this chapter with a brief note on one more reproductive 
possibility. In December 2015, while I was reviewing the copy edits for 
this book (which was my last chance to make substantive changes in it), I 
read the advance, on-line publication of Sonia Suter’s article, (mentioned 
briefl y in the notes to Chapter 8) on the implications of deriving gametes 
from stem cells.20 The article describes many of the uses and implications 
of such a technology along lines similar to those in this book. But she 
proposes one use that I had not imagined—multiplex parenting. In this 
scenario, three people want to mix their genes to make a baby. Two of 
them make an embryo, have hESCs created from it, turn those hESCs 
into a gamete, and combine it with a complementary gamete from a 
third person. (More than three people can be involved; it just requires 
making more embryos for use as gamete sources.) In eff ect, two people 
want their child to mate with someone else, without the wait and bother 
of actually having a child and raising him or her to puberty.

It is not clear to me how many people would be interested in making 
such children (few, I suspect) or how serious would be the implications. 
(On the latter point, I recommend those of you interested read Profes-
sor Suter’s article.) But here is what was most striking to me about the 
idea. I have been working on this book for fi ve years, immersing myself 
in the subject—and this idea had never occurred to me. That might be 
evidence for my own lack of imagination. I prefer to take it as evidence 
of just how wide-ranging and non-intuitive the implications of new bio-
logical technologies may be for human reproduction. And how far short 
of reality Easy PGD, as well as the four main examples discussed in this 
chapter, may fall.
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E a s y  P G D :  T h e  F u t u r e

The last six chapters have laid out one likely pathway to the near future, 
as well as a few more distant possibilities. Where will that path have led us 
in, say, forty years? I believe to a world where most pregnancies, among 
people with good health coverage, will be started not in bed but in vitro 
and where most children have been selected by their parents from several 
embryonic possibilities based on the genomic variations of those embryos 
and hence the genetically infl uenced traits of the eventual children.

This will not—and should not—happen overnight. Even if all the sci-
entifi c developments necessary happened tomorrow, the FDA process 
(or its equivalent in other countries) would likely take a decade or more. 
And the scientifi c developments will not happen tomorrow. Even once 
the technologies are approved, their widespread adoption will take more 
time. Twenty years is a realistic lower bound for this future; forty years 
is, I think, a realistic upper bound. This brief section sets out what repro-
duction is most likely to look like in that future world and how widely 
new methods will be used, as well as the most foreseeable obstacles to, 
and variations in, that future.

The Most Likely Future

Assume the FDA or an equivalent regulatory authority approves Easy 
PGD, or its constituent parts, and that Easy PGD has not, in whole or 
signifi cant part, been banned on moral grounds by legislation. What 
happens?
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First, IVF clinics will off er Easy PGD. They will form alliances with 
genetic testing laboratories, just as they have done already for PGD, unless 
the technologies become easy enough to bring in-house. Similarly they will 
ally with physicians or laboratories to derive gametes from stem cells, un-
less, again, it becomes suffi  ciently easy for them to do so in-house.

Prospective parents—married or unmarried, gay or straight—will 
make an appointment with the local clinic when they decide they want 
to have children. They will in advance have authorized the clinic to have 
electronic access to their whole genomes from their medical records. The 
prospective parents’ fi rst conversation at the clinic will include some 
discussion of what diseases or traits their embryos might carry based 
on their own genomes. If they decide to proceed, at that meeting or 
shortly thereafter, the clinic will take a skin biopsy, or use possibly other, 
even less intrusive cell selection methods, from the person (or people) 
involved and begin the process of deriving the relevant gametes.

Sometime later—days or weeks?—the derived gametes will be ready. 
If both eggs and sperm were derived, no further visits will have been 
necessary for the gametes. If fresh sperm are to be used, the man will go 
to the clinic to provide a sample.

At this point, the key question—presumably answered earlier—will 
be how many eggs to fertilize and, eff ectively, how many embryos to cre-
ate. This will not be limited by the supply of eggs, eff ectively infi nite, or of 
sperm, millions of which can be found in a normal man’s ejaculate. It is 
more likely to be a decision made based on the costs of analyzing each em-
bryo’s genome, as well as some statistical analysis of the number of embryos 
necessary in order to have a great likelihood of getting some without serious 
disease risks. Both of these factors may well vary from couple to couple; 
some couples may be willing to pay more to check more embryos, and some 
couples at particularly high risk of genetic diseases may need to make more 
embryos in order to be confi dent of having some that avoid their high risk.

Probably fi ve days after fertilization, all the thriving embryos will 
have several cells removed for genetic analysis. The embryos will, most 
likely, be frozen to provide time for the next steps. The whole genome 
sequencing should happen rapidly, as will the computerized analysis of 
the resulting variations. This will lead to the part of the process that will 
require the most skilled labor and human judgment. The prospective 
parents will have to choose, based on expert information provided to 
them by someone interpreting the embryos’ genomes, which one embryo 
to transfer (or to transfer fi rst). (As IVF has become easier and cheaper, 
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it is likely that only one embryo will be transferred at a time, avoiding 
the risks of multiple fetuses.)

Let’s take a moment to think about the process of this choice. The 
prospective parents will be presented with genomic information on, say, 
a hundred embryos. They would fi rst be told which of the embryos are 
unlikely to be viable, through chromosomal errors or other genetic vari-
ations that are lethal during fetal development.

For the remaining, say, eighty embryos, most parents will be told that 
their embryos would get none of the fi ve to ten thousand dangerous, highly 
penetrant genetic diseases. In ninety to ninety-fi ve percent of the cases, the 
parents will not both be carriers for the same autosomal recessive disease 
(and the woman, or women, will not be a carrier for an X-linked disease) 
and neither prospective parent will have an autosomal disease allele (and 
the woman or women will not have a genetic mitochondrial disease). For 
the fi ve to ten percent of prospective parents who do carry such dangerous 
alleles, about a quarter (if recessive or X-linked), or half (if dominant) of 
the embryos will be aff ected. If those couples know their genetic status in 
advance, they could make enough more embryos to counterbalance that 
loss. (Women with genetic mitochondrial diseases will need to use genome 
editing or mitochondrial transfer—some remedy other than Easy PGD as 
all of their embryos, and hence children, would be aff ected.)

These fi rst steps—rejecting embryos that would not be viable at all as 
well as those with powerful genetic variations that would cause severe 
disease—will be, eff ectively, determinative. We will assume for now that 
no one would want to transfer nonviable embryos or embryos doomed 
to a serious genetic disease. For the remaining embryos, let’s say eighty, 
the prospective parents will have a chance to get more information.

First, they might learn about each embryo’s less powerful health 
risks—say, a percentage chance, based on the genes (and not on any 
environmental factors) that the embryo would grow up to develop each 
of, say, fi fty diseases. Then they could get information on which autoso-
mal recessive disease alleles each embryo carries—alleles that could not 
cause disease in the person that embryo might become, but that could 
cause disease to its off spring.

They could also get cosmetic information for each of those eighty em-
bryos—hair, eye, and skin color, as well as nose shape, hair type, likely 
height, probability of male pattern baldness or early gray hair, and so 
on. They would be given the chance to receive some, probably weak, in-
formation about likely behavioral characteristics—this embryo will have 
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a 60 percent chance of having above-average intelligence, a 35 percent 
chance of having above-average musical ability, a 45 percent chance of 
having above-average mathematical ability, and a 75 percent chance of 
being better at sports requiring endurance rather than sports requiring 
power or quickness. Finally (or perhaps fi rst), they will be asked whether 
they want to know “boy” or “girl.”

If they have asked to get all that information, the results may look 
something like this—but sixteen times larger and more complicated.

Embryo 1

• No serious early onset diseases, carrier for Tay-Sachs, PKU
• Higher than average risk of coronary artery disease, colon cancer, 

type 1 diabetes
• Lower than average risk of schizophrenia, breast and ovarian can-

cer, type 2 diabetes, asthma
• Dark eyes and hair, graying early in life; moderately tall, straight 

hair, thin build
• 55 percent chance of top half in SAT tests, much lower chance 

than average of being an athlete, good chance of above-average 
musical ability

• Girl

Embryo 2

• No serious early onset diseases, carrier for PKU
• Higher than average risk of type 2 diabetes, cataracts, colon can-

cer, prostate cancer
• Lower than average risk of asthma, autism, pancreatic cancer, gout
• Dark eyes and light brown hair; male pattern baldness; medium 

height, straight hair, medium build
• 40 percent chance of top half in SAT tests, likely to be introverted, 

good chance of above-average musical ability
• Boy

Embryo 3

• No serious early onset diseases, carrier for PKU
• Higher than average risk of bipolar disorder, rheumatoid arthritis, 

lupus, colon cancer
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• Lower than average risk of leukemia, autism, gout, Alzheimer dis-
ease

• Blue eyes and light brown hair; medium height, curly hair, heavy 
build

• 65 percent chance of top half in SAT tests, good chance of above-
average athletic ability, likely to be anxious

• Girl

Embryo 4

• No serious early onset diseases, carrier for Tay-Sachs
• Higher than average risk of bipolar disorder, cataracts, autism, 

prostate cancer
• Lower than average risk of schizophrenia, Alzheimer disease, 

asthma, pancreatic cancer
• Dark eyes and hair; early graying; above-average height, straight 

hair, medium build
• 50 percent chance of top half in SAT tests, average athletic ability, 

above-average chance of exceptional musical ability
• Boy

Embryo 5

• No serious early onset diseases, carrier for Tay-Sachs, PKU
• Higher than average risk of coronary artery disease, type 1 diabe-

tes, lupus, colon cancer
• Lower than average risk of schizophrenia, leukemia, autism, pan-

creatic cancer
• Blue eyes and dark hair; average height, curly hair, heavy build
• 45 percent chance of top half in SAT tests, above-average chance 

of exceptional athletic ability, likely to be extraverted
• Boy

Even looking at just fi ve embryos, how would you decide? How could 
you decide? Each is a mix of advantages and risks, your views of which 
are likely to be aff ected by your own life and family.

The prospective parents will get a printout like this and be asked to 
select the embryo they want to transfer (and possibly a second or third 
choice in case their preferred embryo does not thaw well or for some 
other reason the pregnancy does not take). Then, when the couple and 
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the woman who will carry the pregnancy are ready, the lucky embryo 
will be transferred into a womb. Within a few days testing will be able 
to tell whether or not the pregnancy has started, at which point Easy 
PGD may well be over and regular prenatal care begun. The “may well 
be over” comes from the possibility PGD’s error rate may still be high 
enough to require subsequent follow-up, probably through noninvasive 
prenatal testing (NIPT) at about the eighth week of pregnancy.

About forty weeks after the embryonic transfer, if all has gone well, 
the prospective parents will no longer be “prospective.” At that point, 
they will begin the disconcerting but exciting challenge of learning the 
near-infi nite number of things about their new baby that Easy PGD did 
not warn them about.

Likely Amount of Use of Easy PGD

That’s what Easy PGD would look like for prospective parents. What 
would it look like for society? That depends largely on how widely it is 
adopted. As one anonymous reviewer of this book pointed out, we see 
very few “discretionary” instances of PGD today; it is only used about 
8,000 times a year in the United States and largely to try to improve the 
chances of pregnancy, to avoid a known family genetic disease, or to try 
to create a “savior sib.” (The main discretionary use occurs when it is 
used for non-medical reasons to determine the embryo’s sex, either as 
one part of PGD also done for one of the three medical reasons above or 
on its own.) Just how much use can we expect?

That is another diffi  cult question. Assume, as suggested in Chapter 
9, that thanks to health coverage, the cost of Easy PGD to parents will 
be eff ectively zero. For the last few decades about four million children 
have been born each year in the United States as a result of about 3.9 
million pregnancies that end in “live births.” (Multiple births account 
for the diff erence.) Roughly another million pregnancies have ended in 
abortions each year.

One often reads that only about 50 percent of births are the result of 
planned pregnancies. In fact, the best survey source shows that between 
2006 and 2010 in the United States, 62.9 percent of births were. This fi g-
ure could be seen as an upper bound for the market for Easy PGD. After 
all, the 37 percent of pregnancies that were unplanned could not use this 
process. On closer examination, though, that number is not entirely fair. 
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Only 13.8 percent of the total number of pregnancies were unwanted. 
Of the remaining roughly 23 percent, 9.2 percent were wanted but came 
two years or less early while 14 percent came more than two years early. 
Those women may not have been affi  rmatively trying to have a child at 
that point, but were thinking about it. And, on the other end, about 1.5 
percent of births are the result of IVF, the ultimate planned pregnancies.1

We have only a little data to help us guess the likely choices of pro-
spective parents who have the option of Easy PGD based on their cur-
rent use of various ways to predict fetal health and other characteris-
tics. We know that, in 2012, about 5 percent of 158,000 IVF cycles 
included PGD. We also know that somewhere under 1 percent of all 
U.S. pregnancies undergo amniocentesis or CVS, but several hundred 
thousand per year are undergoing NIPT even though it has only been 
available for three years. And most pregnancies now, perhaps almost 
all at least in those where the pregnant woman receives any prenatal 
care, will use ultrasound, often several times, to look for problems in 
fetal development.2

Between these methods lies prenatal screening, mainly for Down syn-
drome and neural tube defects, discussed in Chapter 5. This kind of 
screening has been available, with increasing accuracy, for over thirty 
years. Beginning in 1986, California required every obstetrician to off er 
prenatal screening to any woman fi rst presenting to the doctor at less 
than twenty weeks of pregnancy.3 Across the country in 2011 and 2012, 
about 72 percent of U.S. pregnancies received prenatal screening.4

One could think that women who accept this prenatal screening 
would be willing to use Easy PGD. But there are at least two barriers to 
that conclusion.

First, it is not clear that all the women who agree to prenatal screen-
ing actually know what they are accepting. The procedure requires them 
to sign a consent form whose contents are mandated by the state, but 
pregnant women, like other patients, sign many forms and, on occasion, 
do not understand or even read them. The procedure just involves, in the 
fi rst trimester, one more tube of blood to be drawn in one of the many 
blood draws that are part of prenatal care. In the second trimester, it 
requires another tube of blood, plus an ultrasound that the woman was 
almost certainly going to have anyway. Genetic counselors, who often 
have the task of explaining a high-risk screening test result to a woman, 
report anecdotally that many of the women do not realize they have had 
such a test, deny authorizing it, and say that had they known what it 
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was, they would not have had it. We have no data on how many women 
respond that way; it seems to be a minority but not a tiny minority.

Second, the women who choose prenatal screening are already preg-
nant. Women need to choose Easy PGD before they become pregnant. 
And, unlike the prenatal screening test, Easy PGD will involve addi-
tional procedures (at least the skin biopsy) and additional doctor visits 
(both for the biopsy and to discuss the results).

But there is more in play than just procedures. Becoming pregnant is 
important, and primal, and, I think even a man can confi dently say, not al-
ways a matter of logic. Naturalness, romance, mystery, fate, and a variety 
of other emotional and cultural responses can be bound up in the process 
of becoming pregnant, or even of deciding to become pregnant—or decid-
ing to be open to the possibility of becoming pregnant. Making a decision 
about tests for a pregnancy that has already started may well be quite dif-
ferent from making a decision defi nitely to become pregnant.

So, how to add this all up? Presumably almost all parents who use 
IVF would be willing to use Easy PGD, if only to improve their chanc-
es of successful IVF. It also seems likely that most planned pregnan-
cies would choose to use free, safe Easy PGD. Some may do it to avoid 
the most serious health risks, some may do it to select their baby’s sex, 
and some may do it for other traits. If Easy PGD is free, presumably 
many, though not all, of those planned pregnancies would begin with 
Easy PGD. Of the “not accidental but not planned” pregnancies, some 
prospective parents will see enough advantages to PGD to push them 
over into the “planned category,” but others will not. Some prospective 
parents will choose not to use the technology as a result of religious, 
philosophical, or ethical concerns—or less easily described personal and 
emotional responses. And some accidental pregnancies will still happen. 
Babies will continue to be conceived in bed, in the back seats of cars, 
and under “Keep off  the Grass” signs, whether by people too young and 
impulsive to think about alternatives or by those who could have, but 
didn’t, think about them.

Even in a country where it is safe, free, and legal, how many pregnan-
cies will start with Easy PGD? It depends on, among other things, just 
how deeply these new technologies aff ect how people live. If, in fact, you 
could make gametes safely, easily, and cheaply from iPSCs, people might 
make some very diff erent choices about reproduction. They might even 
choose as contraception what we currently use for sterilization, knowing 
that thanks to stem cell–derived gametes, they can always get gametes.5
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Finally, if it works well, the use of Easy PGD will undoubtedly in-
crease with time. Some people love to be early adopters—of new com-
puters, of new cell phones, of new medical technologies, and of new 
sources of genetic information. Not everyone stood in line to get the fi rst 
generation iPhone or iPad, just as not everyone signs up for direct-to-
consumer genetic testing. When it comes to medical technologies, most 
people—and most doctors—prefer to be neither the fi rst nor the last to 
adopt something new. And some people resist novelty as long as possible.

My own guess is that once Easy PGD has been available clinically for 
ten years or so, somewhere between 50 and 70 percent of pregnancies in 
the U.S. will have been started using it. Most of the people who currently 
plan their pregnancies will want it, about half of those who have desired 
but unplanned pregnancies will switch to planning in order to use Easy 
PGD, and a few people with undesired pregnancies will instead have 
desired Easy PGD pregnancies. If the technology continues to be, and 
to seem, eff ective, that percentage should rise over time, but, without 
coercive measures or major social changes in controlling reproductive 
capability, it is unlikely ever to reach 100 percent. Some people will al-
ways refuse the technology, for reasons of principle or personality, and 
some pregnancies will always be unplanned accidents. But, in the long 
run, I could imagine 90 percent of U.S. pregnancies being the result of 
Easy PGD.

These percentages, of course, will doubtless vary in other countries, 
with other cultures, health care systems, and economies. Some will use it 
less; some may well use it more. These diff erences in the use of Easy PGD 
have important social implications that will be discussed in Chapter 15.

Alternative Futures

In spite of the logic, to me at least, of the spread of Easy PGD, science, 
and its translation into clinical practice, could lead to several variations 
in this future.

The biggest showstopper would be the discovery of some irremedi-
able safety problem with IVF. For all we know, every person conceived 
through IVF could drop dead at age forty. The oldest such person, Lou-
ise Brown, was born in 1978. I will discuss the safety issues around IVF, 
with or without Easy PGD, in Chapter 13. Major issues seem unlikely 
to arise, but they cannot be considered impossible. And certainly the 
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discovery of smaller but nontrivial risks is entirely possible. In a world 
where IVF had serious and unpreventable risks, not only would Easy 
PGD not be used but IVF would be used much less frequently, if at all.

In another one of those futures, the safe and eff ective derivation of 
oocytes from stem cells proves to be impossible. In that case, Easy PGD 
might still exist for some people, but in a much less popular form, one 
that is not nearly as “easy.” Women who want to use PGD but who 
want to avoid the arduous process of preparing for egg retrieval may 
choose extraction of immature oocytes followed by in vitro maturation. 
Both of these technologies are currently possible and presumably will 
improve in the future.

But these immature oocytes will still need to be extracted. The extrac-
tion will not require the hormone injections, with all their side eff ects, 
but will still require an invasive surgical procedure, albeit a relatively 
minor one (similar to the actual egg retrieval procedure today). Women 
might be able to choose to do it only once in their (reproductive) lives, 
extracting and freezing a slice of ovarian tissue, to be thawed and used 
as necessary. If tissue freezing has unexpected problems, they might re-
quire a new ovarian tissue retrieval with every attempt at pregnancy. 
These procedures would probably be more expensive than egg deriva-
tion, if only because they require more skilled labor for the surgery. 
And they will necessarily be more invasive and uncomfortable for the 
woman, though not as uncomfortable as current egg harvest methods. I 
would expect, in this future, for PGD to be used more widely than it is 
today, but still probably a minority decision and defi nitely less common 
than in an Easy PGD world.

Note, though, that in vitro maturation would not allow all of the in-
teresting applications of Easy PGD. It would not be available to provide 
gametes for people who do not have their own, the most medically, and 
politically, compelling use of Easy PGD. They would have to continue 
to use donor gametes, to adopt, or to be childless. This future also rules 
out making sperm from women or eggs from men (or both from one per-
son). Avoiding the possibility of “uniparents” may cause little concern, 
but preventing prospective parents who are gay or lesbian from having 
“children of their own” would be a substantial loss to them.

Another possibility is that deriving eggs proves to be possible, but 
not through iPSCs. It might still be the case that the process for turning 
skin cells (or other cells) into embryonic-like pluripotent cells will never 
be made safe. This seems unlikely, in part because of the great interest 
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throughout medicine (and not just in reproduction) in making iPSCs. 
But there may turn out to be insurmountable problems. Then what?

If eggs (and sperm) can only be derived from embryonic stem cells, 
the process may still be used by people who do not make their own 
gametes. It would be much less widely popular than Easy PGD because 
it will not give prospective parents a “child of their own” though they 
may be able to choose among a wide range of diff erent hESC lines to fi nd 
one that has a genome “closest” to their own.

Stem cells from SCNT cells could provide yet another option. It is not 
clear how popular this would prove, if eff ective. It is hard to see that 
SCNT would ever have any advantages over a safe and eff ective version 
of using iPSCs to make gametes—at the very least it requires an addi-
tional step of replacing the donor egg’s embryo—but, like iPSC and un-
like hESC, it would give people gametes made from their own genomes.

Alternatively, germline genomic editing, through CRISPR/Cas9 or its 
successor, may prove a viable alternative. If coupled with iPSC-derived 
gametes, it could do everything Easy PGD could do, and more. It could 
give parents the chance to have children with traits their own DNA does 
not make possible. I suspect some parents will fi nd that attractive while 
other parents, except in the unlikely case of serious disease issues, will want 
a baby made from only “their own” DNA, but in what ratio? I do think 
the political pathway to acceptance of “designer babies” when the medical 
need is low will be much more challenging. But I suspect safety questions 
will pose the greatest obstacle to germline genome editing—whether and 
how quickly those questions can be resolved remains to be seen.

The other uncertainties are economic and political. It is possible that 
Easy PGD will not be as inexpensive as I expect. In that case, its use may 
be limited, especially if political concerns about the procedure prevent it 
from being subsidized, either by governments or by insurers. The cost of 
the PGD will almost certainly be quite low, but the cost of making safe 
iPSCs from individuals is unknown at this time. Even more unknown is 
the cost of deriving gametes from stem cells. With IVF currently costing 
$15,000 and more, even if Easy PGD costs $15,000 instead of $1,000, it 
will have some market, but that market is not likely to be big enough to 
be revolutionary. Of course, that conclusion depends not only on issues 
of cost, insurance, and subsidy, but also of economic growth and income 
distribution. If average family income were to double in the next forty 
years (an annual average growth rate of about 1.8 percent per year), 
even $15,000 out of pocket would be aff ordable for many more people.
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Finally, political actions may change the future. I laid out in Chapter 
11 some of the reasons I believe that political factors are not likely to 
limit Easy PGD substantially, at least in the United States, though they 
may lead to regulations or bans of some extreme uses. But political senti-
ments are volatile. The United States may end up enacting, on a federal 
level or, perhaps more likely, in individual states, prohibitions or restric-
tions on Easy PGD based not on safety and effi  cacy, but on ethical and 
moral concerns. The next section of the book explores those ethical and 
moral concerns, as well as a few pragmatic issues Easy PGD would raise.

You can, and should, judge for yourself whether those concerns will, 
or should, lead to signifi cant restrictions on Easy PGD. Empowering my 
readers to make an intelligent and informed decision about Easy PGD is 
the reason I wrote this book. So let’s turn to Part III and look at some of 
the implications of Easy PGD.
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P A R T  I I I

The Implications

This part of the book explores the implications of Easy PGD. It mainly 
looks at problems with Easy PGD. Some of these problems are specula-
tive and will never come to pass, and others might be avoided by wise 
policy, but some will be real and inevitable. I have grouped the risks 
into six chapters, looking at safety, family relationships, equality, coer-
cion, naturalness, and a last category, which I call “implementation,” 
but which might be called “other.”

Many of these issues have been explored at great length and depth since 
well before the technologies for even primitive prenatal genetic testing 
were available. Aldous Huxley’s Brave New World, published in 1932, 
H.  G. Wells’s The Time Machine, published in 1895, and Mary Shel-
ley’s Frankenstein, or the Modern Prometheus, published in 1816, each 
touched on some of them.1 More recently, many nonfi ction books and ar-
ticles have been devoted more specifi cally to the hazards of human genetic 
selection, motivated not just by earlier fi ction but by too real atrocities 
committed by Germany during the Nazi regime in the name of eugenics.2

I will discuss very little of that preexisting literature. Life is short and 
this book is too long. Much of what I have to say about the implica-
tions though is, at best, my variations on the insights of earlier authors. 
My contribution lies in applying their somewhat abstract concerns to a 
concrete setting, and a setting that I hope I have convinced you is at the 
very least quite plausible. American lawyers like to apply principles to 
concrete cases, rich with facts and context. That approach has strengths 
and weaknesses, but, for better or for worse, it is mine.

First, though, I must say a few words about benefi ts. It may seem a bit 
unfair to have six chapters on risks, disadvantages, and problems, and 
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only the next three paragraphs discussing benefi ts, but the cost/benefi t 
scales do not weigh chapters, pages, or words. The benefi ts of Easy PGD 
are simple to state, if hard to quantify, and many of them are implicit in 
the earlier chapters of this work. I see three.

The fi rst is a decrease in the amount of human suff ering caused by ge-
netic disease. Fewer babies will be born with disabling and fatal genetic 
conditions. If we set that amount at about 2 percent of current births 
and assume that easy PGD prevents even only half of those births, that 
would “prevent” the suff ering of about 40,000 children—and their par-
ents and other family members—each year in the United States alone. 
And it would prevent the suff ering of some people later in life from dis-
eases with a strong genetic component. It would prevent that suff ering 
by preventing the children, not by preventing the disease in those chil-
dren, but each child not born with a genetic disease would be replaced 
by a child born without that disease.

The second benefi t is a (slightly) closer match between the children 
parents want and the children parents get. This must not be overesti-
mated. I am a parent of two children who regularly surprise me. Easy 
PGD could have prevented very few of those surprises because few if any 
of the surprising details of their lives could have been predicted by their 
DNA. If parents think they want children who will grow up to be tall, 
with dark eyes, and a greater than average chance of being good musi-
cians, getting such children should be counted as a benefi t. One might 
question whether parents (and their children) really are better off  if the 
surprises from children are somewhat diminished—this will be a major 
topic of discussion in Chapter 14—but if at least some parents think 
they will be, it is hard to second-guess those perceptions.

The third benefi t is more abstract but very real. If Easy PGD can be 
developed as a safe and eff ective technology, the freedom to use it—
or, more accurately, the freedom from prohibitions on its use—should 
count as a benefi t, at least by people who prefer freedom. Freedom to 
choose, particularly in health care, is regularly infringed and, I believe, 
often for good reasons. Freedom to parent is not infringed as often. 
But infringing freedom is always a cost, even when that cost is far out-
weighed by the benefi ts.

One could spin those three benefi ts out in more detail—a decline in 
genetic disease, for example, is also a decline in health care expenditures 
for those genetic diseases—but, basically, those are it. They may seem 
frail reeds against the storms of the next six chapters, but, at the end, 
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we will weigh those benefi ts against the costs. I will do that weighing 
in the concluding chapter and suggest what I think should be done. But 
each of you must work the scales for yourself and decide what you think 
should be done. To do that, though, you need to learn about the costs. 
So let us begin.
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13
S A F E T Y

“Is it safe?” sounds like such a simple question. It is certainly an impor-
tant one, to me the single most important question Easy PGD raises. But 
answering that question is anything but simple. We need not only scien-
tifi c evidence about safety but also a conceptual understanding of what 
we mean by safety—and, ultimately, a process that can assure us about 
safety. This chapter will start by discussing what we should mean by 
the safety of Easy PGD. It will then lay out the questions (and evidence) 
about safety—the safety of current uses of PGD and IVF, the safety of 
making babies from gametes derived from iPSCs, and the safety (nar-
rowly and broadly) of genetic selection. It will then suggest a process to 
assess, regulate, and, one hopes, assure the safety of Easy PGD, before 
ending by discussing “rogue” clinics.

The Meanings of Safety

Nothing is entirely safe. Risks can never be completely avoided and all 
safety is necessarily relative—relative to the alternatives, both actions 
and inactions. Our society’s response to risks varies. Sometimes we pay 
them no attention, sometimes we try to provide information about them, 
and sometimes we directly regulate them.

Assume that you live in Chicago and want to visit Yosemite National 
Park in California. To do that, you will have to travel halfway across 
the country. You are likely either to drive the whole way—2,171 miles 
if you use Interstate 80—or take one or two fl ights to get near the park 
and then drive the rest of the way. Both fl ying and driving have risks 
(though the risks of driving will vary more with who you are, and who 
your driver is, than the risks of fl ying will). Either way, those risks are 
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relatively low and we do not, as a society, try to persuade you to use one 
method or the other (although airlines and car companies may try to 
sway your decision).

Of course, those risks are so low in part because of thousands of 
social interventions, from highway and automobile safety laws to the 
Federal Aviation Administration’s air traffi  c control network. We do not 
regulate which choice you make, but we do regulate the risks of the 
choices you are off ered. Some of that regulation will involve direct rules, 
such as crash safety requirements for cars or training requirements for 
pilots. Other regulations will be indirect, such as the potential civil (or 
even criminal) liability that car manufacturers or airlines would face 
from disastrous mistakes.

But once society has imposed regulations, directly or indirectly, to im-
prove the safety of a product or process, the question remains whether 
the product or process is “safe enough.” Either driving or fl ying from 
Chicago to Yosemite will impose some risks, risks that for most people 
(though perhaps not for all) will be greater than the risks they face by 
staying home instead. And that is even before the risks posed by the 
steep trails, rockslides, black bears, and swift streams of Yosemite. The 
park averages about twelve to fi fteen traumatic deaths each year.1 A doz-
en or so deaths from among four million visitors is not a high death rate, 
but how does it compare with Chicago’s? Or your part of Chicago’s? Is 
it “unsafe”? We generally leave that decision up to the individuals con-
cerned, although even at Yosemite particular parts of the park may be 
off -limits because they are considered too dangerous.

In medicine, our society takes a diff erent path. We regulate medicine in 
order to improve its safety, directly through requirements like licensure 
rules for doctors and hospitals as well as indirectly through medical mal-
practice liability. But we also directly decide whether some kinds of medi-
cal interventions, notably drugs, biological products, or medical devices, 
are safe enough to be made available at all. Those products may only be 
sold for medical uses if the FDA has found that they are “safe and eff ec-
tive” for a particular use. That safety and effi  cacy, though, is necessarily 
judged in the context of the product and the disease it is intended to treat.

Metastatic pancreatic cancer is one of the worst diagnoses a person 
can receive. The vast majority of its victims are dead within a year of 
diagnosis and most suff er great pain before dying. A drug that cured half 
of the people with that disease instantly while quickly and painlessly 
killing the other half would be a wonder drug, astonishingly safe and 
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eff ective in that context. If a treatment with the same results were off ered 
for typical teenage acne, it would defi nitely not be safe or eff ective. The 
alternatives, both of treatment and of nontreatment, dominate such an 
intervention in that disease.

No drug has to be, or can be, perfectly safe or perfectly eff ective; it 
just has to be relatively safe and eff ective in its context. What is “safe 
enough” to try to avoid a terrible and inevitably fatal early childhood 
disease like Tay-Sachs may be quite diff erent from what is “safe enough” 
for choosing a child’s eye color.

One must also ask “safe for whom?” Are we worried about the safety 
to the embryo and (possible) eventual child, the safety to the family unit, 
the safety to society, the safety to the human species, or some combina-
tion of the above? If it is a combination, how do we weigh the safety of 
the diff erent parties?

And, fi nally, we must ask, “safe as perceived by whom”? Who gets 
to make a decision after weighing the risks and the benefi ts? For many 
of the decisions that adults make in their day-to-day lives, they get to 
weigh the risks and make decisions, but for some the FDA has the fi nal 
power. Even if a mentally competent, well-informed adult suff ering from 
an incurable disease is willing to take risks the FDA fi nds unacceptable, 
the FDA has power to block that decision.

For Easy PGD, the FDA, and its equivalent bodies, will make an over-
all assessment of whether it is suffi  ciently safe for the fetus and potential 
child, as well, perhaps, as for the mother, to be allowed for particular spe-
cifi c uses. If the FDA approves Easy PGD, prospective parents and their 
physicians will have to decide whether Easy PGD is safe enough, in their 
view, for the parents’ planned uses. And each society, through its govern-
ment, will have to decide whether or when Easy PGD is safe enough for 
that society, and for the entire species, to be allowed for some ends—and, 
if so, for what ends? This chapter examines the health risks of Easy PGD 
to the prospective child and family, with some discussion of species safety. 
We will come back to issues of society’s safety in later chapters.

Health Risks of Easy PGD

The safety risks of PGD, for present purposes, can be put into three 
groups: the risks of PGD (including those of IVF, its necessary accom-
paniment), the risks of making babies from gametes derived from stem 
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cells (probably iPSCs), and the long-term risks to the safety of both the 
child and of the species from widespread genetic selection. Each is dis-
cussed below.

The Health Risks of Current PGD

The fi rst baby born after the introduction of PGD arrived in 1990. In 
2012, the latest year for which the CDC has published data, about 5 per-
cent of 158,000 IVF cycles employed PGD, or roughly 8,000 cycles. Given 
the average success rate of IVF, about 3,000 children were therefore born 
in the United States–a little less than one-tenth of 1 percent of all U.S. 
births–after having one or a few cells ripped from their three- or fi ve-day-
old embryos. One can fairly say that PGD babies, though not common, 
are not rare. What does this experience tell us about the safety of PGD?

Not as much as we would like. No registry allows all PGD (or all IVF 
babies) to be followed to see how they do. This is, in some respects, not 
shocking. PGD is a clinical procedure, not a research trial. Patients use 
PGD to have babies and do not necessarily want, or want their child, to 
participate in research. The embryo certainly cannot choose whether or 
not to be followed after birth as a research subject. It would be wonder-
ful, from a research perspective, if we had required every child, or every 
fi fth child, randomly chosen, who was born after PGD to be followed 
indefi nitely. We did not, and it is not entirely clear that we could, ethi-
cally, legally, or practically.

So we do not have great data about health results in children born 
after PGD. Whatever observational data we do have will be of limited 
value in forecasting the safety of the PGD part of Easy PGD. The chil-
dren whose parents let them be observed are not necessarily representa-
tive of all PGD children and parents who feel forced to try PGD today 
are certainly not representative of the people who, in the future, may use 
Easy PGD.

We can say that, based on casual observation, PGD is not grossly un-
safe. It has not been observed to lead to a huge number of miscarriages, 
stillbirths, or neonatal deaths. Neither has it been observed to lead to the 
births (or stillbirths) of babies missing large parts of their bodies because 
of the biopsied cells; when PGD is successful, the other cells make up the 
diff erence. As far as can be told from the studies that have been done, the 
process of PGD does not seem to add any discernible additional risks to 
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the risks of IVF—though it must be noted that the data is so weak that 
small risks coming directly from PGD would not be discerned.

So how safe is IVF? Pretty safe—at least, safe enough to be used each 
year by about 160,000 American women. It has some known risks for 
the women who provide the eggs for IVF, but we can ignore those, as 
PGD does not use egg harvest. For fetuses the miscarriage and stillbirth 
rates for IVF are about the same as those for similarly situated wom-
en who have conceived naturally. (Note that these may be higher than 
the average rates; women who use IVF are statistically diff erent from 
other pregnant women—older and often with a history of unsuccessful 
pregnancies.)

But children born as a result of IVF are somewhat more likely to 
suff er from health problems than similar children conceived the old-
fashioned way, both immediately after birth and in the long run. The 
overwhelming cause of those problems is the disproportionate share of 
IVF babies born as multiples—twins, triplets, and more. Multiple preg-
nancies lead to more risks, both for the children and for their mothers. 
Over 30 percent of IVF live births are multiples, as are about 45 percent 
of IVF babies.2 (Remember, one multiple “live birth” produces two or 
more babies so those percentages are not the same.) Children born as 
multiples have, on average, lower birth weights, longer hospital stays, 
and more long-term health problems than those born as singletons.

It is important to note, though, that, adjusting for maternal age, the 
risks to children born as multiples after IVF are not signifi cantly higher 
than the risks to children born as multiples after natural conception. The 
problem is one of multiple births, not IVF, but IVF is not innocent of 
involvement in this risk. IVF as currently practiced encourages parents 
to accept, and possibly to seek, multiple births. Transferring multiple 
embryos increases the risk of multiple births, but decreases the parents’ 
chances that an IVF cycle will not produce a baby. For emotional, physi-
cal, and possibly fi nancial reasons, prospective parents may well err on 
the side of multiple births; moreover, some parents may think that get-
ting two babies out of one pregnancy is an effi  cient use of the time, dis-
comfort, and risk of pregnancy.

What about IVF risks other than from multiple births? Those risks, 
if they exist, are not large.3 But there is some disquieting evidence that 
neither are they zero. Specifi cally, children born after IVF seem to have 
higher rates of some diseases, as well as of two rare genetic conditions.
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The CDC reported in November 2008 that babies conceived with IVF 
have slightly higher rates of several birth defects that cause bodily mal-
formations, such as cleft lip and palate, certain gastrointestinal system 
malformations, and some heart conditions. They looked at about 9,500 
babies with birth defects and about 4,800 babies without; about 2.4 per-
cent of the mothers of the babies with birth defects had used IVF, but only 
about 1.1 percent of the mothers of normal babies had done so.4 Another 
study found somewhat increased cardiovascular disease risks in children 
conceived with IVF; as it points out, given the relatively young ages of all 
people born from IVF (none over forty), it will be several decades before 
we see the full eff ect of these risks.5 A diff erent kind of study, a “meta-
analysis” that combined thirty-eight earlier studies, found that children 
conceived by IVF might be at some increased risk for childhood illnesses, 
though the evidence was neither entirely consistent nor strong.6

In addition to these structural birth defects, some evidence links IVF 
to two genetic diseases: Beckwith-Weidemann syndrome and Angelman 
syndrome.7 Both are rare; the fi rst strikes about one child in 13,000 
and the second about one child in 10,000. But, if one looks at children 
with these syndromes, they are much more likely than average children 
to have been conceived through IVF, about ten times likelier in many 
cases. That this would be the case in “genetic” diseases is puzzling. If the 
diseases were merely caused by the particular variants in the children’s 
inherited DNA sequences, there would be no reason for higher rates in 
children born after IVF (unless somehow the fact that one or both par-
ents had that variant made it more likely that they would have to use 
IVF). Beckwith-Weidemann and Angelman syndromes, however, appear 
to be diseases caused, at least sometimes, not by sequence variations in 
the child’s genome, but in how the genes involved are expressed.

If these studies are right (note they have only a small number of sub-
jects), this does not mean the risks of IVF are high. If an IVF baby had 
ten times the risk of these syndromes as a naturally conceived baby, the 
risks would still be one in 1,300 and one in 1,000, compared to a nor-
mal rate of all birth defects or serious genetic diseases of about 3 to 4 
percent. Still, those risks deserve some attention, especially to what may 
be causing them.

On balance, IVF does not have much greater risks than those of natu-
ral conception, but it has some, mainly from multiple births, which are 
more socially than medically caused. Other risks are, at most, small, but 
deserve attention.
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Health Risks of Making Gametes from iPSCs

We at least have data, albeit sketchy, for the risks of IVF. As no pregnan-
cies have even been attempted using gametes artifi cially derived from 
stem cells, we have absolutely no data about those—or, at least, no hu-
man data.

We do have a small amount of data from Saitou’s mouse experiments. 
In his experiments with stem cell–derived sperm, the mice born from 
sperm made from mouse embryonic stem cells were, as far as he could 
tell, normal. He tried the same thing with three diff erent iPSC lines; he 
could only make sperm from one of the three lines and although those 
sperm did lead to normally fertile off spring, he notes that “some” of 
them died prematurely from neck tumors. In his subsequent work mak-
ing mouse egg cells from both mouse embryonic stem cells and mouse 
iPSCs, he reports no diff erences in the health of the off spring. So his 
work is evidence that embryonic stem cells might be a bit safer and more 
eff ective than iPSCs, but the sample is very small.8

It makes sense that embryonic stem cells are more likely to be safe 
and eff ective because they are more similar to inner cell mass cells than 
are iPSCs. But in humans we have absolutely no evidence whether either 
hESCs or iPSCs can make safe and eff ective gametes and one thing bio-
medical research has amply demonstrated is that humans are not mice.

One must also note that human gametes from stem cells will have to 
go through the long and complex development process that Chapter 2 
described for naturally arising eggs and sperm. The process of deriving 
gametes from stem cells must not only be safe in itself but it must also al-
low a safe process of moving not just from stem cells to eggs and sperm, 
but moving from primary oogonia and spermatogonia all the way to 
mature, ready-for-fertilization eggs and sperm.

Long-Term Health Risks from Easy PGD

Two very diff erent issues fall into this category—long-term health risks 
from Easy PGD to the children born as a result of its use and the long-
term risks to the health of both those children and of the entire human 
species from the genetic selection that Easy PGD will enable.

The undeniable fact is that we do not know what the eff ects of ex-
isting uses of PGD or even, with great confi dence, of IVF are later in 
life. Louise Joy Brown, the fi rst IVF baby, was born in July 1978. As I 
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write this book, it is possible that every IVF child will die on his or her 
thirty-eighth birthday. We have no reason to think that will be true, but 
we simply have no examples of healthy thirty-eight-year-olds born as 
a result of IVF. Of course, the relative good health of many IVF babies 
now in their thirties, and the hundreds of thousands of now-adult IVF 
babies, is some evidence that they won’t fall off  an unforeseen cliff . But 
what about elderly people born from IVF? Could there be an earlier 
aging process or heightened risks of the diseases of old age? There cer-
tainly could be, and although we have seen no evidence of problems, the 
possibilities that the manipulations entailed by IVF, especially the eff ects 
of “unnatural” circumstances of cell culture on gene expression, could 
have some long-delayed consequences cannot be ignored.

Similarly, eff ects on the descendants of IVF babies are plausible. Many 
IVF children, including Louise Brown, have subsequently had healthy 
children of their own “the old-fashioned way.” But those children have 
not had time to have their own children. There is no reason to think that 
Easy PGD, current PGD, or IVF have these kinds of very long term or 
transgenerational eff ects—but we cannot be certain that they do not.

The second issue does not involve the processes of Easy PGD, but the 
process that it enables—the selection of particular genetic traits, and 
genetic variations, to be passed along to the next generations. We know 
that many genes play diff erent roles in diff erent tissues, as well as roles 
in many diff erent gene networks. We are not close to understanding how 
all of those roles and networks interact.

Therefore, we do not know, with any certainty, what eff ects selecting 
for one variation in one particular gene might have when combined with 
the selection of another variation in a diff erent gene, or in conjunction 
with a particular environment. It could be, when looking at two par-
ticular functions controlled by a diff erent gene, that particular alleles of 
those genes might be superior for each of those functions, but that their 
combination would cause serious problems in some third, or fourth, or 
fi fth function. Picking an embryo that has genetic variations that predict 
both unusual height and unusually good ability at mathematics might 
lead to a child with a high risk for a nasty disease.

Or it might not. Right now, we are in very speculative territory. Our 
knowledge of gene interactions is primitive. We know that scores, or hun-
dreds, of genes may be involved in characteristics like height or intelli-
gence, but we have, as yet, eff ectively no knowledge of the eff ects of vari-
ous combinations of these variations on other traits. The results might be 
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disastrous for any particular embryo. Of course, the same is and has been 
true of the random combinations of alleles that have produced all hu-
mans. Somehow it seems diff erent when it is intentional, perhaps because 
that provides someone, beyond chance, fate, or a deity, to blame.

More broadly, those same risks affl  ict the whole species. With over 
seven billion humans, the risks of short-term bad combinations of al-
leles do not seem great. Even if, in the fi rst decade of fully implemented 
Easy PGD, 10 percent of parents conceive using the process and 20 per-
cent of those parents select combinations that turn out to be unexpect-
edly harmful, 2 percent of the world’s births would be aff ected, scarcely 
enough to threaten the species.

But in the longer term, the consequences could be worrisome. Hu-
manity could end up a monoculture, like the potatoes whose suscep-
tibility to one strain of Phytophthora infestans caused the Irish potato 
famine—and my Greely ancestors’ “leave or starve” emigration to the 
United States. If too many people chose the same variations, variations 
that may be crucial to humanity’s survival in diff erent circumstances 
might be selected against, particularly if they have some negative eff ects.

Sickle cell disease makes a useful example. An autosomal recessive 
disease, it is caused by an allele that makes a variant form of hemoglo-
bin, the protein that carries oxygen in the blood cells. The allele that 
causes disease makes hemoglobin S instead of the normal hemoglobin A. 
People who inherit a copy of the hemoglobin S allele from each of their 
parents are unable to make normal hemoglobin and will have sickle cell 
disease. The interesting thing about the sickle cell allele is that it actually 
promotes human survival—in some environments.9

People with one hemoglobin S allele and one hemoglobin A allele 
are normal, or almost normal, except that they resist the most common 
form of malaria much better than people with two copies of the “nor-
mal” A allele. In places where malaria is quite common, as in the sub-
Saharan African and Mediterranean locations where sickle cell disease is 
common, this autosomal recessive “disease” gene promotes survival by 
a population. It protects half of a carrier couple’s children from malaria 
at the cost of killing one-quarter from sickle cell anemia. But if people 
decided to weed out hemoglobin S alleles using Easy PGD and condi-
tions changed—if malaria spreads widely because of climate change or 
mutates in ways we cannot treat—our species could be at risk because 
of decisions by parents, using Easy PGD, that made sense in the short 
run—eliminate hemoglobin S—but not necessarily in the long run.10
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Of course, the chances that Easy PGD might cause such a terrible 
thing to happen are very unclear. But if parents (or governments) use 
Easy PGD to homogenize our genomes, the loss of genetic diversity 
could come back to harm us, as it did the Irish potatoes, and the Irish 
who depended on them. Those problems might be mitigated by the use 
of somatic cell genome editing to put the missing alleles back into hu-
man cells, but only if that technology is available at the time. Loss of 
genetic diversity should be, in the very long term at least, a real concern 
for Easy PGD.

Regulating the Safety Risks of Easy PGD

So we know something about some of the risks of Easy PGD and noth-
ing about some of the other plausible risks. What conclusion should 
we reach about the safety of this as yet uninvented process? The only 
sensible answer is “We don’t know. Yet.” And that answer comes with 
an obvious corollary—we should fi nd out as much as we can before al-
lowing this technology to move full speed ahead.

To me, that means regulation and, at least in the United States, FDA 
regulation. The FDA is in the business of determining whether medical 
interventions are safe and eff ective enough to be allowed into general 
use. Easy PGD should not be permitted in the United States without FDA 
approval. But that simple statement hides a variety of complications.

To start, as discussed in Chapter 10, it is not entirely clear that the 
FDA currently has the power to regulate Easy PGD or, at least, all uses 
of Easy PGD. As set out in Chapter 10, I think stem cell–derived human 
gametes are “drugs” or “biological products” subject to regulation, but 
that conclusion is not certain—and will not be unless and until a court 
case upholds it. And even then the FDA could only regulate their intro-
duction into medicine, not how doctors chose to use them.

But let’s assume, as I think likely, that the FDA does have authority 
over at least the fi rst steps of Easy PGD—the creation of iPSCs and the 
derivation of human gametes from them. How should the FDA then try 
to ensure that Easy PGD is safe?

The FDA should apply its usual procedures for demanding proof of 
safety and effi  cacy for the stem cell–derived gametes, but with special 
rigor, as the eff ects of interventions that create gametes might be unpre-
dictable and long delayed. The usual procedures fi rst involve preclinical 
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work, typically done both with human cells in laboratories and with 
nonhuman animals, followed by Phase 1, 2, and 3 trials in humans. IVF 
did not go through these stages because the FDA did not, and still does 
not, view most IVF procedures as falling within its jurisdiction. Easy 
PGD—or, at least, the use of stem cell–derived gametes—will.

In exercising its approval authority over those gametes, the FDA 
should fi rst require three diff erent types of preclinical research: nonhu-
man animal trials, human gamete studies, and human embryo studies.

Typically, before it approves trials in humans the FDA wants to see pre-
clinical work in two diff erent nonhuman species, often one rodent species 
(mouse or rat) and one nonrodent species. Work on both IVF and, later, 
on cloning have shown that diff erent species have very diff erent reproduc-
tive processes. In particular, many of the “usual suspects” for preclinical 
animal work—mice, rats, rabbits, pigs, cats, and dogs—have been cloned, 
giving rise to live animals, but not a single primate has been successfully 
cloned to the point of creating a pregnancy, let alone a live birth. Given 
both evidence that primate reproduction is diff erent and the importance 
of getting this technology right, the FDA should require preclinical work 
in at least one nonhuman primate species as well as in another species. 
But working with nonhuman primates is complicated, for many reasons.

One complication is choosing the primate species. Chimpanzees are 
most closely related to humans and might seem a good choice, but work-
ing with chimpanzees (or the other great apes) raises serious ethical, 
practical, and fi nancial issues. The smaller nonhuman primates, like 
marmosets or tarsiers, are easier and cheaper to work with, but also 
more distant from humans. Among the most common research primates 
are macaques, three species of old world monkey, and macaque repro-
duction has been closely studied. I suspect the FDA will require pre-
clinical testing of gamete derivation in both a rodent species and in a 
macaque species, though, given the importance of its decisions, in spite 
of the diffi  culties, it should at least consider trials with chimpanzees.

Whatever species are chosen, substantial preliminary work will be 
necessary to create stem cell–derived gametes in those species and, de-
pending on the species, to learn how to do in vitro fertilization in them. 
(Mice and macaques would be particularly useful as their reproduction 
has been deeply studied.)11 The animal work should include not only an 
assessment of the effi  cacy and safety of the process in making off spring 
in the chosen species, but also in observing the stem cell–derived gametes 
and resulting embryos in that species.
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A second type of research would use human stem cell–derived gam-
etes, but only in the laboratory, not in humans. Human gametes derived 
from iPSCs (or hESCs or SCNT cells) would fi rst be created and tested 
to see how similar they are to normal human gametes. To the extent 
they are diff erent from normal human gametes, their diff erences should 
be compared to the ways that the research animal iPSC-derived gametes 
diff ered from their naturally produced eggs and sperm. Only if the hu-
man gametes were suffi  ciently similar in their characteristics to either 
normal human gametes or to nonhuman iPSC-derived gametes that had 
been shown to be relatively safe and eff ective when used in preclinical 
trials should the third kind of research follow—the creation of embryos 
for research.

Most human embryo research, in the United States and around the 
world, takes place on “leftover” embryos, initially created as part of 
IVF in the expectation that they might be used to make babies, but then 
not chosen for that purpose. The creation of human embryos solely for 
research is deeply controversial. Some would say that it is inappropri-
ate—or unethical, or immoral, or murder—to create embryos without 
any intent for them to have a chance to be born. Some countries, and 
some U.S. states, allow creation of research embryos and others ban it. 
The federal government refuses to fund it. Yet the creation (and some-
times destruction) of embryos from iPSC-derived gametes could play a 
hugely important role in ensuring the safety and effi  cacy of Easy PGD, 
while transferring them for potential birth would short-circuit the safety 
testing process.

If the gamete work justifi es taking this next step, the FDA should 
require embryos to be created from iPSC-derived gametes so that their 
early development could be analyzed. This would examine how normal 
that early embryonic development is, even though that analysis might 
involve damaging or destroying the embryo. Without that kind of test-
ing, we could not know how similar those embryos were, or were not, 
to normal embryos. For the federal government to require such testing, 
even if it is funded privately, would today be extremely politically con-
troversial and would, I suspect, be blocked by Congress.12 I can only 
hope that, in the event, Congress will value the importance of ensuring 
the safety of babies over the safety of embryos.

These three stages of preclinical research would tell us how safe and 
eff ective reproduction using stem cell–derived gametes was in two non-
human species, including a nonhuman primate. And they would tell us 



 Safety 219

how similar human stem cell–derived gametes, and embryos made from 
them, are to normal human gametes and embryos or to abnormal but 
safe nonhuman gametes and embryos. That should allow the sponsor, 
and the FDA, to determine whether the results are suffi  ciently promising 
to move to the required human clinical trials.

If the sponsor decides to move forward, it would fi le with the FDA a 
request for an “Investigational New Drug Exemption” (IND). The FDA 
will block that request unless it is convinced that the intervention is suf-
fi ciently safe and plausibly eff ective enough to justify using humans as 
guinea pigs. The decision to move an intervention for the fi rst time from 
nonhuman animals to people should always be frightening. You can 
never know how humans will react to a drug until you try it in humans. 
Even after successful preclinical trials, trials in humans sometimes go 
terribly wrong; in the famous case of TeGenero, six healthy volunteers 
ended up in intensive care after getting injections of an immune system–
modulating monoclonal antibody that had passed all of its preclinical 
trials easily.13 When the intervention could have unforeseen eff ects on 
babies, “terrifying” might be a better word.

Such trials typically take place in Phase 1, Phase 2, and Phase 3. Typi-
cally, Phase 1 is a small trial, involving about ten to fi fty people, often 
healthy volunteers. This phase is intended mainly to prove the gross 
safety of the procedure and to provide useful information on how hu-
mans process the drugs or biological products, but not to show its ef-
fectiveness. If the Phase 1 trials go well, the product moves on to Phase 
2 trials involving hundreds of subjects. They are intended to show some 
effi  cacy, as well as to provide more evidence of safety. And if the Phase 2 
results are satisfactory—to the product sponsor and to the FDA—Phase 
3 trials follow. These trials enroll thousands of subjects and test, in more 
depth, safety and effi  cacy, while also looking at diff erent sizes, numbers, 
and timings of doses.

But stem cell–derived gametes would not be normal drugs or biologi-
cal products. For one thing, you cannot test safety apart from effi  cacy—
the safety involved is only partly the safety of the person into whom 
they are transferred but mainly the safety of the babies that might be 
eventually created. Their safety can only be ascertained if there is some 
eff ectiveness; no babies, no evidence about safety.

Also, you cannot test them on volunteers. The true research subjects 
are the embryos and ultimately the babies created from those gam-
etes. This raises a serious ethical problem: the research subjects cannot 
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give consent—they do not exist. But without resolving this problem, 
no research would be possible on this technology. We allow parents to 
consent (sometimes) to research on their children; we allow (some) re-
search on the eff ects of products on pregnant women and their fetuses 
and eventual children, although it does not happen often. We will have 
to do the same to test the safety of human stem cell–derived gametes. 
Consent would have to be obtained from the people whose cells were 
used to derive the gametes, as well as the women who would try to 
carry the pregnancies.

Although, as noted above, the fi rst trials cannot be classic Phase 1 
trials, where effi  cacy is unimportant, it does make sense to start, as in 
normal Phase 1 trials, with a small number of subjects. The fi rst eff orts 
to do this in humans should be done in a way that would only aff ect a 
handful of babies, not hundreds or thousands.

If the Phase 1 trials do not reveal serious problems, moving to much 
larger combined Phase 2/3 trials will make sense. It seems likely it will 
not be necessary to separate out Phase 3 trials—the effi  cacy issues for 
which Phase 3 trials are often used, like the timing or dosing of a drug, 
are likely to be irrelevant here. The size of these subsequent trials will 
have to be calculated based, at least in part, on a decision about accept-
able risks. If you want to be able to have confi dence that you can detect 
risks that happen one time in a thousand, for example, you will need 
more than a thousand babies born from these trials.

These clinical trials, at each phase, pose some special questions. How 
long should the trials run—until the babies are born, until they are one 
year old, fi ve years old, ten years old? Until they are adults who have, 
themselves, safely reproduced? Until they are dead at a ripe old age?

And who will bear the liability if something goes wrong during the 
trials? If the trials produce a disproportionate number of disabled or 
harmed babies, the costs to the parents could be staggering, but if the 
trial sponsor bears them, the costs could lead to bankruptcy—and the 
prospects of those costs could lead to refusal to proceed with trials, and 
the technology. What if the trials only produce, more or less, the number 
of disabled or harmed babies expected from the same number of normal 
pregnancies—will those babies (and their parents) be compensated? It 
is likely that most of the time no one would be able to prove whether 
the baby was harmed because of the use of iPSC-derived gametes or just 
by bad luck. And consider the enormous political risks to the FDA—or 
the presidential administration whose FDA allowed these trials to go 
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forward. If the trials led to many harmed babies, the political fallout 
could be excruciating, making agencies (and administrations) leery of 
allowing them. The sponsor of the trial could also expect substantial 
political and public relations damage if things go wrong.

Finally, and importantly, who will pay for these trials and accept these 
risks? Clinical trials for drugs and biological products cost hundreds of 
millions of dollars. They are usually undertaken by companies that, if 
successful, will have some period of monopoly control over the prod-
ucts—through patents, through various FDA regulatory exclusivity pro-
visions, or both. Will someone have an eff ective patent, one that cannot 
be easily circumvented, on a process for making and using iPSC-induced 
gametes? And, if not, will the government actually be able, politically, 
to award a monopoly period of regulatory exclusivity over a method 
of making human babies? Would either kind of monopoly provide an 
expectation of suffi  cient returns to make the costs and risks of clinical 
trials worthwhile?

We have no precedent for this kind of procedure. IVF never went 
through an FDA-like regulatory process. Although some drugs were es-
sential to IVF as it came to be practiced, notably those that induce hy-
perstimulation of the ovaries, those drugs had been approved previously, 
not for use in IVF but as fertility-enhancing drugs. Neither have any of 
the current refi nements of IVF, such as ICSI or in vitro maturation, gone 
through a regulatory process. The FDA’s imposition of its clinical trial 
requirements on two mitochondrial transfer technologies in the early 
2000s was suffi  cient to stop that technology for at least fi fteen years.

But let’s assume that, somehow, trials do get funded and approved 
and the trial data is ultimately submitted to the FDA, as part of a new 
drug approval application or biological license approval application. 
How should the FDA evaluate those data to determine whether making 
babies from iPSC-derived gametes is safe and eff ective?

Presumably, unless things change in the next twenty to forty years, the 
FDA will use its longstanding process. Its staff  will receive the clinical 
trial results, analyze the data, ask questions of the sponsor, and eventu-
ally prepare information for review by an advisory committee, made up 
largely of non-FDA experts. The advisory committee will meet to listen 
to a presentation from the sponsor, hear comments from the public, ask 
questions of both, and deliberate before voting on a recommendation. 
The FDA is not required to follow an advisory committee’s recommen-
dation, but it usually does.
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The harder “how” question is one that is part of every FDA decision 
but may take on special importance here—how should one defi ne safe 
and eff ective? If the procedure appeared as safe as natural conception 
and childbirth with similar parents, at least within the age ranges for 
which data were available, presumably it would be safe and eff ective. 
What if it appeared as safe as IVF, with similar parents, but not as safe 
as natural conception? What if it appeared slightly less safe than IVF or 
if, quite possibly, one could not confi dently say whether it was more or 
less safe than IVF?

Part of the answer in the usual case depends on “safe for what?” A 
drug for a terrible and fatal disease need not be as safe as a drug for a mi-
nor ailment. What category do iPSC-derived gametes fall into? If they are 
to be used by parents who cannot have “children of their own”—their 
own genetic children—in any other way, and hence cannot “treat” their 
infertility in any other way, does that matter? How much additional risk 
to their children should we let those parents take in their search for their 
“own” children? If they are to be used by parents for PGD in order to 
avoid serious genetic diseases, how much risk does that justify? Would 
it be justifi ed if the net risks to the children were lower with Easy PGD 
than without it—somewhat lower risks of genetic diseases outweighing 
somewhat higher risks of the procedure? And what if the parents do not 
want to use iPSC-derived gametes (and Easy PGD) to avoid disease, but 
to pick their child’s sex, or hair color, or likely personality? How much 
risk does that justify?

What if at least some of the worst outcomes from using iPSC-derived 
gametes could be easily determined by testing the embryo before making 
the decision to transfer it? (Remember, Easy PGD is not just using stem 
cell–derived gametes but it’s also then doing broad genetic testing on 
the resulting embryos.) If it were known that 90 percent of all embryos 
created this way would be predictably too damaged for use, but that the 
10 percent of “good” embryos could be easily picked out for transfer, 
should the creation of all those unused embryos be considered a harm 
to be weighed against the benefi ts? Or what if problems caused by using 
iPSC-derived embryos could be detected in utero, in plenty of time for 
a therapeutic abortion? How much harm does that count as—just the 
harms, physical and emotional, to the parents or also any harms to the 
fetus? If predictably a certain percentage of the parents would choose 
to continue the pregnancy to the birth of a damaged baby, should that 
count against the safety of the procedure?
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The last three paragraphs have far more questions than answers, be-
cause those will be real questions, and hard ones. They might be made 
a little easier to answer if the FDA were able to satisfy three conditions: 
impose some post-approval requirements to limit uses to those with high 
benefi ts, mitigate some of the risks of the procedure, and understand 
better some of the other risks.

The FDA might limit the procedure’s use to the people—infertile par-
ents or otherwise genetically diseased children—who would benefi t the 
most. Or it could mitigate the risks by banning the transfer of more 
than one embryo in this process, creating safety “savings” from avoiding 
multiple births to set off  against the procedure’s higher risks. Or it could 
require long-term follow-up of the children born from the procedure as 
a way of getting better information on long-term risk to reduce uncer-
tainty about risks, if not the risks themselves.

Each of these ideas is attractive, but each would require a change in 
the FDA’s power. The FDA does not have the power to regulate how a 
regulated product is used—either in terms of limiting off -label uses or 
blocking the transfer of multiple embryos. Neither can it require the 
children to be followed for years. The FDA can, in some circumstances, 
encourage or even require companies to do post-approval trials (some-
times called “Phase 4”) and it can, sometimes, require that the compa-
nies create Risk Evaluation and Management Strategies (REMS), but 
neither requires patients to become research subjects if they want to 
use an approved product—especially if those “patients” are babies who 
never agreed to use (or to be) the approved product.

Rogue Clinics

This chapter has laid out a process for regulating the safety of mak-
ing babies from iPSC-derived gametes, and thus (for the most part) the 
safety of Easy PGD. But that process is only useful if it is followed and 
that is hard to guarantee. There could be truly illegal and surreptitious 
eff orts to perform the procedures without (or before) FDA approval. 
More likely, though, are activities undertaken outside the reach of the 
FDA (or an equally rigorous foreign agency). Most stem cell remedies 
are regulated by the FDA and are not yet approved, but stem cell clinics 
have nevertheless sprung up throughout the world (including in parts of 
the United States) to provide patients, including many Americans, with 
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access to unproven therapies.14 Similarly, various unapproved cancer 
remedies, often pure quackery, are off ered at high prices to desperate 
people outside the reach of the FDA.

Without truly eff ective, and universal, international harmonization 
and enforcement, these kinds of unapproved (because unproven) clinics 
will spring up. A country could try to regulate “reproductive” tourism, 
but those actions can raise domestic and international legal problems as 
well as huge practical problems. Countries have not had much success 
in keeping their citizens from engaging in such tourism, whether it is for 
unapproved cancer treatments, domestically illegal abortions, or locally 
banned uses for IVF.15 There is no reason to think that regulation of Easy 
PGD would be any more successful—probably less so as the regulated 
procedures just require the one-time removal of a skin biopsy and the 
one-time transfer of an embryo.

There is no perfect safety. There is no perfect way to assure safety. 
But there are good ways to try to get reasonable assurance of acceptable 
levels of safety. With the health of potentially huge numbers of children 
at stake, countries need to work very hard to apply those good methods 
to determine the safety of Easy PGD.
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14
F A M I LY  R E L AT I O N S H I P S

“Happy families are all alike; every unhappy family is unhappy in its own 
way.” Tolstoy’s start to Anna Karenina is one of the most famous open-
ing sentences of any novel.1 But would it be diff erent for families built 
with Easy PGD?

The day-in, day-out happiness of families is rarely a concern for law 
and policy except at the most dysfunctional extremes. And yet it is, for 
many of us, the single most important issue in our lives. How would 
Easy PGD aff ect families, and the joy, pride, and comfort—or the pain, 
embarrassment, and hatred—we take from them? This chapter explores 
those issues in three diff erent contexts. First, it considers how Easy PGD 
might aff ect the feelings and commitments of people in a traditional 
parent-child family built through that technique. Second, it discusses the 
argument sometimes advanced that genetic selection violates a child’s 
“right to an open future.” And third, it considers some of the more un-
usual family structures that Easy PGD makes possible and speculates on 
the happiness, and external consequences, of those families.

The Eff ects of Easy PGD on Traditional Families

Would the fact that the parents selected their children from among many 
embryonic choices based on their particular genetic predispositions af-
fect an otherwise traditional family and, if so, how?

We do not, and cannot, know. We do not have any signifi cant experi-
ence with the kind of genetic selection involved in Easy PGD. Although 
PGD has been practiced for nearly twenty-fi ve years, it has not been used 
for the kind of detailed genetic choices that Easy PGD makes possible. 
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Instead, it has been employed for four specifi c purposes: to avoid serious 
genetic diseases known to run in the family, to select an embryo with 
immune system genes that make it a possible cord blood donor for a 
sick relative, to choose boy or girl, and, most commonly, to try to pick 
embryos that are more likely to survive the implantation and develop-
ment process and become babies. We have no data about the happiness 
of the parents and children in families created by PGD and, even if we 
did, their reasons for using PGD, and their options with PGD, have been 
so diff erent from the future Easy PGD as to make any comparisons ap-
parently useless.

There is a bit of data about families constructed from IVF. Happily, 
they seem to be at least as happy as families constructed through natu-
ral conception—but that provides little comfort about Easy PGD.2 IVF 
children are not selected for their particular genetic traits, other than 
being genetically related, usually, to one or both parents. Perhaps more 
importantly, they are the results of what is often a very long and trying 
process of overcoming infertility. A closer and more useful comparison 
with Easy PGD might be the happiness of adoptive parents and their 
families when the parents were able to make very detailed selections of 
the child to be adopted rather than having less choice, but I do not know 
of any data on the comparative happiness of those families.

So, in the absence of data, we do what we can—we speculate. But we 
can speculate, at least, in an organized way, considering fi rst the possible 
eff ects on the parents and then the possible eff ects on the children.

The biggest issue with the parents seems likely to involve a greater 
investment in a particular future for the baby. Parents often (always?) 
build hopes and dreams around their pregnancies and eventual children. 
Will they feel more confi dent in, or entitled to, certain outcomes if they 
have selected the child in advance based on its genetic variations?

At some level, that answer must be yes. Parents who selected their 
embryo so that their baby would be a girl would almost certainly be 
more upset at a boy than parents who, conceiving the old-fashioned 
way, knew that the baby’s sex was a coin fl ip. How long-lasting that 
disappointment would be and what would be its likely consequences for 
the parent-child relationship can only be guessed at.

But, of course, Easy PGD should be able to get right the question 
“boy or girl?” as well as questions about Tay-Sachs disease, PS1 muta-
tions leading to early onset Alzheimer disease, and, eventually, various 
cosmetic traits. If Easy PGD did not produce the promised results for 
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relatively straightforward genetic traits, a malpractice suit would be a 
plausible response (although it is unclear when the parents would be 
entitled to any damages).

The harder questions of disappointed parental expectations fall into 
two categories: unexpected surprises that were not the subject of Easy 
PGD predictions and possibly unreasonable surprises about Easy PGD 
predictions for less penetrant traits, probably particularly behavioral 
traits. Many bad things that affl  ict babies are, at least sometimes, not 
of any known genetic cause. Although some cases of intellectual dis-
ability have known genetic sources, such as Down syndrome, fragile 
X syndrome, or untreated phenylketonuria, most intellectual disability 
has nongenetic (and much has completely unknown) causes.3 If parents 
carefully select their embryo to avoid any known genetic risks, but still 
end up with a child having severe developmental problems, will their 
relationship with that child be diff erent because they went through Easy 
PGD? (If they end up with a fetus with such problems and choose to 
terminate the pregnancy, this may cause unhappiness but not the kind 
of unhappiness that is the subject of this chapter, which is about family 
relationships.) Maybe, but if so, how many parents would be aff ected, 
how seriously, and for how long? How badly would it aff ect their happi-
ness and would their reactions have negative consequences for the child?

Those are cases where Easy PGD, at least if competently presented, 
has said nothing about the actual result. The counselors presumably 
would have said, honestly, that genetic selection cannot guarantee a 
healthy or normal baby, just one that does not have this set of known 
genetic conditions. But what about common situations where Easy PGD 
will say something, but something probabilistic?

Consider the parents who pick embryo #12 because it is predicted to 
grow into a tall, strong male, with an 80 percent likelihood of better-
than-average athletic abilities and a 70 percent chance of higher-than-
average intelligence. “That’s Andrew Luck,” the prospective father says. 
But maybe he turns out to be a decent but not great athlete, or a very 
good athlete with serious fl aws, or a great athlete who would rather be 
an architect than play football? Will this kind of disappointment sour 
the relationships between parents and children? The health profession-
als involved in their Easy PGD presumably will not have promised the 
parents that they would get Andrew Luck, just that his embryo would 
have a better than usual chance of that kind of outcome. But how will 
the parents take the reality? And how will they take it out on the child?
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We do not know. We do know, of course, of parents whose hopes, 
dreams, and aspirations for their children end up in small broken piec-
es. It happens all the time. Even lucky parents will rarely (probably 
never, guesses this parent) have children who turn out exactly how they 
had planned. Genetic selection is unlikely to increase the mismatch 
between hopes and reality—that has always been great—but it may 
increase the parents’ confi dence in their hopes. To some extent that 
will be justifi ed—their genetically selected daughter will be a daugh-
ter—but to some extent it will not be—she will be highly unlikely to be 
the next Jane Austen.

How much extra suff ering will that cause, netted against the extra 
happiness from those genetic traits that can be successfully predicted? It 
seems impossible to know. Can the unreasonable expectations of parents 
be limited through appropriate counseling? Probably, to some extent 
and in some cases, but predicting the balance is perilous.

But the parent-child relationship is not just about the parent. How 
will genetically selected children feel? One of the fi rst times I talked 
about these issues, I was taken aback by the vehement reaction of one 
student. He was appalled that his parents would know all about his 
genome before he was even born. This struck him as an enormous inva-
sion of his privacy, like searching his room, he said. Of course, postnatal 
genetic screening is likely to produce the same degree of screening, but 
apart from that, will, or should, children feel that Easy PGD has invaded 
their privacy?

Perhaps more importantly, what will be the consequences for their 
happiness of knowing that their parents selected them with more than 
the usual hope of getting the next Andrew Luck or Jane Austen? Would 
they feel less valued as inherently uncertain individuals—or more valued 
because they knew that, out of a hundred possible children, their parents 
chose them? Will they feel more anxious about living up to (or not) their 
parents’ now genetically based expectations? And how important would 
any of those feelings be? These are tangible and potentially serious un-
certainties arising from Easy PGD or any form of genetic selection.4

These questions are not entirely unprecedented—children selected by 
adoptive parents and children born from carefully selected gamete do-
nors might have some similar reactions. The degree of harmful psycho-
logical consequences in such children does not seem great. It certainly 
has not halted either practice. Still, the enormously greater genetic speci-
fi city of Easy PGD compared with sperm or egg donor selection leads 
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me to think the risks cannot be usefully assessed before the procedure 
is used. Perhaps the best that can be done in the beginning is to warn 
prospective parents of these potential perils.

The Right to an Open Future

Some have argued that we need not try to add and subtract the hard-to-
predict psychic costs and benefi ts of genetic selection for both the par-
ents and the children. Instead, we can rely on a principle, the principle 
that each child has a “right to an open future.” As noted below, legal 
philosopher Joel Feinberg fi rst published the idea of a right to an open 
future, and law professor Dena Davis developed it further in the context 
of genetics. It makes sense that the idea came, at least in part, from law, 
because it resonates with certain legal ideas.

In the common law world at least, children can “own” property but 
they cannot (usually) manage it until they come of age. Typically, that 
property is held and managed for their benefi t by their parents, who 
have a fi duciary obligation to put the child’s interest fi rst with respect 
to the child’s property. In eff ect the parents hold the child’s property in 
trust for the child.

What about the child’s interest in its own future? The child can only 
slowly begin to exercise, or even know, its own wishes for its future. 
To some extent, the parents are duty bound to ignore some of a child’s 
early desires for its future—“cake today, cake tomorrow, cake forever” 
would be a very bad idea. But if the child’s future is really to be its own 
to decide, the parents should try to maximize the child’s options, not to 
foreclose them. Genetic selection could strongly foreclose some of those 
options, substituting the parents’ view of a good future for the child’s 
chance to choose—and make—his or her own future.

Feinberg fi rst enunciated the principle of a right to an open future in 
his 1980 book chapter “The Child’s Right to an Open Future.”5 He laid 
out a categorization of rights that both adults and children share (such 
as a right against aggression), rights that adults have (such as the right to 
vote), and rights possessed only by children (or adults who are as depen-
dent as children). The last set of rights, he argued, included both rights 
to be supported because dependent and “rights in trust”—adult rights 
that the child is not yet able to exercise but that should be preserved for 
him or her. He uses the example that a two-month-old child, who cannot 
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yet move on his own, has a right to walk that would be violated by the 
needless amputation of his or her legs.

Feinberg’s seminal chapter actually focused on a U.S. Supreme 
Court decision, Wisconsin v. Yoder, where the court held that Amish 
parents had the right, based in their religious freedom under the First 
Amendment, to avoid mandatory education of their children past 
eighth grade.6 Feinberg attacks the decision vigorously, setting up a 
truly uneven contest between a talented philosopher and the late Chief 
Justice Warren Burger. Feinberg argues that the decision impermissibly 
forecloses children’s right to choose their futures, based solely on the 
religious desires of their parents. Feinberg recognizes the dilemmas in-
herent in his argument, fundamentally the inevitability that a child’s 
future will, and must, be narrowed by parents, the state, chance, and 
other things. Nonetheless, he argues that the child’s options should, as 
far as possible, be kept open.

Feinberg was a prolifi c and highly respected American philosopher, 
active from about 1960 to his death in 2004. His work on a child’s right 
to an open future, though occasionally cited in the philosophical litera-
ture, is not mentioned in the entry about Feinberg in the Encyclopedia 
of Philosophy.7

Dena Davis seems to have brought Feinberg’s argument to promi-
nence in a more applied fi eld in her 1997 article “Genetic Dilemmas 
and the Child’s Right to an Open Future.”8 She examined the implica-
tions of genetics for three particular issues of parental selection: the 
choice of deaf parents to have a genetically deaf child, predictive test-
ing of already born children for adult onset diseases, and sex selection. 
Davis argues that each of these practices is wrong. Deaf parents harm 
their (deaf-selected) children by limiting their options, predictive test-
ing for adult onset disease takes away a child’s right not to know about 
his or her genetic risks for no good reason, and sex selection allows sex 
stereotyping to begin even in utero, thus exacerbating restrictions on 
the child’s future.

Davis’s article made “right to an open future” a mainstay in discus-
sion of reproductive genetics. It is a powerful and important contribu-
tion to the discussion, but, to me, it is unconvincing.

Feinberg, in his initial chapter, recognizes the major problem with a 
right to an open future—it’s impossible. No one can have a fully open 
future. Everything about one’s life guides and infl uences that future from 
the very beginning: being born male or female; rich or poor; American, 
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Chinese, or Nigerian. Sickness, parental health, education, accidents—
they all change, irrevocably, our lives. Feinberg says the right should 
be maintained “as far as possible,” but what can that mean? A parent 
choosing between violin lessons, a soccer team, or video games for a 
young child’s afternoon pastime is closing, to some extent, that future—
and not choosing is, of course, itself a choice. If the answer is merely 
“not too much,” how can one say whether Easy PGD crosses that line? 
And which uses of Easy PGD would cross that line and why: avoiding 
early onset diseases, avoiding later diseases, choosing cosmetic traits, 
picking predispositions for behavioral traits, or sex selection?

But in the genetic context there is, I think, a second objection. In 
terms of the genetic variations we are born with, all of us have that part 
of our future closed roughly nine months before birth. Whether a baby 
inherits two Tay-Sachs alleles, a pathogenic BRCA1 allele, or a Y chro-
mosome is inevitably set. (Note that, as discussed in Chapter 12, truly 
safe and eff ective genome editing could reopen that closed future.) The 
only diff erence is that with Easy PGD, parents are making the choice, 
not so much of which trait to give their child, but which child, with 
those traits, they will seek to bring into existence. Does the intervention 
of parental choice, as opposed to the equally option-foreclosing eff ects 
of chance, make a moral diff erence? It may make it possible for the par-
ents to act immorally, but the mere fact of parental choice does not seem 
immoral, any more than the parental choices of violin versus soccer (and 
maybe, or maybe not, video games).

Davis points to certain examples and says that they are bad but that 
does not mean that the process of choosing is necessarily bad. Easy PGD 
deprives a child of the “right” to suff er and die from Tay-Sachs disease 
or to be condemned to early onset Alzheimer disease (or, more accu-
rately, deprives the world and the parents of such a child in favor of 
another child with, happily, narrower options). If it is the specifi c kinds 
of choices, and their consequences, that matter, then each kind of choice 
needs to be analyzed separately, and with an eye to ways of mitigating 
its harms.

I will revisit the issue of choosing an embryo in order to have a child 
with a disability later in the book, but surely the nature and extent of the 
disability, as well as the ability to compensate for it, would be relevant 
in judging parental actions. The disclosure of genetic risks to children 
from early testing could be avoided by not disclosing the whole genome 
sequencing results to the children until adulthood. And for sex selection, 
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one would want to weigh the benefi ts to the parents (and the resulting 
child) from having the parental preferences come true against the vari-
ous risks and costs, including whatever costs come from thinking about 
the future child as a little boy or girl from fi ve days after conception 
instead of from the fi rst determinative ultrasound.

Unusual Families Made Possible 
by the Techniques of Easy PGD

Thus far I have stayed within the realm of “ordinary” families with chil-
dren. These will most often be a family based around one male and one 
female parent, though increasingly single women (voluntarily or not) 
have formed or sustained families with children, as have gay or lesbian 
couples, using either adoption or egg and sperm donation (and some-
times gestational surrogacy). Easy PGD opens, or greatly expands, seven 
much less conventional—or entirely novel—possibilities. These include 
gay and lesbian couples who are genetic parents, genetic parents of pre-
viously impossible age, (diff erent kinds of) posthumous genetic parents, 
“incestuous” parents, unsuspecting genetic parents, “commercial” par-
ents, and “uniparents.”

Currently, gay or lesbian couples are like straight couples who are 
infertile because they lack the necessary one egg and one sperm. All such 
couples can use donated eggs or sperm (plus, in at least the case of a gay 
male couple, a borrowed or rented womb), but those eggs and sperm 
will not carry the genetic variations of the partner who lacks a gamete. 
By using gametes from a sibling, these infertile couples could have chil-
dren with half of their genetic variations from one parent, one quarter 
from the other parent, and the other quarter from the future aunt or 
uncle, but this three-quarter genetic child may not satisfy the desire for a 
“child of one’s own”—especially when iPSC-derived gametes make that 
possible. It is hard to see how adding some more genetic similarity of 
children to the parents would make same-sex parenting diff erent in any 
negative way.9

Easy PGD might also lead to genetic parents of ages that were previ-
ously impossible. The biological clock may well stop ticking for women, 
at least in terms of the quality of their eggs. Instead of being forced to 
rely on the dwindling stock of oocytes laid down before birth, women 
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might be able make brand new—and possibly fertile—eggs from skin 
cells at age forty-fi ve, fi fty, sixty, or even ninety.

We have seen geriatric genetic parents before, albeit only on the male 
side, so that idea is not entirely new, although elderly mothers do seem 
to bother some people more than elderly fathers.10 But Easy PGD could 
be used to make gametes, and hence children, not only from the sexually 
postmature but from the sexually immature—children, toddlers, infants, 
or even, presumably, fetuses. Why someone would want to do that is 
not at all clear but the technology opens the possibility. (Making gam-
etes from a child undergoing chemotherapy might make sense, but those 
could be saved for use only when the child becomes an adult.) Note that 
these conceptions would, at least when they occurred below the legal age 
for marriage or sex, be without legal consent. What are the legal rights 
and responsibilities of unconsenting, and possibly unknowing, genetic 
parents who happen to be children?

Making gametes from people of “unusual” ages also opens the door 
to making gametes from the dead as long as one had viable cells from 
them. This does not mean Jane Austen or George Washington; the cells 
will almost certainly need to have been taken from a person while alive 
or newly dead and either used quickly or subject to careful medical freez-
ing (not to be tried at home). Either the fresh cells or carefully thawed 
frozen cells would then be used to make iPSCs, from which gametes 
would in turn be derived.

We have dealt with posthumous parents before in at least three situ-
ations—living pregnancy but posthumous birth, living conception with 
posthumous pregnancy, and posthumous conception and pregnancy. 
Thanks to nine months of gestation, babies with dead fathers have al-
ways existed. The development of life support equipment has also led, 
on occasion, to dead mothers—cases when a brain dead pregnant wom-
an’s body has been kept functioning long enough to permit the birth of a 
viable baby. The use of IVF to produce frozen embryos makes it possible 
for parents to be living at the time of conception but dead at the time a 
pregnancy is established. And now, with harvested sperm and eggs and 
gamete freezing (long established with sperm, just coming into clinical 
use with eggs), conception itself can take place after the death of one or 
both of the genetic parents. Deriving gametes from iPSCs just means that 
the creation of the gametes could take place after death—as long as good 
cell samples existed.
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Lawsuits have already arisen from these scenarios. In one famous 
California case, the use of previously frozen sperm was in question when 
the children of a dead father objected to his mistress’s plans, consistent 
with the wishes the father expressed before dying, to use them to make 
new half-siblings.11 The use of stored sperm from dead men to create 
new embryos has also been litigated. Similarly, some controversies have 
arisen over gamete retrieval from the dead. In Israel the question wheth-
er to remove sperm from a dead soldier—a not very invasive procedure 
with the advantage of causing no discomfort to the corpse—for use to 
make children led to guidelines from the attorney general that focused 
on the dead man’s likely consent.12 In these contexts, litigation thus far 
has focused on the consent, or the intent, of the dead man. (As far as I 
know, the cases have not yet dealt with using eggs from a dead wom-
an—egg freezing has been available for a much shorter time than sperm 
freezing, and the retrieval issues for eggs, for the dead as for the living, 
are much more complicated than they are for sperm.)

A fourth problem Easy PGD could raise, albeit in a somewhat nov-
el way, is incest. What if two people otherwise within the scope of a 
jurisdiction’s incest prohibitions decided they wanted to have children 
through Easy PGD? Would that count as incest? Should it?

Incest laws have regulated who can get married and who can have 
sex together; they have not specifi cally regulated who can have chil-
dren with each other. Historically, that was not an issue. Until recently 
one could not have children together without having sex together. In-
cestuous marriages are invalid and often, in themselves, criminal; in-
cestuous sexual intercourse is criminal. In spite of the fact that artifi cial 
insemination has been available for about a century, there seems to be 
no law on whether people who are too closely related can use it to have 
children together. Widespread availability of Easy PGD (or its prede-
cessor, Easy IVF) could make this possibility more common. Should 
“incestuous” Easy PGD be banned, even if it involves neither marriage 
nor sexual intercourse?

Historically, incest prohibitions had a broad scope, including people 
who were not genetically related, such as the sister of a man’s dead 
wife or a stepparent and unrelated stepchild, based largely on reli-
gion.13 Today the restrictions are primarily about sex (or marriage) 
between closely genetically related people—parents and children, sib-
lings, uncle/aunts and nieces/nephews. Many American states still for-
bid fi rst cousin (third-degree relative) marriage.14 These statutes are 
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justifi ed in part on grounds of likely unequal power relationships lead-
ing to abusive sex, as in parent-child incest. Genetics added a medical 
or biological justifi cation to the bans, which have been thought to help 
limit unhealthy inbreeding.

The use of Easy PGD to create children would not, in itself, violate 
prohibitions on sexual intercourse between two people as incest or the 
concerns about disparate power relationships. The latter might still be 
a worry, but less so than when sexual gratifi cation is the driving emo-
tion. Of course, that is true today with regard to making children us-
ing artifi cial insemination or IVF. But today’s novel methods of making 
children do not remove the medical concerns about incest; Easy PGD 
largely could. If embryos created by two close genetic relatives were 
screened using PGD, the known problems of inbreeding, mainly involv-
ing the higher risk of autosomal recessive diseases, would be eliminated. 
In that case, would there be any good reason to ban or limit Easy PGD 
using gametes from two people who would otherwise be within the in-
cest prohibition?

A fi fth new category of parenthood is the unsuspecting parent. If only 
one good cell is necessary to make gametes, cells taken from clinically 
removed tissue (a biopsy or even a blood sample), from discarded tis-
sues, or from the mouth of a discarded water bottle might be used to 
make gametes. Presumably one would have greater success in making 
iPSCs and then deriving gametes if one started with a lot of cells, col-
lected with that purpose in mind, but it is certainly not impossible that 
surreptitiously collected cells could be used to make gametes. What du-
ties or responsibilities would such an unwilling or unsuspecting genetic 
parent have?

The sixth possibility fl ows from the fi fth—as making eggs and sperm 
become easier, one can imagine someone selling their iPSC-derived gam-
etes to make babies. Of course, that happens now to some extent, with 
both egg and sperm “donors.” Prospective parents choose the donors 
they use based, in part, on those donors’ characteristics. This “shop-
ping” is more prominent with sperm than with eggs. Big sperm fi rms 
have samples from thousands of men, whose characteristics are de-
scribed in varying detail in the fi rms’ catalogs. Egg brokers typically 
have much smaller numbers of women available for a new egg harvest 
procedure at any time. (Greater use of frozen eggs could make egg bro-
kers more like sperm banks, though the initial diffi  culties of donation 
remain much greater.)
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I wonder why truly commercial gamete “donation” has not caught on 
yet, at least for men. (One early sperm bank specialized in Nobel Prize 
winners, but it fl opped.)15 Male celebrities, like famous racing stallions, 
could sell their sperm for vast amounts. Sperm is not among the “or-
gans” whose sale is prohibited in the United States by the National Or-
gan Transplantation Act—why have we not seen auctions of the sperm 
of male celebrities? Is some form of modesty at work? That’s hard to 
believe in our celebrity culture. Or perhaps the answer is some concern 
about the legal obligations of the donor, though choosing the proper 
state, having the appropriate documents, and using the legally required 
processes should avoid parental obligations. Maybe even celebrities feel 
a bit odd about having too many of their genetic children, unknown to 
them, in the world.

Easy PGD might change at least part of this calculation. It would clearly 
increase the number of choices for egg donors; its eff ect on sperm donation 
is not as clear but could also be signifi cant. With Easy PGD, you can make 
100 or more embryos and so choose the best of those 100 combinations of 
your own egg and donor sperm. The vastly increased availability of eggs 
leads to a vast increase in the plausible number of created embryos, which 
in turn can increase the realized value of the sperm donation—as a result 
of embryo selection, a customer would have a greater chance of having a 
baby that resembles the celebrity. Should we care?

The last category is defi nitely novel—the “uniparent.” As discussed 
in Chapter 8, if we can make sperm from a woman’s cells and eggs from 
a man’s cells, people could create and combine eggs and sperm both 
derived from themselves. Wherever the parent had the same alleles for 
a given gene on each chromosome, the unibaby would be identical to 
its parent. When the parent had two diff erent alleles, the child would 
have a 50 percent chance of also having mixed alleles, but 25 percent 
chances each of having two copies of one allele or two copies of the 
other. Genetically, a uniparent would certainly be substantially diff erent 
from other kinds of single parents; apart from likely ego issues, would a 
uniparent be any diff erent socially from other single parents? Arguably, 
the uniparent could be engaging in a kind of incest never dreamt of when 
incest prohibitions and statutes were created, but, given the use of PGD 
to screen the resulting embryos for the unhealthy eff ects of this ultimate 
form of inbreeding, are there good reasons to restrict the practice?

Easy PGD would probably change, at least to some extent, the psy-
chological and social relationships between parents and children within 
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existing, fairly common kinds of parent-child families. It would also 
make possible, or more possible, unconventional or entirely new kinds 
of parent-child families. Would these families be happy or unhappy? 
And how can we possibly assess that without any relevant data? One 
could ask for clinical trials to watch for family stresses, but how ap-
parent they will be, how quickly they will appear, and to what control 
group they should be compared would all be diffi  cult problems. The is-
sues around novel families may be the least predictable questions raised 
by Easy PGD—but not the least important.
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15
F A I R N E S S ,  J U S T I C E ,  A N D  E Q U A L I T Y

Fairness, justice, equality—these terms, and the relationships between 
them, have been contested for at least 2,500 years. No one has yet 
produced a unifi ed theory of these concepts that has gained general 
approval. This book will not try. Yet some of the hardest and most 
important issues raised by Easy PGD are issues of fairness, justice, 
and equality. This chapter sets out some of those concerns. To set a 
foundation, it looks fi rst at just how much “better” children conceived 
through Easy PGD would likely be. It next considers issues raised by 
diff erential access to the technology before moving on to problems that 
could stem from diff erent decisions whether or not to use the technol-
ogy by parents who had equal access to it. It ends by examining how 
the ways in which Easy PGD might be used could exacerbate existing 
problems of justice or equality, with special attention to questions of 
disability and of sex.

The Likely Importance (or Not) of Easy PGD

Just how much diff erence would Easy PGD make in those born with 
its use compared to those born without it? Not as big as the diff erence 
between the Morlocks and Eloi, the brutish but eff ective and the artistic 
but helpless human successor species from 1895’s The Time Machine 
by H. G. Wells.1 Not as large as in the stratifi ed world of Andrew Nic-
col’s 1997 movie, Gattaca.2 And not the “genobility” ruling over a caste 
society as envisioned in law professor Max Mehlman’s 2003 nonfi ction 
book, Wondergenes.3 Neither the method of Easy PGD nor the underly-
ing genetic variations are powerful enough to make that much diff erence.

Remember the limitations of Easy PGD. It can only select among the 
genetic variants that are present in the prospective parents. Even if the 
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parents have the desired variants, if there is a 50 percent chance of get-
ting the “right” combination, selecting one embryo that has the “pre-
ferred” set of variations in just ten of the more than 20,000 genes would 
require making, and testing, over a thousand embryos. Getting the right 
variations in twenty genes—less than one gene in a thousand—would 
require over one million embryos. Besides, we do not know any genetic 
variants that cause, or even contribute signifi cantly, to superpowers, or 
even substantially enhanced powers.

If we ever do discover powerful enhancing genetic variants, or com-
binations of variants, germline genomic engineering, through CRISPR/
Cas9 or otherwise, might provide a path to creating embryos with those 
combinations, but, as noted in Chapter 12 above, that technique faces 
many technical and safety issues. (And may be a topic for a diff erent 
book.) Easy PGD will not lead, at least for many generations, to super-
men and superwomen, but to people who do not have certain genetic 
diseases, who have a lower risk of getting other diseases, who have cos-
metic features preferred by their parents, and who may have some mar-
ginal improvements in their behavioral traits. It seems (to me) realistic 
to say that Easy PGD might produce humans that are about 20 percent 
healthier and, say, 10 percent both better looking and more talented. 
What would follow from that?

I think not much. With a 20 percent diff erence, the two populations 
would form bell curves with substantial overlap. While most Easy PGD 
children may be healthier, handsomer, and smarter than their naturally 
conceived counterparts, many will not be. A society like Gattaca’s that 
made a prenatal gene screen a prerequisite to success would be foolishly 
wasting talent.

Human populations that are, on average, 10 to 20 percent apart will 
not be diff erent species. Compared with our ancestors from only a cen-
tury ago, we are more than 20 percent healthier, certainly as measured 
by life expectancy, and probably by morbidity—1900’s fi fty really is 
today’s sixty, or even seventy. We are, on average, probably somewhat 
better looking, with fewer people carrying now avoidable or reparable 
deformities. We are even smarter, at least on average and as measured. 
The so-called Flynn eff ect has been observed with intelligence tests of 
diff erent types and in many diff erent societies—with test results that 
have improved by more than one standard deviation over the course of 
the last sixty or seventy years. Americans who in 1930 had an average 
test score of one hundred would score about eighty on today’s tests.4
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I am not sure how fully I believe in this evidence of our superiority 
even on IQ tests—and I’m certainly not confi dent we would, in a real 
setting, outperform or outcompete our ancestors. But, objectively, we 
are roughly as much “better” than they were as the children of Easy 
PGD would likely be “better” than the naturally conceived.

But of course, we do not even have to look into the past. Health, tested 
intelligence and education levels, and less certainly but possibly even ap-
pearance correlate positively in our own societies with income. The better-
off  live longer and healthier, get higher test scores, and receive better (or 
at least more) education; they also have more dentistry, cosmetic surgery, 
and other beauty enhancements than the worse-off . In some countries the 
gap is larger, in some it is smaller, but everywhere I know of, it exists. 
Those gaps, too, are likely to be at least of roughly the same magnitude 
as the gap between Easy PGD children and naturally conceived children.

Even if the change is “only” the size of existing income-based diff er-
ences, adding a gap this size between people based on how they were 
conceived is certainly not a positive thing for equality. But note that, at 
least if there were genuinely equal access to Easy PGD across the eco-
nomic spectrum, this gap would not correlate perfectly with the existing 
gaps. Some poor parents will choose Easy PGD; some rich parents will 
not. It is even plausible that the benefi ts of Easy PGD might be greater at 
the lower economic levels, where, for example, “healthier genes” might 
make up for worse health care in situations where, with good health 
care, the genes would not matter.

So, yes, Easy PGD is likely to cause some changes, and probably in-
creases, in inequality. Depending on who uses Easy PGD, as well as its 
actual eff ects on outcomes, those changes might exacerbate, mitigate, or 
leave unchanged today’s patterns of inequality. The eff ects of Easy PGD 
on inequality will bear watching and perhaps some kinds of counter-
acting interventions (special programs for naturally conceived children, 
for example). But they are not likely to bring about human speciation 
events, genetic or political apocalypses, or other results outside the range 
of our current experience.

Access to Easy PGD

Throughout the world, countries treat some kinds of goods and ser-
vices diff erently from others. Every country considers some things so 
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important that everyone should have access to them—for instance, clean 
air and water, education, food, shelter, a postal service, electricity, and, 
in almost all rich countries, health care. Others are luxuries, available 
to those who have both the ability and the desire to buy them, but not 
provided to all. And some things are, sometimes, viewed as so impor-
tant that everyone should have the same access to them—like organs for 
transplant (or votes). What falls into which category varies by country, 
culture, and time, and some things fi t uneasily between necessity and 
luxury, but the basic division is sound. This section looks at both the 
fairness questions of expanding access and of limiting it.

Universal Access

Given its real, but limited, consequences, how should we consider Easy 
PGD? I argued in Chapter 9 that health plans, private or public, would 
fi nd it to their fi nancial advantage to provide broad access to Easy PGD 
because preventing the births of sick children would likely pay for itself 
many times over. But my guesses about the costs of Easy PGD might be 
too low; my guesses about the future costs of treating DNA-linked ill-
nesses in children might be too high; or cultural, political, or religious 
objections may prevent health care systems from covering Easy PGD.

What then? Presumably, some parents will not be able to aff ord Easy 
PGD. Others, who might be “able” to aff ord to pay for it, will choose 
not to. As a result, compared with a system of universal access, a higher 
percentage of children will be born with a “natural” random selection 
of their parents’ genetic variations. Is that fair?

The United States allows innocent children to grow up poor, in ver-
min-infested homes, eating junk food, with limited health care. On the 
other hand, the United States makes some benefi ts universally available 
to children. Primary and (most of) secondary education are not just free 
but compulsory. The vaccinations most important for children’s health 
are generally required and are available for free to poor children. Chil-
dren and pregnant women are the people to whom Medicaid, the pro-
gram for the poor, has been most generous. Even in the area of genetics, 
neonatal genetic screening is mandatory but free to those who cannot 
aff ord it.

In almost all rich countries it is hard for me to believe Easy PGD, if 
allowed at all, would not be made universally available. And I think it 
is highly like that, when Easy PGD becomes common, even the United 
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States will ensure its universal availability, from some combination of 
a sense of fairness to the children (and their parents) and its perceived 
public health benefi ts.

In part that is because of the “easy.” Intervening to change social 
conditions is hard. It is hard to do in any sustainable way anywhere in 
the world; it seems particularly diffi  cult in the United States, at least for 
those not lifted by a “rising tide” of economic growth. But paying for, 
and encouraging the use of, Easy PGD is simple. It could not only relieve 
the scruples of some about the justice of diff erential access but could also 
hold out at least the promise of broad public benefi ts, from better health 
to, possibly, “better” behaviors.

I think the discussion above applies, with some cultural variations, to 
other rich, or even middle income countries. Countries that can aff ord 
to provide Easy PGD to their prospective parents are likely to do so to 
all interested parents. But not all countries will be able to aff ord it. It 
is easy to see universal free access in the United States, France, Qatar, 
Singapore, and Japan, among many others. It is plausible to see it being 
provided broadly in Russia, Turkey, Mexico, Brazil, China, and perhaps 
even India. But it is very hard to envision it becoming widespread any-
time soon in Chad, Laos, Haiti, Somalia, Bolivia, or Papua New Guinea. 
Even if the fairness issues around access to Easy PGD are solvable within 
rich or middle income countries, gaps are still likely to arise internation-
ally. How much should we care about them is one interesting question; 
how much will we care about them is another. Neither question should 
be ignored.

Thus far I have been talking about fi nancial access to Easy PGD, but 
“free” is not always the same as “accessible.” People in remote areas, 
people with limited access to health care, people with inadequate educa-
tion, teenagers—all of these people may, in reality, have less eff ective 
access to Easy PGD than the well-educated and well-off .

If one thought that, as a general matter, Easy PGD were a good thing, 
these diff erences would be another unfortunate health disparity and 
steps might be taken to expand eff ective access. One important part of 
expanding access would clearly be education, so that people would un-
derstand the potential benefi ts of Easy PGD and how it could fi t into 
their lives. Note though that the lines between improving access through 
education (or, from another perspective, propaganda), “nudging” 
through encouragement, and, as will be discussed in Chapter 16, frank 
coercion may well prove diffi  cult to draw.



 Fairness, Justice, and Equality 243

Restricting Access

But saying “Easy PGD will be free” is not saying “how much” Easy PGD 
or “what kind” of Easy PGD will be free. Consider all the various con-
straints on health care coverage for IVF in Europe.5 One might imagine 
governments paying only for the directly health-related portions but not, 
say, the sex-selection or cosmetic trait aspects. (Of course, given that all 
the genetic information will be the result of whole genome sequencing, 
the extra costs for providing more information would be tiny.) More 
importantly, one can see governments (or insurers) paying for only “so 
much” Easy PGD—which raises the question of what should be done if 
(rich) parents want to buy “more” Easy PGD.

Remember how quickly the number of needed embryos increases with 
the number of “preferred” alleles. Some things prospective parents may 
want, particularly some behavioral traits (intelligence) or cosmetic traits 
(height), may involve 100 diff erent genes. Parents determined to have not 
just a “satisfactory” child but an optimal one might be willing to spend 
extra money—a lot of extra money—to make, and test, many more em-
bryos.6 (Of course, if genome editing at the embryonic stage, discussed in 
Chapter 12, becomes safe and eff ective, those parents are likely to use that 
rather than the clunky, for their purposes, process of genetic selection.)

If, say, creating and testing 100 embryos were to cost about $10,000 
and creating and testing 1,000 embryos were to cost $100,000, would 
anyone pay the higher amount for some marginal improvement in their 
expected results? Yes, just as certainly as some people buy Teslas and 
Lamborghinis instead of Toyotas and Fords, or spend extraordinary 
money and eff orts on placing their children in “the best” college, prep 
school, primary school, or day care. What will we do about people who 
want the luxury version—and does it matter just how much genetically 
“better” we think their children could be as a result? Will they be al-
lowed to buy “deluxe” Easy PGD? The issue of not only providing a 
fl oor but possibly mandating a ceiling may be important and will likely 
be decided diff erently in diff erent cultures.

The Eff ects of Not Using Easy PGD

Without the most severe coercion, it will never be the case that every 
child will be born after Easy PGD. Even if everyone within the relevant 
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area—a nation, a region, or the whole world—had the same eff ective 
access, fi nancial and otherwise, to Easy PGD, sometimes it would not be 
used. At times that would be the result of a conscious decision (or a half-
conscious reluctance) based on religion, ideology, culture, or personal-
ity. Sometimes it will be just an accident. In the early days of Easy PGD, 
even in rich countries friendly to the procedure, only a comparatively 
few children will be born that way; after a decade or two, it could be 
more than half or even three-quarters of births. But the reality that some 
and not all children will be born after Easy PGD has implications for 
fairness that must be addressed. One is possible discrimination against 
people born with or without using Easy PGD; another is the risk of ex-
acerbating existing social tensions based on what groups choose not to 
use Easy PGD.

Discrimination

It is possible that even without large actual diff erences in health, beauty, 
or abilities, society might consider one group or the other unjustifi ably 
superior. Long experience teaches that human groups do not need any 
good reasons, let alone solid evidence, to view “the other” as inferior. 
This is the kind of stigmatization that the movie Gattaca portrays, with 
the social chasm between the prenatally screened “valids” and the natu-
rally conceived “in-valids.” It is also possible that the social feelings 
present, at least in some settings, could make Easy PGD children into 
the stigmatized class, the “would be” supermen or the “rich kid” picked 
on in the poor school.

I think this should be a concern, but not a huge one. For one thing, 
it would be a harsh culture that blamed the children for their parents’ 
choices (or nonchoices). That kind of stigma is certainly not unknown—
“bastards” never had any choice in the marital status of their parents at 
the time of their births—but, one hopes, it is less common today.

More importantly, who falls into which category will not be obvi-
ous. Presumably, children will not, in the absence of coercive legisla-
tion, carry identifying tattoos on their foreheads or badges with full 
or broken helices on their clothes. More importantly, as individuals 
they will not be phenotypically distinguishable from Easy PGD chil-
dren. In both populations, some will be pretty, some won’t be; some 
will be smart, some less so. Both populations will include people who 
are intellectually disabled, who get cancer, or who have early heart 
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attacks. Although no Easy PGD children would likely be born with 
Down syndrome, many would be born with other forms of intellectual 
disability that could not be tested. Similarly, few Easy PGD children 
would be born with a known cancer-predisposing mutation in BRCA1 
or BRCA2, but about 95 percent of people who get breast or ovarian 
cancer have no BRCA1 or BRCA2 mutations. On average, the Easy 
PGD population should be “better,” but that is only on average, not in 
individual cases.

There are exceptions. A few diseases, like cystic fi brosis, Hunting-
ton disease, Tay-Sachs disease, or sickle cell disease, are only caused by 
pathogenic genetic variants. People with those diseases will normally be 
identifi able as having been naturally conceived (or as a result of an Easy 
PGD mistake), but for most diseases, although the rates will be higher 
for the naturally conceived, any individual patient might be the result of 
either Easy PGD or sex.

Finally, for the fi rst few generations of Easy PGD, both populations 
will grow up in societies where the parents and grandparents of both 
the naturally conceived and the Easy PGD children were naturally con-
ceived. That should make social stigma trickier. How would the play-
ground dialogue go? “You’re a dirty natural.” “Yeah, well so’s your 
mother.”

Reinforcing Group Biases

All of these factors make me think that social stigma against the natu-
rally conceived is unlikely—unless it is coupled with a strong association 
between natural conception and some other possibly stigmatized group. 
What might be the implications if the decision whether or not to use 
Easy PGD correlated with some other preexisting social division?

Consider, for example, the possible role of religion. What if, in the fu-
ture, the majority of the public used Easy PGD but use was much smaller 
in particular religious groups? This is plausible. Easy PGD would be 
deeply disapproved of by some fundamentalist Protestant churches and 
would be considered deeply sinful in Catholic doctrine (although Cath-
olic doctrine often does not predict American Catholics’ reproductive 
behavior).7 A popular belief that, for example, Down syndrome cases 
were found almost exclusively in particular religious groups might cause 
social tensions. One can imagine the question. “Why should we pay for 
the disabled children they chose to have?”
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Or the lines might not be religious, but cultural. In California, it is 
generally believed that women of Hispanic (mainly Mexican or, increas-
ingly, Central American) ancestry are much less likely to undergo pre-
natal screening than non-Hispanic women.8 If the same held true in use 
of Easy PGD, tensions over public funding for disabled people thought, 
accurately or not, to have “preventable” genetic diseases could build 
ethnic tensions.

The division could even be economic. If the poor made much less use 
of Easy PGD than others—whether through fi nancial constraints, non-
fi nancial limitations on access, or other causes—antagonism toward the 
“shiftless, improvident, unthinking” poor could increase (or sympathy 
decline). And, of course, it is possible that religion, ethnicity, and pov-
erty could all combine to stir up a witch’s brew of antagonism. It would 
still be very likely that most disabled children would not come from any 
of these minorities. But the possible connections to more “traditional” 
forms of group hatred make this a substantial worry.

Worrisome Collective Eff ects of 
Parents’ Easy PGD Choices

The potential consequences of Easy PGD for fairness, justice, and equal-
ity are not limited to eff ects caused by who chooses to use Easy PGD but 
also include the results of what kinds of traits parents choose, or avoid, 
when using Easy PGD. Those choices can reinforce diff erences, loading 
them with new and stronger power that aff ects not only the people born 
in the future with the disfavored traits but also those who have already 
been born with them.

This applies potentially to any trait. If preferences are fairly evenly 
mixed, or seen to be so, then no harm is done. If, on the other hand, 
parents disproportionately and visibly choose off spring with light eyes, 
those with dark eyes are, to some extent, being marked as inferior. If 
parents choose taller children, then, to paraphrase Randy Newman’s 
satire, “short people got [less] reason to live.”9 If it turned out that there 
were some strong genetic associations with sexual orientation, parents 
choosing only straight (or gay) children could have broad ramifi cations. 
I will focus on two areas—disability and sex—where the eff ects seem to 
me most plausible and where they could well extend far beyond stigma-
tization to more concrete harms.
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Disability

At a conference I helped organize on noninvasive prenatal testing (NIPT), 
one of the panelists was a young woman with spinal muscular atrophy 
(SMA), an autosomal recessive genetic disease that causes systemwide 
muscle weakening. The disease exists in several diff erent forms and each 
form has a range of severity, from infant death to nearly normal life. 
This panelist had spent most of her life in a wheelchair but, like me, had 
graduated from Stanford. She looked at me during a break and said, “If 
you had your way, I would not have been born.”

That rocked me. I am not sure whether I personally would want to 
abort a fetus (the relevant “treatment” in the context of NIPT, though 
not in PGD) with her intermediate type of SMA, but I did, and do, think 
parents should have that choice. And, if I were able to use Easy PGD, I 
would be very unlikely to choose for a baby an embryo that predictably 
would develop SMA. But, of course, I didn’t wish that she had never 
been born. Did I?

Widespread use of Easy PGD (as well as the much nearer widespread 
use of NIPT) will have major eff ects on people with genetic disabilities. 
Fewer of them, perhaps far fewer of them, will be born.

This may be a disadvantage to society all by itself. It is possible that 
people with serious genetic diseases bring something to society by their 
existence. One rarely sees that argument pursued for some genetic con-
ditions—Tay-Sachs disease, for example, where life expectancy is four 
years or less and cognitive ability quickly and progressively disappears. 
Although knowing and caring for a baby with Tay-Sachs disease might 
make someone a better person, few would argue that such an eff ect justi-
fi es the baby’s short and painful life.

On the other hand, many parents and siblings of people with Down 
syndrome say that their aff ected family member is a wonderful, loving 
person who has taught them much about humanity. These people, it is 
argued, are not people with disabilities but a diff erent and valuable type 
of person. Similarly, some of those with profound deafness (a condition 
that is sometimes genetic and sometimes not) argue that deafness is not 
a disability but a diff erent way of being human. If humanity is dimin-
ished by the disappearance of an indigenous culture, would it not be di-
minished, on this view, by the disappearance of “deaf culture” through 
genocide that combines eff ective treatment of some and genetic preven-
tion of others?
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Having fewer aff ected people will also have more tangible, albeit 
collateral, eff ects, both on those born after Easy PGD becomes com-
mon and those born before. With fewer patients—and the expectation 
of still fewer patients in the future—there will be less pressure (and 
less funding) for research on treatments. There will be less demand 
for provision of social support to improve the lives of those with the 
condition. And it is possible there may be somewhat less sympathy and 
support for people with a condition or disease who have it because of 
their parents’ choice.

And then there is my panelist’s challenge. What do we mean by equal-
ity if, in fact, we say, “Her life is not worth living”? I could have re-
plied that I did not think her life was not worth living, only that parents 
should be able to choose to have her but without her disability. But as 
she would have correctly insisted, she would not be herself except for 
her disability. The disability shaped her experiences and life in ways 
that a version of her, genetically identical in every way except for those 
disease-causing alleles, would never have felt.

Yet surely this proves too much. My father spent his last fi fteen years 
with paraplegia as a result of radiation treatment for an inoperable and 
otherwise fatal cancer. I think in some ways his disability made him a 
better person, including launching him on a late life career as a legal aid 
lawyer. But he would have preferred to be able to use his legs and I surely 
was not glad that he had been paralyzed. If being disabled is equally as 
good as being fully abled, why do we take measures to prevent disabili-
ties at all, through, for example, seat belts, airbags, and speed limits, let 
alone vaccines and medical treatments?

In a world of universal Easy PGD, my panelist may not have existed.10 
Someone else, with a slightly diff erent mix of her parents’ genetic vari-
ants but without SMA, would have existed. Would that person have 
been “better” than my panelist? That is, of course, impossible to say, 
but it is also impossible for me to object to a parental decision to have a 
child without a serious disability instead of a child with one.

But it is also impossible not to empathize with the panelist’s feeling of 
personal attack. The people not born as a result of Easy PGD will not 
be able to complain, but the people who have been born with a condi-
tion that Easy PGD is widely used to avoid will have an understandable 
grievance. As may people with nongenetic disabilities, who may feel that 
in popular culture Easy PGD will lead to devaluing—or even dehuman-
izing—all those with disabilities. Although people working in bioethics 
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have become reluctant to “play the Nazi card,” we should never forget 
where the Nazi devaluation of “worthless eaters” led.

Sex

The other big issue raised by the ends for which Easy PGD is used is 
sex selection. The easiest thing to predict by Easy PGD will be “boy or 
girl”11 and we know that is something many parents care deeply about. 
How much—and how—should we worry about parents using Easy PGD 
for sex selection?

The answer to that question is complicated. Sex selection has been 
going on for millennia, from eff orts at setting the sex (some of which are 
now somewhat eff ective, through sperm sorting) to abortion based on 
ultrasound or prenatal genetic testing to infanticide—and now to PGD. 
Its meanings and consequences also vary, from its use in cultures that 
value males much more highly than females to its use by a family that, 
after four children of one sex, want one of the other sex as a contrast 
(or a relief).

The issue has been widely discussed, most notably in Mara Hvisten-
dahl’s book, Unnatural Selection—which I found in equal measures fas-
cinating and frustrating.12 It has also been the subject of much legisla-
tion, regulation, and guidance. Disclosing the sex of a fetus to parents 
is illegal in many countries, including India, China, and South Korea, 
although not well enforced. Aborting a fetus based on its sex is illegal in 
even more places, including several American states. (The constitution-
ality of those statutes is both unclear and untested.) Using PGD for sex 
selection violates the regulations of the British Human Fertilisation and 
Embryology Authority, unless it is done for purposes of avoiding an X-
linked disease (a kind of disease that aff ects males much more frequently 
than females). The ASRM, the professional organization for fertility 
medicine in the United States we discussed in Chapter 11, has gone back 
and forth on sex selection through assisted reproduction techniques.

Opponents have raised at least four diff erent kinds of arguments 
specifi cally against prenatal sex selection (as opposed to more general 
arguments against destroying embryos or interfering with “nature”): re-
inforcement of sex discrimination and gender stereotyping, the familial 
eff ects on the children born as a result of such selection, the diversion 
of needed medical resources to this unimportant use, and the broad so-
cial eff ects of the possible resulting imbalance. The second issue was 
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discussed in Chapter 14. The third issue is eff ectively unimportant in the 
context of Easy PGD that is being used for any reasons in addition to 
sex selection—the power of Easy PGD to select against various diseases 
or disease risks presumably would justify that cost. I will discuss the fi rst 
and fourth issues here.

Would allowing parents to select their children’s sex increase sex dis-
crimination? In some cultural contexts, it would demonstrate social ac-
ceptance for a preexisting disparity. It would, in any case, reduce if not 
eliminate cases where parents come to see the good in the undervalued 
sex as a result of unintentionally having a baby of that sex. And allowing 
parents to choose their babies’ sexes could serve to reinforce their images 
of appropriate gender roles. By being allowed to choose their own little 
boy or little girl, whom they are choosing to do “little boy” and “little 
girl” kinds of things, it could reinforce the idea that there are male and 
female roles, in childhood and beyond, to which people should adhere.

What about the broad social consequences of a sex imbalance? It is 
clearly the case that sex ratios at birth have in some countries and re-
gions deviated wildly from the natural roughly 105 boys for every 100 
girls. Ratios of up to 120:100 have been documented in parts of East and 
South Asia, leading to hundreds of millions of “missing girls.” But that 
might not happen in other cultures. The few American surveys do not 
show a pronounced male bias13 and, at least anecdotally, it is thought 
that Americans other than some recent immigrants actually prefer girls.

More subtle biases, though, could have big long-term eff ects. If, for 
example, couples wanted their fi rst child to be a boy but the second to 
be a girl, sometimes they might end up stopping with only one child. 
The result could be a substantial overall imbalance. If families with two 
girls will be more eager to have a boy than families with two boys were 
eager to have a girl, then a similar imbalance could result. It is not clear 
that, at least in most of the Western world, parental sex selection would 
lead to a powerful surplus of boys, but it certainly might produce some 
change from the normal birth ratio.

Even if there is a birth ratio imbalance, is that a problem? The discus-
sions worry about too many men, not too few women, based on the ex-
isting examples, mainly in Asia, of such imbalances. Some China hawks 
argue that tens of millions of sexually frustrated Chinese young men 
will prove a destabilizing factor, both domestically and internationally. 
(Oddly or perhaps not, few people if any make the same argument about 
the equally too numerous Indian or Korean young men.) In fact it is 
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impossible to say whether having too many young men for the available 
number of young women would or would not be socially disruptive. 
There are examples of unbalanced societies (particularly on frontiers) 
that were unusually violent as well as some that were not. Even today, 
Alaska is 52 percent male whereas the District of Columbia is 53 percent 
female—the percentage of its population that is female is more than 10 
percent higher than in Alaska.

Some people have taken an economic approach and argued that as 
women become relatively rarer, their value will go up, leading to the 
production of more of them, and possibly their better treatment. Hvis-
tendahl decries this argument, and yet her own book gives examples of 
villages that started selecting for female births in order to provide brides 
for other regions. She contends, probably accurately, that the women 
are still being exploited, but it could be better to be exploited when val-
ued more highly than when valued less highly. Ending exploitation al-
together would surely be better, but perhaps unrealistic, at least quickly, 
in some traditional cultures. And greater value might even contribute to 
the ending of exploitation.

Finally, even if male overpopulation is a problem, will it last? Again, 
Hvistendahl shows examples of a reversion to a lower, though still not 
natural, sex ratio at birth in some parts of Asia. In India and China, for 
example, the sex ratios in big cities and among higher-income people are 
retreating, though they continue to rise as the technology reaches into 
more rural and lower-income populations. Perhaps the most interesting 
example is South Korea. At its peak, in 1990, the sex ratio at birth hit 
1.165 boys for every girl. By 2006, the ratio was down to 1.074, nearly 
the natural level. It remains around 1.07. The laws on the books did not 
change during that time in South Korea: sex selection was illegal at both 
the start and the end of the period. But something changed.

In summary, it is not clear that parental sex selection through Easy 
PGD would lead to a substantial sex disparity. It is not clear such a dis-
parity would have negative social eff ects. And it is not clear that it would 
last. The issue deserves attention but probably not panic.

This part of the book is devoted to risks and costs, but it may be 
worthwhile to ask whether something like sex selection has any possible 
benefi ts. One benefi t is just rooted in liberty—people, including parents, 
should be able to do what they damn well please unless there is a good 
reason to stop them. When it comes to raising children, we give parents 
very broad discretion—why not in selecting the sex of their children?
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Another argument is that if parents are happier with children of a 
particular sex, those children may themselves have happier and better 
lives, either directly from better treatment or from the psychological ef-
fects of being more wanted. These arguments seem more plausible in the 
context of family balancing—where a couple has had, say, four children 
of one sex and wants to experience having one of the other. They might, 
however, exist even for a fi rst child.

The implications of widespread Easy PGD for fairness, justice, and 
equality are complex and uncertain. Much depends on access to the 
technology. If access is unfair and unequal, the results are likely to be 
unfair, unequal, and unjust. Even with equal access, there is the pos-
sibility of unequal treatment of those conceived naturally. Some of the 
more vexing questions involve not just the eff ects of Easy PGD on those 
conceived either with or without its use, but on the social meanings 
and eff ects of the choices made by those using Easy PGD, particularly 
around disability and sex. Happily, the next chapter, on coercion, is less 
complicated, though not less important.
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16
C O E R C I O N

“Three generations of imbeciles are enough.”1 The great “liberal” Su-
preme Court justice Oliver Wendell Holmes Jr. penned that memorable 
line in his majority opinion in Buck v. Bell, fi nding constitutional the 
forced sterilization of the feebleminded. Today, it is a chilling reminder of 
the eugenics movement. “Eugenics” is a term that has come to mean many 
things, all of them negative, and some of them only a synonym for “bad.”

But what was the evil of eugenics—the mere fact of genetic selection, 
the inaccurate early genetic science that guided it, the sterilization that 
negative eugenics used to avoid “bad” genes, or the compulsion? I be-
lieve it was not the fact of genetic selection but the latter three issues—its 
inaccuracy, the use of sterilization, and, above all, the compulsion with 
which it was often applied.

The history of the eugenics movement makes the possibility of coer-
cion to use Easy PGD to produce “better babies,” or to avoid “worse 
babies,” a major concern. This chapter discusses the issues of coercion. 
It starts by reviewing the history of eugenics and, in particular, its his-
tory in U.S. constitutional law. It then analyzes governmental coercion, 
both in using Easy PGD and in total or partial bans on using Easy PGD.

Eugenics

Francis Galton, Charles Darwin’s fi rst cousin, created the word “eu-
genics” from the Greek roots eu (good) and gen (birth)—eugenics was 
“good birth.” The eugenics movement was popular from the late nine-
teenth century until nearly the middle of the twentieth century.2 In the 
United States its supporters were an oddly mixed lot of economic, social, 
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and nativist conservatives, eager to prevent the “excessive” breeding of 
the poor or immigrant masses, and progressives, excited at a chance to 
strike medical and social diseases at their perceived source.

Eugenicists divided into roughly two camps—positive and negative. 
Positive eugenicists, like Galton, wanted to encourage “better” poten-
tial parents, from the “better” classes, to breed early and often. Nega-
tive eugenicists wanted to work from the other direction, discourag-
ing (usually preventing) births among those they considered criminal, 
diseased, or defective. Both sides were aided and abetted by the early 
glimmerings of genetic science, which, after the rediscovery of Men-
del’s laws at the very beginning of the twentieth century, jumped to the 
conclusion that all plausibly inherited traits were produced by simple 
Mendelian genetics.

At the peak of the eugenics movement, thirty-one of the then forty-
eight American states had adopted some form of mandatory sterilization 
laws as eugenic measures. So had many Northern European countries, 
not only Germany but also such democratic bastions as Denmark, Swe-
den, and Norway, along with two provinces of Canada, Alberta and 
British Columbia. In the United Kingdom, the birthplace of eugenics, 
no compulsory eugenic sterilization laws were ever adopted, although 
positive eugenics advocates remained active. The Catholic Church and 
its supporters consistently opposed eugenics, particularly mandatory 
sterilization laws. In the United States and the rest of the Western world, 
jurisdictions with large Catholic populations generally did not adopt 
eugenic laws.3

Eugenics Reaches the U.S. Supreme Court: Buck v. Bell

The United States Supreme Court has ruled twice on statutes authorizing 
coerced eugenic sterilization. The fi rst time, in 1928, was the (in)famous 
case of Buck v. Bell. The case has been widely discussed, in both legal 
and historical literature; I will only summarize it.4

Indiana passed the fi rst U.S. statute authorizing mandatory steril-
ization in 1907. Other states slowly followed, but it remained unclear 
whether these statutes were constitutional. Although a few state courts 
ruled on mandatory sterilization laws in the 1910s and 1920s, their 
holdings were based on state law and were not consistent. No federal 
appellate court had ruled on the issue, including, most notably, the Unit-
ed States Supreme Court.
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In 1924, Virginia became the twenty-fi rst state to pass a eugenic ster-
ilization law, which applied to “mental defectives” who were inmates of 
state institutions. The Virginia law followed a model statute drafted by 
the Eugenics Records Offi  ce in Long Island (which eventually became 
the renowned Cold Spring Harbor Laboratory). The model statute’s 
proponents wanted a test case to demonstrate its constitutionality. Car-
rie Buck, at the time of trial an eighteen-year-old unmarried mother, con-
fi ned, with her baby daughter, to Virginia’s “State Colony for Epileptics 
and Feeble Minded,” became that case.

Buck v. Bell was an awful case. Carrie Buck’s lawyer was not work-
ing to help her, but trying instead to help the state get a favorable result 
in its test case. (He had, in fact, already voted for her sterilization as a 
member of the institution’s board.) Buck herself was almost certainly 
not intellectually disabled (or feebleminded); her infant daughter was di-
agnosed as feebleminded in a remarkably cursory manner and the girl’s 
later school records showed normal intelligence. Some argue that Buck 
probably became pregnant (possibly through rape) by the teenaged son 
of the upper-class foster family where she had been placed when, at 
three years old, she was taken from her mother. These unearthed facts 
are important reminders of how power may abuse any statutory scheme, 
but I will focus on the Supreme Court’s decision on the law, pretending, 
as the court did, that the lower court had accurately found the “facts.”

The Virginia statute allowed the superintendent of a state asylum to 
order a patient “affl  icted with hereditary forms of . . . imbecility” steril-
ized if he found it was “in the best interests of the patients and of soci-
ety.” The superintendent made those fi ndings about Carrie Buck and, as 
the statute required, the question went to the institution’s board, which 
agreed. The state then had Buck’s court-appointed guardian appeal to 
the local trial court, which also agreed. On further appeal Virginia’s 
highest court affi  rmed unanimously in November 1925.

Buck’s lawyer then took the case to the United States Supreme Court, 
repeating the arguments that the decision denied Buck her rights to due 
process and equal protection under the U.S. Constitution’s Fourteenth 
Amendment. The court heard oral argument in the case on April 22, 
1927, and issued its decision ten days later.

Justice Holmes’s opinion for the court is short—fi ve paragraphs and 
just over 1,000 words (shorter than this discussion). Holmes starts by 
considering whether the law’s substance violates due process in the 
fourth paragraph:
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We have seen more than once that the public welfare may call upon the 
best citizens for their lives. It would be strange if it could not call upon 
those who already sap the strength of the State for these lesser sacrifi ces, 
often not felt to be such by those concerned, in order to prevent our be-
ing swamped with incompetence. It is better for all the world if, instead of 
waiting to execute degenerate off spring for crime or to let them starve for 
their imbecility, society can prevent those who are manifestly unfi t from 
continuing their kind. The principle that sustains compulsory vaccination is 
broad enough to cover cutting the Fallopian tubes. Jacobson v. Massachu-
setts, 197 U.S. 11. Three generations of imbeciles are enough.

The fi fth paragraph disposes of Buck’s equal protection argument 
scornfully, saying it is “the usual last resort of constitutional arguments 
to point out shortcomings of this sort.” No other justice wrote an opin-
ion in this case. Justice Pierce Butler, the only Catholic member of the 
court at that time, dissented without opinion.

The opinion’s tone remains chilling. Although Buck v. Bell has never 
been formally overruled, it is universally rejected and widely reviled, 
called by one scholar a tragedy with “the highest ratio of injustice per 
word ever,” “a quiet evil,” and an example of Hannah Arendt’s “banal-
ity of evil.”5 The constitutional world it came out of is now dead; due 
process and (especially) equal protection mean far diff erent things today 
than in 1927.

But was Holmes wrong?
On the due process question, he argues the state needs to protect itself 

from having to support incompetents and also to secure the safety of the 
population from them. He uses two accepted precedents: the draft and 
mandatory vaccination.

Holmes lived through two drafts, in the Civil War and in World War 
I. In the Civil War he was wounded three times, once nearly to the death, 
although as a volunteer, not a conscript. If the state could force its citi-
zens to fi ght and die for it, why could it not force some of them to endure 
the lesser cost of sterilization? On the broad public health argument, he 
cites the Supreme Court’s decision in Jacobson v. Massachusetts,6 which 
upheld the criminal conviction of a man for refusing a smallpox vacci-
nation during an epidemic. If the state can protect itself and its citizens 
from smallpox by a forcible but safe medical intervention, what is wrong 
with the forcible but safe sterilization of someone who, according to the 
widely believed science of the day, would inevitably produce expensive, 
useless, and even dangerous children?
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On the equal protection claim, Holmes is right that governments of-
ten make somewhat arbitrary distinctions between people. The state has 
control over, and is paying room and board for, those confi ned to mental 
institutions and not to those outside them. If the state action involved 
mandatory vaccinations for those confi ned to such institutions but not 
for outsiders, no one would think twice.

Logically, Holmes is only wrong if having children is importantly dif-
ferent from conscription or mandatory vaccination. And the slow social 
agreement that childbearing is importantly diff erent from other human 
activities is why Buck is now “bad law.”

Cracks in the Foundation of Buck v. Bell

In American constitutional history, the 1920s are seen as a period of 
judicial conservatism, yet no Supreme Court era is uniform. A few years 
before Buck, the Court issued two decisions that were particularly in-
novative in holding statutes unconstitutional for violating the rights of 
families.7

In Meyer v. Nebraska, the Supreme Court confronted one of many 
laws passed around the time of America’s participation in World War I, 
limiting the teaching of German to children.8 In 1923 a seven-justice ma-
jority of the court, in an opinion written by Justice McReynolds (remem-
bered, if at all, as a reactionary), held that Nebraska’s law violated the 
Fourteenth Amendment, because it deprived Nebraskans of their “life, 
liberty, or property without due process of law.” Specifi cally, the court 
noted the historically crucial role of family decisions in the upbringing 
and education of children. (The “liberal” Holmes dissented in the simul-
taneous companion case, Bartels v. Iowa.)9

Two years later, in 1925, the court returned to the question of parental 
control over education in Pierce v. Society of Sisters.10 In Pierce, the court 
held that, in banning primary education by private schools, Oregon had 
violated parents’ Fourteenth Amendment due process rights. The majority 
opinion, again by Justice McReynolds, stated, “The child is not the mere 
creature of the State; those who nurture him and direct his destiny have 
the right, coupled with the high duty, to recognize and prepare him for 
additional obligations.” This time there were no dissents.

The Holmes opinion in Buck v. Bell mentions neither Meyer nor 
Pierce. No one seems to have argued that rights to determine how to 
raise children were connected with any right to have children. The court 
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did not cite those cases the next time it faced a eugenics statute, but they 
were seeds worth noting.

Skinner v. Oklahoma: Marooning Buck

Skinner v. Oklahoma,11 the second U.S. Supreme Court case to consider 
a forced sterilization law, came fi fteen years after Buck.12 In 1935 Okla-
homa passed a “Habitual Criminal Sterilization Act,” expanding its ear-
lier law for sterilizing the intellectually disabled. The new law applied 
to anyone who had been previously convicted of two felonies involving 
“moral turpitude” and was then convicted in Oklahoma of a third such 
felony and sentenced to imprisonment. The state attorney general could 
then bring a lawsuit for a sterilization order. Convicts would get jury tri-
als, but the juries were limited to determining whether they were “habit-
ual criminals” as defi ned by the statute and could be sterilized “without 
detriment to [their] general health.” The statute exempted some crimes: 
“off enses arising out of the violation of the [alcohol] prohibitory laws, 
revenue acts, embezzlement, or political off enses.”

Skinner was convicted of the requisite third crime, and the attorney 
general sought and received a sterilization order. Skinner thereupon ap-
pealed to the Oklahoma Supreme Court, which upheld the order by a 
fi ve-to-four vote. On June 1, 1942, the United States Supreme Court 
unanimously voted to overturn the order, issuing three diff erent opinions.

Justice Douglas wrote the majority opinion. His opinion fi rst men-
tions several possible objections to the statute, including “the state of 
scientifi c authorities respecting inheritability of criminal traits,” but 
did not rely on them, instead striking the law based on the Fourteenth 
Amendment’s Equal Protection Clause, the same “usual last resort of 
constitutional arguments” derided by Holmes fi fteen years earlier. Jus-
tice Douglas notes, among other problems, the apparent incongruity 
that a clerk who takes $20 from an employer’s cash register is an embez-
zler and exempt from sterilization but the stranger who takes the same 
$20 is a thief and subject to it. Douglas then writes:

We are dealing here with legislation which involves one of the basic civil 
rights of man. Marriage and procreation are fundamental to the very exis-
tence and survival of the race. The power to sterilize, if exercised, may have 
subtle, far-reaching and devastating eff ects. In evil or reckless hands, it can 
cause races or types which are inimical to the dominant group to wither and 
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disappear. There is no redemption for the individual whom the law touches. 
Any experiment which the State conducts is to his irreparable injury. He is 
forever deprived of a basic liberty. We mention these matters not to reexam-
ine the scope of the police power of the States. We advert to them merely in 
emphasis of our view that strict scrutiny of the classifi cation which a State 
makes in a sterilization law is essential, lest unwittingly, or otherwise, invidi-
ous discriminations are made against groups or types of individuals in viola-
tion of the constitutional guaranty of just and equal laws. 

Chief Justice Stone wrote separately, concurring only in the result but 
not in the majority opinion. Instead, he thought, in this kind of case, the 
convict had to be given the right to show that his own condition was not 
likely to be inherited.

Justice Jackson agreed with both the majority opinion and with Jus-
tice Stone. He added, though, a broader concern, while saying that the 
issue did not have to be decided now because of the statute’s other fl aws. 
“There are limits to the extent to which a legislatively represented ma-
jority may conduct biological experiments at the expense of the dignity 
and personality and natural powers of a minority—even those who have 
been guilty of what the majority defi ne as crimes.”

An eight-to-one decision for a eugenics law in Buck became a unani-
mous decision against a eugenics law fi fteen years later. The language of 
the Constitution didn’t change—what did?

For one thing, the court changed. Not one of the justices who decided 
Buck was on the Skinner court; eight of the nine justices who heard that 
case had been appointed by President Franklin Roosevelt.

For another, the statute was diff erent. Unlike the Virginia law, the 
Oklahoma statute did not allow the person whose sterilization was 
sought to avoid the procedure by showing he or she would not transmit 
the condition. Plus, the Oklahoma statutes’ exceptions opened the pos-
sibility for absurd comparisons between crimes that would lead to ster-
ilization and those that would not, with the unstated point that many 
of the latter were crimes that might be found (sometimes disproportion-
ately) among the middle and upper classes—even legislators.

More importantly, the world changed. The science behind eugenics 
had become, and been perceived as, weaker, but World War II was the 
bigger change. The Nazi regime, using California’s eugenics statute as 
its model, had adopted and strongly implemented a forced sterilization 
scheme. And although the extent of the Holocaust was still unknown, 
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it was quite clear that the Nazis imposed a wide variety of “race”-based 
measures against Jews. When the majority opinion says, “In evil or reck-
less hands, [sterilization] can cause races or types which are inimical to 
the dominant group to wither and disappear,” it must have had in mind 
evil and reckless German hands. In the middle of a war for democracy 
and against Nazism, this surely was a factor.

Since Skinner

The Supreme Court decided Buck in 1928 and Skinner in 1943. It has 
not decided another forced sterilization case since then. Skinner distin-
guished Buck, saying the cases were diff erent; it did not overrule Buck. 
Yet no one doubts that, were the court to confront the Virginia statute 
today, it would strike it down. Because, again, the world has changed.

As the full horrors of the Nazi regime became apparent, “eugenics” 
turned into a dirty word, tainted as an integral piece of those horrors. 
Also, genetic science has made it clear that even something as “straight-
forward” as “feeblemindedness” is genetically complex and rarely easily 
predictable based on parentage. But more fundamentally, in the last sev-
enty years the Supreme Court has taken the rights of individuals against 
state intervention more seriously, including in reproduction and families.

Some of this is a general increase in protection of individual rights by 
the postwar court—in free speech, civil rights, criminal procedure, and 
elsewhere. But some of it is the blossoming of the seeds planted in Meyer 
and Pierce. The court has, in several cases, held that some parental deci-
sions about raising children are free from state interference, including 
a state law that gave visitation rights, over the parents’ objection, to 
grandparents.13 The court has also found constitutional signifi cance in 
the rights of at least some kinds of genetic parents over adoption.14 But, 
most saliently, the court has found constitutional protections for deci-
sions about bearing children, striking down state laws banning contra-
ceptives and then, in 1973, abortion.15 It has reiterated, with interest, 
Justice Douglas’s view in Skinner that “We are dealing here with legisla-
tion which involves one of the basic civil rights of man.”

Outside the United States

Eugenics was neither an American invention nor an American monop-
oly. But outside the United States, as inside it, enthusiasm for eugenic 
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sterilization did not survive the end of World War II. The laws were not 
immediately repealed, but fell into disuse. The world had changed.

Or had it? The fi rst president of independent Singapore, the late, re-
doubtable Lee Kwan Yew, long supported “positive” eugenics. Fearing 
that Singapore’s more intelligent citizens were not suffi  ciently fecund, his 
government supported programs to encourage college-educated women to 
marry and have children, from free dating services to “Love Boat” cruises.16

Elsewhere in Asia, negative eugenics staged at least a short-term 
comeback. In 1998, the People’s Congress of the People’s Republic of 
China adopted what the offi  cial translation called “The Chinese Eugen-
ics Law.”17 This wide-ranging statute governed many aspects of prenatal 
and infant care. One section provided that marriage licenses would only 
be issued based on a physician’s certifi cation that neither member of the 
couple was suff ering from a serious infectious disease, a serious mental 
illness, or a serious genetic disease. Another required all pregnant wom-
en to take any prenatal tests ordered by their physicians and to follow 
the physicians’ advice based on the test results.

The Chinese statute became controversial before the planned meet-
ing of the world’s eighteenth International Congress of Genetics, held in 
Beijing in 1998,18 with calls to boycott the meeting in protest. Although 
the fi rst reaction to world pressure was simply to change the offi  cial 
translation of the statute’s title (to “The Chinese Children’s and Ma-
ternal Health Law”), the act was never implemented and was quietly 
repealed in 2005.

Since then, news of eugenics has been dominated by belated apolo-
gies from some jurisdictions that had engaged in eugenic sterilizations, 
such as Sweden, the Netherlands, North Carolina, and California, and, 
occasionally, compensation for the few living victims of the statutes. 
Negative eugenics looks dead—at least for now.

Or is it? Compulsory sterilization under offi  cial court orders still 
takes place. Today, though, it is undertaken on the basis that it is in 
the best interests of the person sterilized—usually a heavily intellectu-
ally impaired woman—who is thus spared the discomforts and risks 
of pregnancy. It is “voluntary,” usually sought by the parents or other 
guardians of the incompetent patients, in the expectation that patients 
would want the procedure if only they were competent to understand 
the issues. The motive is to improve their lives, not the human gene 
pool—and yet the result is still the sterilization of the “feebleminded” 
without their consent.
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Government Coercion in the Context of Easy PGD

Governments could pass coercive laws of at least four diff erent types 
about Easy PGD:

• Forcing prospective parents to go through the Easy PGD process, 
but not forcing them to make any particular use of the informa-
tion disclosed

• Forcing particular choices of embryos to transfer after Easy PGD
• Forbidding prospective parents who go through Easy PGD from 

making particular choices based on the Easy PGD results
• Forbidding Easy PGD

Each is a form of coercion, though each form raises diff erent issues.

Requiring the Use of Easy PGD

Let’s start with a somewhat implausible law that requires all babies to 
be conceived through (free and generally available) Easy PGD and some 
or all of the resulting genetic information to be shared with the prospec-
tive parents, but does not require the parents to use the information. We 
could think of this as an encouragement of better genetic health, part of 
the vogue for government by “nudge.”19 It is like a nutritional labeling 
law. Nothing requires you to read the nutritional information posted in 
Wendy’s restaurant about “Dave’s Hot ’N Juicy ¾ lb Triple” (1070 calo-
ries).20 But some people will read the information and a few will instead 
choose to eat kale.

Would this be constitutional? The two Supreme Court eugenics cases 
are not directly helpful in providing a legal answer. Easy PGD just in-
volves the manner of conception, not the ability to conceive (or pro-
create). Still, the answer today is probably no. Such a mandatory Easy 
PGD would most likely run afoul of a combination of the parental rights 
cases, old and new, and the reproductive rights cases. If the state can-
not constitutionally prevent people from using contraception or having 
abortions, how could it prevent them from choosing to conceive chil-
dren the old-fashioned way?

If posed as a public health question, like mandatory vaccination or 
required neonatal genetic testing, perhaps it would pass muster, but we 
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know that most children conceived without Easy PGD—a category that 
includes all readers of this book—are relatively healthy. It is hard to 
see the Supreme Court holding that relatively small health advantages 
would justify that much intrusion in what it has held is a fundamental 
and intimate part of the human experience.

And there is another issue—how would such a law be enforced? 
Would women who had become pregnant the old-fashioned way be 
forced to terminate those pregnancies? It would take a real revolution 
in American constitutional law (as well as American public opinion) for 
that to happen. Perhaps women who became pregnant without using 
Easy PGD would be fi ned or even imprisoned afterward, but the chil-
dren would still be born.

At least, they would in the United States. But the world is big. Are 
there countries that might pass laws requiring the use of Easy PGD and 
forcibly terminating off ending pregnancies? Perhaps. We have already 
seen an interest in eugenics in several Asian cultures. Combine that with 
cultures—not just in Asia but also in, for example, the former Soviet 
Union—with little concern about abortion. Now add a history of intru-
sive government control over individuals’ decisions and little tradition 
of enforced individual human rights. After all, the one child policy in 
China, now well into its fourth decade, has faced enforcement problems, 
but was only abandoned—or, more accurately, modifi ed to allow two, 
but not more, children—in late October 2015, eff ective January 1, 2016. 
In that context, laws requiring pregnancies to start through Easy PGD 
might be plausible.

Such laws would be very intrusive, banning the time-honored and 
(usually) easy method of conception in return for health benefi ts. Those 
benefi ts, though, would be undercut by the halfway nature of the legis-
lation—forcing parents to get information by using Easy PGD but not 
forcing them to take advantage of that information. They seem, to me, 
impossible to justify.

But if a country did adopt such a law, how should other countries and 
citizens of other countries react? Should they view it as a violation of in-
ternational and fundamental human rights, possibly meriting sanctions? 
Disapprove of it but not condemn it? View it neutrally as the choice of 
the country involved? Agree with it, but not necessarily think all coun-
tries should do the same? These are not rhetorical questions—and from 
them we move on to another, more plausible kind of coercion.
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Forcing Particular Choices Using Information from Easy PGD

Now imagine a diff erent coercive legislative regime concerning Easy 
PGD, one in which information from Easy PGD is used to force par-
ticular choices—by parents, doctors, or the state—of which embryos 
to transfer. Those could be choices requiring selection of a particular 
trait—a higher-than-average chance of high intelligence—or choices 
banning the transfer of embryos with a particular trait—embryos that 
would have Down syndrome.

These are diff erent sides of the same coin. Being forced to transfer an 
embryo with a projected higher-than-average intelligence is eff ectively 
the same as being forced to reject embryos with projected average or 
below-average intelligence. Being forced to reject an embryo that would 
become a child with Down syndrome is the same as being forced to 
transfer an embryo that could not produce such a child.

So here’s the question—should the state (or anyone except the pro-
spective parents) be able to make genomic choices for the prospective 
parents about “their” child? Does it matter whether we are thinking of 
state decisions to avoid a genetic disease (negative selection) or to get 
“enhanced” babies (positive selection)? The distinction between “treat-
ment” (or prevention) of a disease, on the one hand, and “enhance-
ment,” on the other, has long been deeply problematic. Still, one might 
feel diff erently about the state selecting against recognized diseases or 
pathologies (though recognized by whom, and how?) or the state select-
ing from its idea of the top part of a normal range.

Let’s assume, for now, that this distinction makes sense and start with 
the disease side. If the state says you cannot select an embryo that would 
become a child with a serious disease, is that diff erent from the state 
saying you must take reasonable steps (like vaccination, decent food, 
protection from the elements) to protect children already born? If the 
state refuses to allow a couple to choose to try to have a baby with a 
defect that prevents it from being able to breathe, how is that diff erent 
from the state prohibiting parents from suff ocating their born children? 
Either way the state is forbidding parents from choosing dead babies. To 
me, this is the most attractive kind of Easy PGD ban, though I wonder 
how often parents would make such a choice.

But what about lesser disabilities? What if prospective parents wanted 
to have deaf children, perhaps because they were themselves deaf? Par-
ents who intentionally deafened a hearing child would lose custody of 
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the child and probably go to prison. Does it matter if the action is taken 
before the child is born—or even implanted? Why can’t these parents 
seek a “child of their own,” a child like themselves?

What about less than fully penetrant conditions? Let’s say parents 
want to choose an embryo that has a higher-than-average chance of hav-
ing some bad disease, but also has a very high chance of having traits 
the parents like, traits that others would agree are generally benefi cial. 
Consider an embryo with a 10 percent chance—ten times higher than 
normal—of becoming a person with schizophrenia, but no chance of 
getting Alzheimer disease and a ten times higher than normal chance 
of exceptional musical ability, something the musician parents want? 
Should the state be able to forbid parents from taking that set of risks 
on behalf of their (very) unborn child?

What about state action requiring parents to choose embryos that 
rate “higher” within the normal, nonpathological human range? Con-
sider, for example, intelligence, math ability, height, or longevity, 
among other possible “nondisease” traits.21 Here the state is not acting 
to prevent a case of serious disease; instead, it is trying to produce a 
population that is “better” in ways that do not directly involve disease. 
Is that diff erent?

Of course, the state often intervenes in nonmedical ways to “improve” 
the population, sometimes quite coercively. Education is a good thing, 
the state thinks, so it demands that children go to school or, at least, 
receive equivalent home schooling. That eats into the liberty of actual 
children (and their parents) to avoid state approved education in the in-
terest of producing a “better” population. Isn’t intervening in the choice 
among embryos less intrusive? Of course, an educated population is not 
only better for the state but for those children who get the education, but 
having a higher projected intelligence is also, presumably, not just better 
for the state but better for the future child. Does it matter whether the 
state’s decision is in the “best interests of the (future) child”?

Much here depends on one’s view on the roles of parents and the 
state in children’s development. The answers are clearer if you agree 
with Justice McReynolds (in general, something modern constitutional 
lawyers and scholars rarely do) that “The child is not the mere creature 
of the State; those who nurture him and direct his destiny have the right, 
coupled with the high duty, to recognize and prepare him for additional 
obligations.” But we don’t fully believe, or act, on that statement, at 
least not where the parents are guilty of abuse or neglect.
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Most Americans would likely see a spectrum. State intervention is 
least justifi ed for enhancing purposes and most justifi ed for preventing 
parental decisions that would clearly severely harm the resulting child. 
That may help us assess the acceptability of the state requiring the trans-
fer of embryos with higher projected intelligence versus the possible ac-
ceptability of the state forbidding the transfer of embryos that would 
have Tay-Sachs disease. But what does it tell us about a future America, 
or about other countries in the present or future, let alone about cases 
that fall between probabilistic higher IQ scores and Tay-Sachs disease—
cases like deafness or achondroplasia or trading off  a higher schizophre-
nia risk against a higher projected musical ability? And does the view of 
the majority of people within a culture really make a diff erence or are 
these questions of fundamental human rights, rights that exist whatever 
a majority believes?

Now note one other consequence of this discussion. If a state allows 
prospective parents to choose to transfer an embryo that will develop 
achondroplasia but not an embryo that has three copies of chromosome 
13 and thus would have Edwards syndrome, isn’t the government saying 
that a life with achondroplasia is worth living but a life with Edwards 
syndrome is not? Choose any other conditions you like—a government 
diktat forbidding the transfer of embryos with one genetic condition but 
allowing it for embryos with another genetic condition is, in eff ect, a 
government statement about the value of those two lives. Is that some-
thing the government should say—that future person A may be born but 
future person B may not be? (And what would it say to anyone already 
alive with the disfavored condition?)

If it tried, how would the government decide which diseases or traits 
fall into which category? One tempting line, discussed above, distin-
guishes diseases from nondiseases. Neither that nor any other line would 
always be clear. This is not a slam-dunk argument against drawing lines, 
but it is a caution. The law often deals with fuzzy categories—just not 
usually very easily.

I am tempted to focus on the harms to be avoided by restricting pa-
rental choice. How serious are the harms to a child if parents can choose 
to allow that child to be born with a serious genetic condition—assum-
ing one can weigh the balance to an embryo of being born with that 
condition compared with never being born? How serious are the con-
sequences for society if parental choices lead to serious imbalances in, 
say, the ratio of men to women? On the other side, how serious are the 
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harms of worsening the lot of people with a particular genetic condition 
by allowing parents to choose to avoid having a child with that condi-
tion? But if you go down this path, you are still left with the question 
of whether those consequences justify interfering with parents’ ability to 
choose the child (or the embryonic genome) they want to raise?

These are genuinely hard questions. Think back on the examples in 
the last several paragraphs and ask yourself what choices can the state 
legitimately require or forbid. And why?

Three other aspects of Easy PGD regulation could make these restric-
tions more or less severe. If the state did not require that any parents 
wishing to conceive must use Easy PGD, as posited in the earlier section 
of this chapter, it would allow a loophole for parents who did not want 
their choices constrained—the option of making babies the blind, old-
fashioned way. To what extent is the state’s exercise of coercive power 
alleviated by the option of still having babies, but without recourse to 
Easy PGD (or presumably to “hard” PGD or to various methods of pre-
natal genetic diagnosis followed by abortion)? If the right that should be 
protected is a right to have children whose genetic traits you want, that’s 
small consolation. If it is only the right to have children without state 
interference in their genetic makeup, it is stronger.

Second, the state might not require prospective parents actually to 
transfer any of the embryos they had created. If transfer were required 
and, presumably, subsequent abortion banned (both of unlikely consti-
tutionality in the United States), people could be forced to have a child 
knowing it has genetic traits they did not choose. An option not to trans-
fer would at least allow parents to choose not to have any child, at least 
from that round of Easy PGD. If the improper infringement on liberty 
is being forced to have a child with unwanted genes, this distinction 
makes some diff erence. If it is being prevented from having one’s choices 
respected, it does not.

Third, the state may provide an exception for religious and possi-
bly philosophical objections. In the United States, a religious exception 
might (or might not) be required under the First Amendment’s guarantee 
of the right to “free exercise” of religion. That constitutional provision 
is notoriously diffi  cult to apply. Even apart from constitutional issues, 
though, it may be a good idea as a matter of policy to allow objectors to 
opt out, for religious or philosophical reasons, as the United States did 
with military conscription in its most recent versions of the draft (and as 
most states allow for vaccination and for neonatal genetic testing).
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Forbidding Prospective Parents from Using Information 
from Easy PGD to Make Particular Choices

The previous section dealt with regulation where the government told 
prospective parents they could not choose embryos with particular traits 
or that any embryos they chose must have particular traits. In those cas-
es the governments were regulating the parents’ choices, not their moti-
vations. Now consider a system where the government would not ban 
the choice of an embryo with or without a particular trait, but would 
ban the choice (or the nonchoice) of that embryo because of that trait. 
There are three possible justifi cations for such a rule.

First, particularly where the trait is generally perceived as a nega-
tive one, regulation would be an eff ort to prevent choices that were, 
somehow, unfair discrimination against people with that characteristic. 
Second, where the trait is not stigmatized but there is reason to think 
parents would disproportionately choose to have, or avoid, one version 
of the trait (such as baby girls), such a scheme could refl ect a desire to 
avoid imbalances caused by parental choices. And third, it might em-
body a sense that the particular trait in question, such as eye color, was 
just “too trivial” to justify such a life/nonlife decision.

Each of these rationales is plausible, though each may require parents 
to raise children they would rather not have had. Of course, that hap-
pens today, but in a context where parents almost never have the chance 
to choose traits. Allowing unhappy parents to abandon children because 
of undesired traits seems quite diff erent from allowing parents to decide 
some embryos will be transferred and others will not. Allowing parents 
to abort fetuses that would otherwise be born probably falls, for most 
people, between those two extremes.

Assume for now that a law forbidding parents from choosing em-
bryos on certain grounds is justifi able. It would still run into two big 
problems.

The fi rst is enforceability. Barring stunning advances in mindreading 
through neuroscience, how could the government know why parents 
made a particular choice? Perhaps they did not choose the embryo at 
high risk for intellectual disability in order not to have a child with such 
a disability but for some other projected trait—or as the result of coin 
fl ips. Regulating motives is diffi  cult.

Still, several American states currently ban women from deciding to 
have an abortion because of the sex or the race of the fetus. That raises 
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the same issues of unknowable motives, but it may not matter to those 
legislatures. They may be satisfi ed with making a normative statement—
we condemn this behavior even if we cannot stop it.22

A second path makes enforcement easier, at least in theory. One might 
eliminate the possibility of improper parental motive by limiting the pro-
spective parents’ knowledge of the embryo’s genetic traits. This would 
move the site of the regulation from the parent to the clinics or physi-
cians. They could be forbidden to disclose to the prospective parents 
the embryo’s Down syndrome status, or sex, or eye color. Clinics and 
physicians, after all, have a great deal to lose if they were found to have 
violated such laws—not only possible criminal sanctions but business or 
professional licenses.

Health care professionals are likely to resent, lobby against, and pos-
sibly resist those limitations on their communication with patients. But 
at least in one case where the health services were paid for by the govern-
ment, the federal government passed, and the Supreme Court upheld, a 
similar restriction. In Rust v. Sullivan, the Court upheld a statute ban-
ning doctors and clinics being paid by Medicaid from discussing abor-
tion options with their pregnant patients.23 If the government paid for 
Easy PGD, this decision seems on point.

Whether such a restraint on speech when the government is not pay-
ing for the service could be upheld under the First Amendment is murky, 
as, indeed, is the whole area of commercial speech. False or misleading 
commercial or professional speech can be regulated; whether truthful 
and accurate speech about an embryo’s genetic predispositions could be 
regulated might well depend on how strong a court considers the gov-
ernment’s interest in restricting the speech. This is an active area of liti-
gation, discussed further in Chapter 18, with no clear rules yet emerging.

If those regulations were held constitutional in the United States, 
or permissible in other countries, one would still worry about circum-
vention. Some laboratories or doctors might just give the prospective 
parents the raw genetic results, allowing them to discern or discover 
the meaning of the results from someone else—like the “very hard to 
regulate” Internet. Or prospective parents might engage in reproductive 
tourism, doing Easy PGD in states or countries without such limiting 
laws. Or they might bribe the doctors.

But even apart from the diffi  culties of regulating information rather 
than motivation, this regulatory strategy shares a deep problem with the 
strategy of forbidding, or requiring, certain outcomes. It puts the state 
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in the position of saying that certain traits are serious enough to allow 
parents to base a decision on them—or to receive information about 
them—but other traits are not.

Banning Easy PGD Entirely

One could avoid many of these questions. If PGD (easy or hard) were 
outlawed, only outlaws would use PGD. This would just return the situ-
ation for more than 99 percent of the world’s population to today’s 
status quo—and for everyone to the situation before 1990. But that can-
not be a suffi  cient answer. Censoring the Internet cannot be justifi ed just 
because, within living memory, there was no Internet. Once Easy PGD 
exists, prohibiting its use requires justifi cations. What might those be?

Safety would be a clear justifi cation. If research reveals that Easy PGD 
has very serious safety risks for those children born as a result of it, gov-
ernments could well be justifi ed in protecting these as yet unconceived 
children, who have no choice in the matter, from a grave risk of harm. 
Would the family risks discussed in Chapter 14 justify a complete ban on 
Easy PGD? What about the fairness concerns from Chapter 15?

And remember that the question is not whether you want to use Easy 
PGD in making your own children or even whether your neighbors 
should want to use Easy PGD. Instead, it is whether the government 
is justifi ed in preventing anyone from using Easy PGD. Barring a very 
serious safety problem, I suspect the only plausible justifi cations for that 
kind of ban need to be sought in deeper moral or principled arguments 
against Easy PGD—which are discussed in the next chapter.

To say something is “coercive” is not to say it is wrong. The FDA’s 
prohibition of the use of unapproved drugs is coercive, but is an excel-
lent idea. Any government action, or inaction, about Easy PGD can be 
viewed as “coercive”—the absence of a prohibitory statute “coerces” 
people to live in a world where other people are using Easy PGD. And 
governments are by no means the only possible sources of coercion. We 
can imagine employers, health payors, parents-in-law, or even spouses 
trying to force, or at least infl uence, a choice involving PGD. But co-
ercion is always a cost to liberty, something that needs to be justifi ed, 
whatever direction it pushes.
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17
J U S T  P L A I N  W R O N G

I’m not sure how to characterize the last major category of objections. 
These objections are from people who think the whole idea—Easy PGD, 
PGD, or any genetic selection—is “just plain wrong.” Sometimes they 
say, in a triumphant voice, “well, that’s just eugenics,” as if a label is a 
trump card, or even an argument. For some it is against God’s will; for 
others, it is unnatural. Still others will ask, “Are we wise enough to make 
these decisions about our children and the future of our species,” or will 
just say this is “playing God.” Often people will use bits and pieces of 
all of these concerns in trying to fi nd a way to express their deep and 
visceral nervousness with the idea of humans making genetic selections. 
And still others have argued that this unease is a repugnance that is itself 
a normative argument against genetic selection. This chapter will survey 
that unease in four of the categories mentioned above: God’s will, un-
naturalness, ignorance (and its complement, humility), and repugnance. 
I conclude (you may not) that there is not a convincing argument among 
them—at least, not convincing enough to justify banning someone else’s 
use of Easy PGD even if fully suffi  cient to justify someone’s personal 
decision not to use it.

Earlier chapters have talked about issues of safety, family relation-
ships, fairness, and coercion. I believe each holds some serious problems 
that a system of Easy PGD should worry about. I do not think any of the 
concerns in this chapter raises serious problems, except for the reality 
that their popular appeal could have political consequences that lead to 
harmful or ineff ective regulation of Easy PGD.

Let me be clear about two things I am not saying. First, if a person 
chooses not to use Easy PGD based on these arguments—or any argu-
ments—I have no objection. Individuals are certainly entitled, particu-
larly with respect to reproduction, to base their decisions on religious 
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beliefs, philosophical perspectives, or emotional reactions I do not share. 
My question is not about individual decisions but about arguments that 
would justify imposing one’s decision on others who disagree.

Second, even if a state or a country were to decide to ban Easy PGD 
entirely based on the concerns discussed below, I would not condemn 
that decision. I would not applaud it, as I do not think it would be justi-
fi ed on the basis of the consequences of Easy PGD. But countries need 
not always act rationally. They may and, to the extent they refl ect their 
diff erent cultures, should have diff erent laws. When my fellow Califor-
nians voted for an initiative to ban the sale or consumption of horsemeat 
from humanely slaughtered animals, I chalked it up to the democratic 
process refl ecting popular tastes.1 If other countries allow their people to 
eat meat from dogs and cats, once I choke down my rising gorge, I will 
not condemn them. The French like eating snails, Americans like watch-
ing baseball, and the Japanese like some very odd television shows. 
That’s fi ne.

I am not a complete relativist. Local customs and mores do at some 
point have to take into account some universal human rights. Genocide 
is wrong, murder is wrong, slavery is wrong, racism is wrong, napalm-
ing babies is wrong. But do not press me on where that list comes from 
or what other categories fall into it.2

One could argue that parental choice over reproduction is one such 
inalienable human right or, conversely, that the freedom from other peo-
ple’s use of Easy PGD is such a right. I am more drawn to the former 
than to the latter, but neither crosses whatever indistinct line separates 
my preferences from universal rights. So if Vatican City, or Germany, or 
South Dakota decide to ban Easy PGD for what I consider illogical and 
unjustifi ed reasons, so be it—though, as discussed in the next chapter, 
they may have trouble enforcing those laws. But they should be recog-
nized as the products of local cultural preferences and tastes, not as the 
expression of self-evident truths.

Against God’s Will

Some religious arguments against Easy PGD will overlap with or even 
totally adopt the concerns discussed below, particularly about natural-
ness and humility. Some religions, such as Buddhism, do not even have 
a “God” whose will is to be obeyed. The same is true of some cultural 
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traditions, such as Confucianism, which may or may not be considered 
“religion” but that fi ll many of its roles. This section will lay out some 
religious objections that are specifi c to Easy PGD or its component parts 
and then discuss how much weight such objections should be given in 
setting regulations and policies.

I will say from the start that I do not fi nd the religious arguments 
attractive. I am, largely, a consequentialist—whether an action is or is 
not ethical is mainly (but not entirely) determined for me by its likely 
consequences. Most religions are “deontological”—whether an action is 
ethical or not depends on whether it fulfi lls or violates a duty of some 
sort. But I have always found it hard to argue with, or even discuss, 
these duties. If a fundamentalist says that something is wrong because 
of his interpretation of a (usually ambiguous) verse in the Bible, beyond 
perhaps pointing out some unexpected (il)logical consequenes of his in-
terpretation, I cannot engage. He may be right and some of these pro-
scriptive ethical positions might be divinely required, but, barring divine 
revelation to me, I have little to say about them.

Even religious arguments based on arguments rather than on dicta 
are often hard to dispute. For example, the basic Catholic position on 
reproduction, as I understand it, is that the unitive and procreative sig-
nifi cance of marital acts (sex) may not permissibly be separated. Why 
not? Because by “safeguarding both these essential aspects, the unitive 
and the procreative, the conjugal act preserves in its fullness the sense of 
true mutual love and its orientation toward man’s exalted vocation to 
parenthood.”3 How can one debate that—with empirical evidence about 
“the sense of true mutual love”? I suspect it is not a position where em-
pirical fi ndings would be considered relevant.

More surprisingly, I would note that fi nding “religious” positions 
about these issues turns out to be surprisingly diffi  cult. Few religions 
have central authorities that pronounce on these questions. No one per-
son or group “speaks for” Islam, Judaism, Hinduism, or most branches 
of Christianity.

Perhaps this should not be startling—the Torah, the Bible, the Quran, 
and other holy books from the past really could say nothing directly 
about technologies to be developed thousands of years later. Still, the 
absence of positions on various aspects of assisted reproduction or ge-
netic selection by contemporary American denominations is disconcert-
ing. There are no centrally expounded or generally adopted statements 
about the morality of these technologies from the American Methodists, 
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the Southern Baptists, the Missouri Synod Lutherans, the Church of Je-
sus Christ of the Latter Day Saints, the Union for Reform Judaism, or 
most other such groups.

Happily for people working in bioethics, the Catholic Church is not 
only hierarchically organized, but has presented Catholic views on vari-
ous issues involved in human reproduction. It is an additional blessing 
that those arguments tend not to rely on citations to scriptural passages, 
but to stress logical arguments. This chapter does not focus on analyses 
from the Vatican because of a bias for or against Catholicism, but be-
cause those analyses exist, are intellectually serious, and are easy to fi nd.

Catholic dogma, as it currently exists, would clearly oppose Easy 
PGD—and does oppose most of its predecessor technologies—for at 
least two reasons: interference with the natural act of reproduction 
through sexual intercourse within a marriage and the creation and de-
struction of “unused” embryos.

The Catholic position on the crucial role of marital sexual intercourse 
was set out by Pope Paul VI in the encyclical In Humanae Vitae in 1966.

This particular doctrine, often expounded by the magisterium of the Church, 
is based on the inseparable connection, established by God, which man on 
his own initiative may not break, between the unitive signifi cance and the 
procreative signifi cance which are both inherent to the marriage act.

The reason is that the fundamental nature of the marriage act, while 
uniting husband and wife in the closest intimacy, also renders them capable 
of generating new life—and this as a result of laws written into the actual 
nature of man and of woman. And if each of these essential qualities, the 
unitive and the procreative, is preserved, the use of marriage fully retains its 
sense of true mutual love and its ordination to the supreme responsibility of 
parenthood to which man is called.4

This doctrine has been applied to forbid not just contraception but 
also almost any form of assisted reproduction, from the simplest “turkey 
baster” versions of artifi cial insemination to IVF, even when done within 
a heterosexual marriage. Only limited kinds of interference with natu-
ral reproduction are allowed. Moral methods of dealing with infertility 
include “natural” family planning, which involves timing sexual inter-
course around the most fertile periods of a woman’s menstrual cycle; 
surgeries to remove blockages in either the male or female reproductive 
systems that prevent conception after sexual intercourse; fertility drugs 
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that encourage egg ripening; and “lower tubal ovum transfer,” where a 
woman’s egg is moved from the ovaries to below a blockage in the fal-
lopian tubes.5

The Catholic ban on destruction of embryos poses an independent 
barrier to Easy PGD. As mentioned in Chapter 11, Catholic dogma is 
often misunderstood to hold that embryos, whether the result of sexual 
intercourse (marital or otherwise) or through extracorporeal fertilization, 
are ensouled at the moment of conception. In fact, the Church does not 
now have a defi nitive conclusion about when ensoulment takes place. (For 
hundreds of years the most common Catholic position was that ensoul-
ment took place several weeks after conception.) The offi  cial position is 
more complicated. Given the uncertainty of the timing of ensoulment, 
the Church believes that caution requires acting as though an early, ex-
tracorporeal embryo has a soul. Some also argue that even if it does not 
have a soul, cutting short a process that would, or at least might, lead to 
its receiving a soul—and hence immortality—is also profoundly wrong.6

IVF can never be acceptable under current Catholic doctrine. It 
would, however, be possible to use IVF without violating the specifi c 
Catholic ban on destroying embryos. One would merely have to transfer 
for possible pregnancy every embryo that is created. In Italy, as noted in 
Chapter 11, that was a legal requirement. That approach, though, can-
not work with genetic selection. The “selection” part of genetic selection 
inevitably means that some embryos will be selected and used to try to 
make babies, and others will not. This is particularly true if Easy PGD 
involves the creation of not a handful of embryos for each couple but of 
scores, or of hundreds.

A few other religious traditions have established guidelines for re-
productive technologies, although without the absolute nature of the 
Catholic positions. For example, in the United States the Rabbinical As-
sembly’s Committee on Jewish Law and Standards has provided rec-
ommendations to Conservative Jews about the propriety of some kinds 
of assisted reproduction. It has approved artifi cial insemination, with 
sperm from the husband or a donor, as well as IVF, egg donation, and 
surrogacy.7 Up to three embryos may be transferred at any time for pos-
sible implantation and embryos may be frozen. Guidance issued in 1996 
even approved the use of preimplantation genetic diagnosis, at least for 
serious genetic diseases.

Islam provides another example of religious views on some repro-
ductive technologies. There is no central authority for Islam overall, 
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or even for most of its branches. But some leaders or institutions are 
considered particularly persuasive.8 In 1980 Sheik Gad El-Haq Ali Gad 
El-Haq of Al-Azhar University in Cairo issued a fatwa, a judgment or 
interpretation of Islamic law, on reproductive technologies. The fatwa 
approved of artifi cial insemination and IVF when the sperm and egg 
came from a husband and wife. It banned third-party gamete donation 
and, in particular, sperm banks, but allowed embryo freezing although 
only for the use of the original husband and wife (embryo donation 
was forbidden). This fatwa did not have authoritative force, but was 
widely adopted by other groups in other countries that issued similar 
fatwas. In the late 1990s, however, a split opened in the Islamic re-
sponse when Ayatollah Khameini of Iran ruled that third-party gamete 
donation was permissible.

These three diff erent examples of religious positions provide an im-
portant lesson—the religious positions, even in those few cases where 
authoritative or broadly accepted positions can be found, are diff erent. 
There is no one religious position on these questions. And, indeed, even 
within religions with a clear position on the questions, members of the 
religion may not agree with that position. Catholics in the United States 
widely ignore the offi  cial Vatican position on contraception and infertile 
Catholic couples often use offi  cially sinful IVF.

Individuals making decisions on what they want to do surely may 
use religious positions on reproductive technologies. So may health care 
providers in deciding what kinds of care they want to provide (at least to 
some extent). Whether and to what extent they should be used in creat-
ing legislation, regulations, or public policy is more complicated.

It depends in part on the country. In the United States, adoption of 
a religious position by the government because it is a religious position 
would probably violate the First Amendment, as being the “establish-
ment” of a religion. For example, if Massachusetts, the state with the 
highest percentage of Catholic residents, were to ban Easy PGD on the 
stated ground that it violated Catholic doctrine and was therefore sinful, 
that ban would almost certainly violate the Establishment Clause. If, on 
the other hand, it were to ban Easy PGD because it interfered inappro-
priately with the role of natural marital relations in human reproduc-
tion, that facially secular reason would probably not violate the federal 
Constitution, even though it was shared by a religion.

But not every country has legally enshrined the idea of religious free-
dom and included in that freedom the equivalent of an Establishment 
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Clause. Indeed, even today many countries have offi  cial or established 
religions, which are given diff erent levels of preference and respect. Ex-
amples range from Argentina, England, and Denmark to Saudi Arabia, 
Iran, and Cambodia. Unless the existence of countries with established 
religions violates a universal human right or some more specifi cally ad-
opted international or regional standard (such as a European Union 
provision), it seems legitimate for such states to legislate based on the 
positions of their offi  cial religions.

Unnatural

The religious argument against Easy PGD has a secular equivalent: 
whether or not it is against God’s will, it is against the will of Nature, 
or of natural selection, or of Charles Darwin. This seems to me another 
religious argument, but with Nature or natural selection in the role of 
the deity. But, if so, at least it is a deity whose commands, or desires, are 
to be deduced from a source other than the deity’s revelations, directly 
or through a prophet or holy book. Its laws are to be read in the “book 
of nature” that is itself.

George Bernard Shaw encapsulated my thoughts on this point in Cae-
sar and Cleopatra when he has Caesar say, “Pardon him, Theodotus: 
he is a barbarian, and thinks that the customs of his tribe and island 
are the laws of nature.”9 (Caesar was referring to a British legionnaire’s 
revulsion at the fact that Cleopatra, following the Egyptian custom for 
royalty, was married to her brother.) Confusion of the familiar and the 
parochial with the laws of nature is all too common.

Philosophers have written for centuries on this impulse as the “natu-
ralistic fallacy,” the argument that just because something “is,” it there-
fore “ought” to be.10 The problem in the fallacy seems to me to be so 
self-evident that I will not discuss it in any further, but will instead add 
two arguments related to it: that if “nature” is taken more broadly than 
just its human aspect, Easy PGD is not particularly unnatural and that, if 
confi ned to humans, the argument is almost always deeply hypocritical.

Looking beyond humans, as set out in Chapter 2, “nature” (at least 
as we know it on earth) provides many forms of reproduction. Most life 
on this planet, including almost all of the trillions of our bodies’ cells, 
reproduces clonally. Then there are species, microscopic or not, that 
switch back and forth between reproducing clonally and reproducing 
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sexually. Among sexually reproducing species, some are made up almost 
entirely of asexual individuals with only a tiny fraction of the individu-
als able to be either genetic mother or father (think of bees and ants). In 
others, including some vertebrates, an individual changes from one sex 
to another during its lifetime, sometimes several times. Some species, 
like malaria and toxoplasmosis, can only reproduce with the help of 
other species, by going through diff erent parts of their life cycles—parts 
in which they look like entirely distinct species—while inside diff erent 
host species.

Some species make thousands or even millions of off spring and pay 
no attention to them once launched, the so-called “k” strategy. Other 
species, notably but by no means only humans, make only a few off -
spring and lavish parental attention on them (the “p” strategy). Some 
species regularly practice infanticide or fratricide, “sorocide,” or “sibli-
cide.” Some species avoid incest, whereas others reproduce regularly, or 
only, through what we would consider incest.

In some species a few dominant males hoard all reproductive pos-
sibilities by acquiring “harems.” In others, the males are tightly con-
trolled by the females, existing only to mate and die. In still others, the 
females mate indiscriminately with whoever happens to be in the right 
place at the right time. (Often, no two of the many kittens in one litter 
will share the same father.) Many species broadcast their gametes far 
and wide, to be fertilized by any complementary gamete they happen 
to meet. Sometimes, though, mating takes place only (or nearly only) 
between couples that have pair bonded for life. Looking at our own spe-
cies, we see examples of equivalents of many of these various nonhuman 
reproductive behaviors. Maybe one approach to human reproduction is 
most common, but in the real world, the variation across, and within, 
human cultures is vast.

We presume too quickly that what we are familiar with—what we see 
in humans and, to a certain extent, in our pets and livestock (a signifi -
cant number of which, in the United States, are now conceived through 
artifi cial insemination and a few by cloning)—is “Nature’s law.” But 
the biosphere is stranger than we dream. It is true that no species in na-
ture has reproduced through Easy PGD (although tens of thousands of 
humans have been born as a result of “hard” PGD). But given the vast 
range of reproductive behaviors, something that combines a couple’s egg 
and sperm but then intentionally selects which embryos should become 
off spring is nowhere near the far edge of “naturalness.”
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Ah, but some will say, these nonhuman examples are beside the point. 
It is the nature of humans, the crown of creation (or the tiptop of the 
evolutionary tree), which should concern us. And occasional pathologi-
cal deviations from the natural human path indulged in by some per-
verted individuals (or cultures) should be dismissed. The existence of 
humans with one arm does not mean that humans are not naturally 
“supposed” to have two arms. At this point I generally lose all patience 
and shout (or want to shout) “Hypocrite!” This is particularly true if the 
argument comes from someone who has fl own in an airplane to present 
a talk on PowerPoint, with a sound system amplifying his voice, in a 
building with artifi cial lighting and ventilation.

Unless one takes a very broad view of “nature,” civilization is not 
natural. Our earliest hunter-gathering Homo sapiens ancestors did not 
wear clothes, raise crops or livestock, or go to school to learn reading, 
writing, and arithmetic, let alone fl y, drive, or use computers. Neither 
did our “natural” ancestors practice much in the way of eff ective medi-
cine—antibiotics, modern childbirth, and the thousands of other ways in 
which we prevent human suff ering and protect human life, all of which 
are deeply unnatural.

If you accept the convenient unnatural parts of our civilization but 
not Easy PGD, you have to provide a line that distinguishes between the 
“unnatural” you accept and the “unnatural” you abhor—and provide a 
convincing justifi cation for the line. I might accept the argument from, 
say, the Old Order Amish, who believe that God has commanded them 
to follow the ways of Palestinian farmers of the early Christian era, even 
though actually their way of life is more like that of German peasants of 
the early Reformation. (Interestingly, the Old Order Amish are quite ex-
cited about modern medicine, and particularly genetic medicine, as they 
have a high incidence of several genetic diseases for which they would 
like prevention, treatment, or cure.) It is hard for me to accept it from 
anyone who broadly accepts modern civilization.

Again, the response might be “well, that’s fi ne for all those other parts 
of human life, but reproduction is so central, so crucial, that any change 
in it is wrong.” Again, I might consider taking that argument seriously 
from someone who, like the Catholic hierarchy in the Vatican, abjures 
modern contraception, artifi cial insemination, fertility treatments, or 
IVF (albeit, in the Catholic hierarchy’s case, they abjure these for other, 
noncelibate people). But for others, I would like to see that person reject 
prenatal care, prenatal ultrasound, cesarean section, aseptic delivery, and 
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even forceps. None of those is natural and millions of woman and babies 
have lived longer, healthier, and better lives because of their adoption.

In sum, I do not fi nd the “naturalness” argument convincing on al-
most any level, when leveled by almost any person. If people want to 
avoid Easy PGD for their own use, based on some incoherent feeling 
of naturalness, I would not deny them that right. But I would demand 
a much more coherent and convincing argument before endorsing their 
power to restrict anyone else’s use of the technology.

Humility in the Face of Ignorance

Another argument in this same vein may seem a bit more reasonable, 
though I fi nd it ultimately unconvincing. “We do not know enough to 
make such a big change and, in light of our ignorance, we should act 
humbly and not proceed.”

To the extent that this is an argument for caution in making impor-
tant changes, I embrace it. Thinking about important changes before 
fl ying into them makes sense. Even more sensible is monitoring the out-
comes and adjusting policies as a result. I view this book as part of that 
process, particularly as it calls, loudly, for close FDA regulation over the 
safety of Easy PGD for the children it is used to produce. Weigh the risks 
and benefi ts, then watch as they unfold and modify as needed.

But that is not the same as saying, ignore the present assessment of 
risks and benefi ts, and the uncertainties attached to them, by refusing to 
go forward at all. This is the strong form of the so-called “precaution-
ary” principle. That argument has been subject to much discussion and 
criticism, which I will not repeat in detail here. It is clearly true that we 
cannot predict all future consequences of our actions with certainty. It is 
also clearly true that we cannot let that uncertainty keep us from acting.

I will make only two points. First, this is not what we do in the rest 
of our lives. We invent new medicines, create new gadgets, put out new 
hardware and software, and generally change the world every day without 
stopping to say, “Here’s a speculative way in which Angry Birds could lead 
to untold human suff ering and so it should not be distributed.” The main 
diff erence between the rest of the world and Easy PGD is that, as a medical 
procedure, it would be the subject of regulation and of the need for proof 
of safety and effi  cacy before it was adopted. That is more of a precaution-
ary principle than exists almost anywhere else in our law and culture.
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Second, strong application of the precautionary principle is impos-
sible. It may be that doing nothing will itself lead to terrible results. A 
suffi  ciently clever (and motivated) person could, no doubt, construct a 
scenario where slowing the increase in carbon dioxide levels led to disas-
ter. Prove, beyond a reasonable doubt, that sustainable energy or energy 
conservation will not be disastrous. I do not think one can.

Caution and humility are important, as far as reasonable. It might well 
make sense for some couples, or some countries, to “wait and see” how 
Easy PGD works for other people or societies before trying it themselves. 
But caution and humility, like anything else, turn bad when carried to un-
reasonable extremes. They are not powerful arguments against Easy PGD.

Repugnance

I have saved this argument for last, probably because I so strongly de-
spise it. I often disagree with Professor Leon Kass, the bioethicist who 
for six years chaired President George W. Bush’s Commission on Bioeth-
ics. I do not despise him, but I do despise this argument he made, most 
notably in a much-discussed 1997 article in The New Republic entitled 
“The Wisdom of Repugnance.”11 Kass’s argument, motivated by the an-
nouncement of the birth of Dolly the cloned sheep and aimed at human 
reproductive cloning, is basically that feelings of repugnance should be 
a warning to us of the “wrongness” of particular actions. Just as our re-
pugnance leads us to avoid unhealthy contact with vomit, puss, or crap, 
we should listen to our untutored, not thought out, visceral reactions 
against new technologies. He stated:

Revulsion is not an argument; and some of yesterday’s repugnances are today 
calmly accepted—though, one must add, not always for the better. In cru-
cial cases, however, repugnance is the emotional expression of deep wisdom, 
beyond reason’s power fully to articulate it. Can anyone really give an argu-
ment fully adequate to the horror which is father-daughter incest (even with 
consent), or having sex with animals, or mutilating a corpse, or eating human 
fl esh, or even just (just!) raping or murdering another human being?12

But in what cases is repugnance an expression of such a deep wisdom, 
“beyond reason’s power fully to articulate it”? It is not clear—except 
that the repugnance at human cloning belongs in the same category with 
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father-daughter incest and bestiality. And, as a result, it is not clear from 
his article whether Kass views (or wants us to view) repugnance as an 
independent moral ground for rejecting things, or just as a warning to 
look more closely. Either way, the argument, in the context of Easy PGD 
(and other issues) has serious problems.

First, we know that feelings (or expressed feelings) of repugnance vary 
both over time within a culture and between cultures (as well as within 
individuals in a culture). Some things we now hold of great importance, 
even to the extent of constitutional protection, would have been viewed 
by our not-too-distant ancestors as repugnant. Interracial marriage and 
unmarried sex, whether heterosexual, gay, or lesbian, was a crime in 
many American states during my lifetime; the very idea was repugnant. 
Gay marriage, recently unthinkable, is now a reality in much of the West 
and a constitutional right in the United States. Equal, or even close to 
equal, rights for women was repugnant to many before the twentieth 
century (and in some cultures remains repugnant today). Even the idea 
of equal rights for non-Christians, such as Kass, was repugnant to many 
Europeans well into the twentieth century.

But the Kass argument has a further problem with Easy PGD. I do 
not believe most people, let alone an overwhelming majority of people, 
at least in most contemporary Western cultures, would view Easy PGD 
with repugnance. Hard PGD has been used for over twenty-fi ve years, 
legally in most countries. Even if we were to accept (as I do not) Kass’s 
argument against human reproductive cloning, Easy PGD is a much, 
much less radical transformation of human reproduction, adding just 
one step to IVF. Kass opposed IVF in the 1970s.13 He has not publicly 
done so in recent years and if he did, he would fi nd few allies outside 
the Vatican. Even if we were to take “The Wisdom of Repugnance” seri-
ously, in a strong form, it is, at least in most Western societies, unlikely 
to be a telling argument against Easy PGD.

As you can tell, I am not moved by the arguments in this chapter. I 
recognize that reasonable people, including you, might be so moved. If 
these arguments, even after my discussion of them, aff ect your decision 
about whether to use Easy PGD, or whether to recommend that family, 
friends, or others use Easy PGD, I think that is and should be your right. 
I only ask that you consider whether those arguments are strong enough 
to impose decisions on those who do not share your views.
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E N F O R C E M E N T  A N D  I M P L E M E N T AT I O N

Any utopia might be possible—except for the mundane problems of 
enforcement and implementation. Those problems must always be 
considered seriously before making any major change and Easy PGD 
is no exception. This chapter discusses the many problems of enforce-
ment as well as the single most serious implementation problem of 
Easy PGD.

Enforcement

Laws are easier to pass than to enforce. This is not a defi nitive argument 
against laws. It is clearly wrong to require perfect enforcement of any 
law. I am willing to say that laws against murder are a good idea, even 
though, in spite of their ubiquity, murders still happen. Even laws that 
cannot be enforced at all may not be useless. They may express a soci-
ety’s moral sentiments in a way that infl uences people even if they can-
not be enforced. They also may, of course, provide good publicity and 
campaign contributions for lawmakers seeking reelection. At the same 
time, passing unenforceable laws can make the law (or the government) 
look incompetent, unfair, or heartless.

It is prudent, therefore, to consider the likely success, costs, and con-
sequences of eff orts to enforce new laws. Laws banning, or limiting, 
Easy PGD may well prove particularly diffi  cult to enforce for at least 
three reasons: constitutional limits, practical enforcement limits, and re-
productive tourism. In addition, some ancillary prohibitions will prove 
necessary. All are discussed below.
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Possible Constitutional Limits on Enforcement

This section will talk only about constitutions in the United States, for 
the good reason that they are the only ones I come close to understand-
ing. In other countries both the substantive arguments and the proce-
dures for resolving them will be diff erent. Even when the inquiry is nar-
rowed to whether American constitutions might make laws banning or 
limiting Easy PGD, the bottom line is several defi nite “maybes.”

Federal or State Law?

Notice that I talked about “constitutions.” Each state has a constitu-
tion, which, to the extent it is consistent with federal law, controls its 
laws. A state law that violates the federal constitution, a federal statute, 
or even a regulation by a federal agency cannot stand, as a result of the 
Constitution’s “Supremacy Clause” (reinforced by the Civil War).1 But 
because it violates no federal constitutional provision, statute, or regu-
lation, Oregon can ban customer self-service at gasoline stations, New 
Hampshire can allow helmetless motorcycle riding, and California can 
ban the sale of horsemeat for human consumption. Nevertheless, each of 
those statutes can still face challenges as violating its state’s constitution.

This distinction leads to an important question—would laws restricting 
Easy PGD be federal laws or would they have to be state laws? In Ameri-
can constitutional theory, the federal government has only the powers 
delegated to it in the Constitution. States have the underlying broad gen-
eral powers that belong to any sovereign government, sometimes called 
“the police powers,” except to the extent the Constitution has given them 
exclusively to the federal government or forbidden them to the states.

For the fi rst two-thirds of the Constitution’s existence, practice 
roughly tracked the constitutional theory, but the last third has seen 
the growth of federal power beyond the borders contemplated by the 
Constitution’s framers. This has come largely through the congressional 
powers to regulate interstate commerce (the “commerce power”) but 
also to tax and to spend.

It would be hard to claim the federal government has the constitu-
tional power fl atly to ban Easy PGD, but it is not hard to argue that it 
has the power to pass a law that forbids Easy PGD as it aff ects interstate 
commerce, or that puts a prohibitive tax on its use, or that bans receipt 
of some federal spending by people participating in Easy PGD. (Such 
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statutes might also be upheld under Congress’s power to enforce the 
Fourteenth Amendment, particularly if the statute only banned the use 
of Easy PGD to select fetuses based on race or sex, although that argu-
ment has not been very successful recently.)

One federal law, discussed at length earlier, already governs some as-
pects of Easy PGD—the Federal Food, Drug, and Cosmetics Act. It uses 
the commerce power to prohibit the introduction into interstate com-
merce of certain drugs, devices, biological products, and other goods 
unless permitted by the FDA. And it is clearly constitutional.

But what about a federal law that just wanted to ban all Easy PGD 
when used to select among embryos for nondisease traits. Would that 
be within the federal government’s powers? Probably not unless it relied 
on the federal government’s commerce, taxing, or spending powers, but 
would even those powers be enough?

In law school I was taught that Supreme Court decisions during and 
after the New Deal had made any federal action possible under the com-
merce power. Since then the Supreme Court has twice disproven my 
teachers, holding in 1995 that the commerce power did not justify a ban 
on possession of some guns within a certain distance of schools2 and in 
2000 that it could not support certain provisions of the Violence against 
Women Act.3 (These were the fi rst cases since the 1930s where the Su-
preme Court had found against Congress’s commerce power.) And in the 
main Obamacare cases, it held that the commerce power could not be 
used to force people to participate in interstate commerce (though the 
taxing power could).4

In the medical world, the federal Partial Birth Abortion Ban Act is the 
closest we have come to such a statute. The act made it illegal for “Any 
physician who, in or aff ecting interstate or foreign commerce, knowing-
ly performs a partial-birth abortion and thereby kills a human fetus.”5 In 
2007 in Gonzales v. Carhart, the Supreme Court, by a fi ve-to-four vote, 
upheld that act against claims that it infringed the federal constitutional 
right to an abortion.6

Neither the majority opinion nor the dissent discussed the Commerce 
Clause “hook.” In a brief concurring opinion, however, Justice Thomas, 
joined by Justice Scalia, wrote, “I also note that whether the Act con-
stitutes a permissible exercise of Congress’ power under the Commerce 
Clause is not before the Court. The parties did not raise or brief that 
issue; it is outside the question presented; and the lower courts did not 
address it.”7 And so neither did Justices Thomas and Scalia.
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So the federal government might try to regulate Easy PGD on non-
safety grounds through the Commerce Clause (or taxing or spending 
powers). Whether it would be upheld or not is uncertain even today, 
let alone after twenty to forty more years of constitutional law (and 
Supreme Court justices).

In any event I suspect states will lead the way. We already see much 
more state than federal action about abortion and reproductive rights. 
The breadth of views encompassed in the whole country and the rela-
tive ease of blocking legislation at the federal level have, as a politi-
cal matter, made the federal government less active, leaving the fi eld 
to the states. Some states encourage prenatal genetic testing; several 
other states have already passed bans on some forms of selective abor-
tion, prohibiting abortion based on the fetus’s sex, race, or, in North 
Dakota, its likely disability status. State laws would not face the same 
questions as congressional action would about the power to enact such 
legislation, but they would face identical issues about whether they 
violated individuals’ rights.

Under today’s American constitutional law, state or federal limits or 
bans on Easy PGD would face two and possibly three kinds of claimed 
violations of the federal Constitution: that they violate substantive due 
process guaranteed by the Fifth and Fourteenth Amendments, the Equal 
Protection Clause of the Fourteenth Amendment, or, in some cases, 
the freedom of speech guaranteed in the First Amendment.8 Of course, 
today’s constitutional law is not controlling; the constitutional law of 
twenty to forty years in the future will be. But we can only work with 
what we have. The rest of this section will examine each of those three 
federal constitutional objections.

Substantive Due Process

Over the last century and a half the U.S. Supreme Court has created 
the seemingly oxymoronic “substantive due process” doctrine. It stems 
from the Constitution’s guarantees, in the Fifth and, after 1868, the 
Fourteenth Amendments, that neither the federal government (the Fifth 
Amendment) nor any state (the Fourteenth) may deprive any person “of 
life, liberty, or property, without due process of law.” On its face this 
seems like a guarantee that appropriate procedures will be used (“due 
process”), but the court has held it to include certain substantive rights 
that are not contained in the constitutional text.
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In the late nineteenth and early twentieth centuries, the Supreme 
Court used substantive due process most notoriously to strike down re-
formist labor legislation, such as special protections for working women 
and children, as well as general limits on working hours. This period is 
sometimes called the Lochner era, after Lochner v. New York, a 1905 
decision that held a state limiting the working hours of bakers violated 
those bakers’ constitutionally protected right to contract.9

During the New Deal, the court ultimately rejected the expansive use 
of substantive due process to invalidate economic legislation; “Lochner” 
eventually became a pejorative. But in the 1960s the Supreme Court again 
started fi nding constitutional protection for rights not specifi cally men-
tioned in the document. In Griswold v. Connecticut in 1965 the court 
struck down a Connecticut statute that prohibited any use of any form of 
contraception.10 The majority opinion, written by Justice Douglas, based 
the decision on a right to privacy, found in the “penumbras” and “ema-
nations” of specifi c constitutional rights. Justice Harlan concurred in the 
result but not in the court’s opinion, arguing that the protection came not 
from an inferred privacy right, but from the Due Process Clause itself, 
which protects rights “implicit in the concept of ordered liberty.” Other 
decisions involving contraception, abortion, and the rights of the family 
followed, but ultimately the Harlan position, that these are part of general 
substantive due process, was widely, though not universally, accepted.

Two strands, and possibly a third, of substantive due process deci-
sions might be applied to invalidate laws banning or limiting Easy PGD. 
One is directly about control over reproductive decisions. Skinner v. 
Oklahoma, discussed in Chapter 16, held that the right to procreate 
was a fundamental right (albeit in a decision under the Equal Protection 
Clause).11 The contraception cases have left almost no room for govern-
mental regulation of contraceptives for reasons other than safety and 
effi  cacy. The abortion cases have followed a more convoluted path, but, 
since Roe v. Wade in 1973, the majority of the court has consistently 
recognized that women have a constitutional right to terminate a preg-
nancy up to the point where the fetus is viable.

Easy PGD is a method of reproduction that involves choices by people 
about childbearing. One might take a broad view of the contraception 
and abortion cases and say that they encompass a “right to reproductive 
liberty” that could include other reproductive choices. A broad reading 
of a constitutional right to reproductive liberty might make some or all 
government restrictions on Easy PGD unenforceable.12
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On the other hand, other, narrower interpretations of these rights are 
possible (including the position, taken by a substantial minority of the 
Supreme Court since Roe, that the Constitution does not protect abor-
tion). One could focus on the physical intrusiveness of pregnancy to 
women or the privacy violations involved in monitoring the use of con-
traceptives. How the Constitution will be read on this point in twenty to 
forty years depends on, among other things, doctrinal developments in 
constitutional law between now and then and, as a practical matter, to 
some extent on public views then about Easy PGD.

The second approach draws from cases that focus on family and pro-
tect some aspects of family or parental decisions about child rearing 
from state intervention. Meyer v. Nebraska and Pierce v. Society of Sis-
ters, discussed in Chapter 16, fi nd that parents have some rights over 
their children’s education that the state cannot take away. These were 
joined in the post-Lochner era by two more Supreme Court decisions. In 
Moore v. City of East Cleveland, in 1977, the court invalidated a zon-
ing ordinance that prohibited nonfamily members from occupying the 
same dwelling unit but defi ned family so narrowly that a grandmother 
could not raise her grandchild.13 Twenty-three years later, in Troxel v. 
Granville the court invalidated a Washington statute that gave visita-
tion rights to grandparents over the objections of a child’s parents, once 
again without a majority opinion.14 Four justices, the odd combination 
of two “conservatives,” Chief Justice Rehnquist and Justice O’Connor, 
and two “liberals,” Justices Ginsburg and Breyer, held that the statute 
violated substantive due process by not giving any special weight to the 
parents’ concerns. (Justices Souter and Thomas agreed with the result, 
but without joining the plurality opinion.)

Other cases also provide a special status for some parental decisions 
about children, sometimes alone or sometimes in conjunction with other 
constitutional rights, such as the right to free exercise of religion, as in 
1972’s Wisconsin v. Yoder, involving Amish parents’ rights to control 
their children’s education.15 How far these cases, and the doctrine be-
hind them, reach remains deeply unclear. Could substantive due process 
protections for parental decision-making or for the family unit limit the 
power of states to prevent prospective parents from selecting their future 
babies based on genomic tests? Maybe.

A third possible argument could come from a broad reading of cases 
about sexual behavior and marriage. The Supreme Court has held that 
governments cannot constitutionally criminalize same-sex sexual activity 



 Enforcement and Implementation 289

between consenting adults. It has held, in a diff erent line of cases, that 
governments cannot prohibit people of diff erent races and, very recently, 
people of the same sex from getting married. Easy PGD is neither a form 
of sexual behavior (witness the title of this book) nor (necessarily) about 
marriage, yet, depending on how these doctrines evolve, they might pro-
vide some support for a right of intimate or family decisions that could 
protect Easy PGD.

The Equal Protection Clause

The Fourteenth Amendment forbids any state to “deny to any person 
within its jurisdiction the equal protection of the laws.” In 1954 the 
Supreme Court held this constraint also bound the federal government, 
through the Fifth Amendment’s Due Process Clause. Like substantive 
due process, equal protection has had a twisting path through the case 
law. It was initially eviscerated, then revived in cases that benefi ted cor-
porations, and fi nally, after World War II, it rose to be the main con-
stitutional provision supporting civil rights movements. Though clearly 
initially inspired by the problems facing African Americans, the clause 
has long been used more expansively.

But just how expansively has been a problem. Many laws treat two 
people unequally. Federal income tax rates are not the same for every per-
son; social security benefi ts vary enormously from person to person; even 
Medicare coverage varies to some extent from region to region. During 
the 1960s and 1970s the Supreme Court evolved a structure for thinking 
about the Equal Protection Clause. Most distinctions would be upheld as 
long as the court could fi nd they had some “rational relationship” to the 
problem they were aimed at. Other distinctions, though, would be looked 
at more closely, particularly those based on “suspect classifi cations,” like 
race and religion, or “fundamental interests” like marriage, the right to 
vote, or access to courts. When these kinds of distinctions are involved, 
the law undergoes “strict scrutiny” or “heightened scrutiny,” and the gov-
ernment must show that it had a compelling interest at stake and that it 
chose a narrowly tailored method to achieve that interest.

Over the years, this framework for Equal Protection Clause analysis 
has become more complicated and less clear, but the approach is still 
largely followed. Who wins depends on the level of scrutiny: in cases 
with “rational relationship” scrutiny, the government almost always 
wins; in cases with “strict scrutiny,” it almost always loses.
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A straight ban on Easy PGD would probably not evoke a plausible 
Equal Protection Clause argument. Everyone would be covered. Some 
prospective parents who needed Easy PGD (or its equivalent) to avoid 
the risk of transmitting a serious genetic disease might argue that they 
were unequally aff ected by this facially equal ban and should be able to 
invoke the clause. (This is strikingly similar to judicial decisions aff ecting 
Italian and German laws against PGD, which struck them down only in 
the cases of possible transmission of serious genetic disease.)16 The argu-
ment is plausible, but probably would be unsuccessful.

A more nuanced limitation, one that allowed Easy PGD to avoid 
some conditions but not others, would be more likely to bring an equal 
protection challenge. If prospective parents were allowed to use Easy 
PGD to avoid Tay-Sachs disease but not to avoid Down syndrome, par-
ents who wanted to use it for Down syndrome might complain they 
were denied the equal protection of the law. So might parents denied the 
right to use it to avoid a late onset condition, like Alzheimer disease, or 
the chance to choose their child’s hair color or sex. Or someone denied 
the chance to be a uniparent.

If the court viewed the right to make decisions about reproduction as 
a fundamental interest or right, it would subject such statutes to strict 
scrutiny and likely invalidate them. But what is the right? To have a 
healthy child? And, if so, what counts as healthy? Or to make any pos-
sible decision about your child’s genetic makeup? The possible judicial 
approaches are many and complex. At this point, it is only safe to say 
that the Equal Protection Clause might, or might not, make some state 
statutes unenforceable, but that it would more likely apply when stat-
utes were nuanced, allowing some uses and denying others.

The First Amendment

States might like statutes that ban clinicians from giving prospective parents 
genomic information, because, as discussed in Chapter 16, they are easier to 
enforce. But by banning health care providers from informing their patients 
of facts (often medically relevant), they could run into the First Amend-
ment: “Congress shall make no law . . . abridging the freedom of speech.” 
You may not be surprised to learn that its application is also unclear.

Governments cannot abridge the freedom of speech, but they can 
regulate the practice of medicine, as well as exercise control over what 
doctors being paid government money say. The Supreme Court has not 
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spoken on the direct point of whether a government can generally forbid 
a health care provider from speaking freely to a patient. Yet. But such 
cases may be getting closer.

Recently, the state of Florida decided to prohibit physicians from ask-
ing their patients about gun ownership. This statute, apparently inspired 
by the National Rifl e Association, responded to the views of some phy-
sicians and physician groups that guns are a public health issue. The 
lower court upheld the statute, fi nding it, in a case entitled Wollschlaeger 
v. Governor (but widely known as “Docs v. Glocks”), a constitutional 
regulation of the practice of medicine. The appellate courts have, thus 
far, agreed.17

At nearly the same time, the Ninth Circuit upheld a California law 
that prohibits licensed health care workers, upon penalty of profes-
sional discipline (including possibly loss of their license), from engaging 
in “Sexual Orientation Change Eff orts” on minors. The doctors again 
claimed a First Amendment right; the court disagreed, though basing its 
decision in large part on a fi nding that no medically safe and eff ective 
“sexual orientation change eff orts” exist.18

And on the third hand, the federal appellate courts have split over 
whether states may force physicians to convey specifi c information to 
patients seeking abortions. In December 2014 the Fourth Circuit struck 
down a North Carolina statute requiring that such a patient be shown a 
current ultrasound of the fetus and, if she averts her eyes, have the fetus de-
scribed to her.19 The court based its decision on the doctor’s First Amend-
ment right not to be forced to speak. Other federal circuits had recently 
reached opposite decisions on related statutes by which the states tried to 
compel physicians to deliver anti-abortion messages to their patients.20

This may all be relatively unimportant, though, depending on how 
Easy PGD is fi nanced. As mentioned in Chapter 16, in 1991 in Rust 
v. Sullivan the U.S. Supreme Court upheld federal regulations banning 
physicians from even discussing the possibility of abortion with their 
patients—if the patients were covered by a partially federally fi nanced 
family planning program. The court reasoned that the doctors could say 
anything they wanted, but not on the government’s dime.21

Practical Limits to Enforcement

Let’s assume a statute limiting or forbidding Easy PGD is passed and 
upheld as valid under the relevant constitution. A naïve view might be 
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that law forbids it and so it ceases. But, of course, in reality, laws are 
often disobeyed.

Some kinds of laws are relatively easy to enforce because their viola-
tion will provoke complainants and witnesses eager to see action and the 
violators will be easy to fi nd. Consider a raucous late-night party vio-
lating noise restriction ordinances in a quiet residential neighborhood. 
Others will be more diffi  cult, especially those where the “victims” want 
the crime to be committed. “Victimless” crimes, like illegal drug sales 
and prostitution, are notoriously hard to enforce. Practical enforcement 
problems will vary in predictable ways depending on which aspects of 
Easy PGD are allowed and which are restricted, but also on whose ac-
tions are prohibited.

Consider how, and against whom, enforcement would take place. 
Surely we would not kill a child born as a result of unlawful Easy PGD 
and it is quite unlikely we would force such a pregnancy to be termi-
nated. Any embryos that had not yet been transferred to a womb might 
be destroyed, although this would be controversial.

More likely is criminal action against the parents who sought the 
PGD. This would likely have bad eff ects on any children they have, but 
we already prosecute parents of young children. Between a reluctance to 
break the law, stringent penalties for getting caught, and a reasonable 
chance of getting caught, such sanctions might dry up parental demand. 
(It may be worth noting, though, that criminal penalties in India and 
China for sex-selective abortion have coexisted with very high rates of 
such abortions.)

Criminal or civil action against the various licensed professionals 
whose help is needed to perform Easy PGD seems most likely. Those 
will generally be legitimate businesses, with real addresses, customers, 
and interests in maintaining their legal business. (Although back-alley 
PGD facilities might be possible, this seems unlikely.) This situation does 
not guarantee perfect enforcement, but it makes it better.

Now let’s consider not on whom enforcement will fall, but what ac-
tions will be prohibited. A government might take aim at Easy PGD by 
restricting gamete creation, PGD in general, PGD for particular pur-
poses, or selection based on particular PGD results.

Limiting the “Easy” part of Easy PGD—the creation of gametes from 
iPSCs—could be fairly easy to enforce if the ban were broad. Even in 
a world where iPSCs were being regularly created and transformed 
into heart, liver, or brain cells, the specifi c derivation to gametes (and 
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their subsequent maturation) would likely require specialized expertise 
and “tools”—in this case, probably specifi c fl uids and biochemical fac-
tors for culturing the cells and turning them into mature gametes. That 
should make violators easier to fi nd.

On the other hand, if gamete production were allowed for some pur-
poses, such as infertility, but not for others, such as Easy PGD, enforce-
ment becomes harder. A couple wanting gametes for Easy PGD only has 
to convince a physician that they are infertile. The diagnosis of infertility 
may well change in the next few decades, but, now at least, it is failure 
to conceive after twelve months of unprotected sex—something easy to 
claim and hard to disprove.

A ban, complete or partial, on PGD seems more likely. (It is genetic 
selection, after all, not derived gametes, that worries people.) A com-
plete ban on PGD could also be reasonably enforceable. The specialized 
expertise and equipment required would be, primarily, the methods of 
doing blastomere biopsy and, possibly (depending on how the technolo-
gy develops), the methods of doing single-cell whole genome sequencing.

Once again, this only works well if the procedure is totally banned. 
If we want to allow PGD for any purposes, such as avoiding fully pen-
etrant, early onset, invariably fatal diseases, the procedures will exist. A 
couple could then seek PGD for one of the permissible reasons, but how 
could their use of the resulting information be controlled?

One option would be to ban whole genome sequencing, at least in 
the context of PGD. Instead, the only DNA sequenced would be DNA 
related to the conditions for which testing was allowed. This is plausible. 
It forfeits the economics of whole genome sequencing but in twenty to 
forty years, testing a few specifi c genomic regions should also be cheap 
and easy. Presumably, whole genome sequencing would be widely used 
in the rest of the health care system, but enforcement might be able to 
do a good job of keeping biopsied embryonic cells, which are likely to be 
removed and stored in specialized clinics, from being sequenced.

A second option would be to allow whole genome sequencing as part 
of PGD, but only permit clinics to give certain kinds of results to the pro-
spective parents for use in selecting among embryos. The information 
about all the genetic traits would exist as a result of the whole genome 
sequencing, but if the parents did not know it, they could not use it.

This method relies on the clinics which have this knowledge not shar-
ing it with the parents. Because of principle or of bribes, some of those 
with the information might choose to let it slip.
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The last general method would be to prohibit selection among em-
bryos based on all or, more likely, some genomic variations. This might 
range from bans on sex selection, through bans on behavioral or cos-
metic selection, to bans on selection based on specifi c health traits. In the 
absence of an information ban, though, these prohibitions, as discussed 
in Chapter 16, face a strong enforcement problem—the prospective par-
ents could claim they had other reasons for selecting the specifi c embryo.

Reproductive Tourism

Another great constraint on enforcing laws against Easy PGD is the ex-
istence of other jurisdictions with diff erent laws. This is not a new prob-
lem. If you want to bet legally on sporting events, visit Nevada (or the 
UK). If you want to smoke marijuana legally (at least under state law), 
visit Colorado or Washington. And, historically, if you wanted an easy 
divorce, you moved (briefl y) to Nevada.

Medicine has not been exempt from this jurisdiction shopping. Har-
vard law professor Glenn Cohen recently published a comprehensive 
analysis of medical tourism.22 He considers patients going to other coun-
tries to get services that are legal in their home countries, but are avail-
able elsewhere for lower cost or at higher quality. But he, as have others 
before him, also considers patients crossing borders for medical services 
illegal or otherwise unavailable in their home jurisdictions, including 
end-of-life care, unapproved procedures, organ transplants, abortions, 
and fertility treatments. Easy PGD tourism poses a huge problem for 
jurisdictions trying to ban or limit the procedure.

One solution is for every jurisdiction to adopt the same limits on Easy 
PGD. If all jurisdictions have the same laws, jurisdiction shopping be-
comes irrelevant. Given the likely very diff erent views in diff erent coun-
tries about Easy PGD, the idea that they would unanimously ratify a trea-
ty with specifi c limits on Easy PGD seems nearly impossible. Although 
countries might adopt a treaty with some vague limiting language, making 
it more likely to be widely acceptable, their interpretations of that lan-
guage might well diff er dramatically. For example, the Council of Europe 
adopted a protocol banning “human cloning,” but expressly let member 
states defi ne “human clone.” Some decided to ban all human somatic cell 
nuclear transfer; others only banned human reproductive cloning.23

In a world where some countries allow (or encourage) Easy PGD, 
what can a country that wants to restrict it do? It might make it a crime 
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for its citizens or nationals to obtain services illegal at home from over-
seas. For the most part, countries regulate the behavior of people in 
their geographical jurisdictions; their citizens who want to misbehave 
overseas generally may do so. But there are exceptions. Australia, Cana-
da, the United Kingdom, and the United States, among other countries, 
make it a domestic crime for their nationals to engage in paid sex with a 
child anywhere in the world.24

But if a couple goes on a foreign vacation and the woman comes back a 
week or two later pregnant, how will the home jurisdiction ever know? Or 
even if it does fi nd out about the pregnancy, how will it know whether Easy 
PGD was used overseas? The enforcement problems seem overwhelming.

Of course, the cooperation of the country where Easy PGD is legal 
could make the restrictive country’s task much easier. Other countries 
could make Easy PGD legally available only to their own residents, as 
have four U.S. states that have legalized physician-aid-in-dying—Ore-
gon, Washington, Vermont, and, most recently, California. They might 
also put a time requirement on residency; for example, originally Ne-
vada required six months residency to be eligible to use its liberal di-
vorce laws. (The push for “divorce tourism” led Nevada to shorten its 
residency to three months in 1927 and to six weeks in 1931.)

Such residency requirements could prove a legal problem in some 
parts of the world. The European Union expressly gives citizens of its 
member countries the right to get medical treatment in any of its member 
countries, a right enforced most dramatically to forbid the Irish govern-
ment from prohibiting pregnant Irish women from traveling elsewhere 
to obtain abortions illegal in Ireland. A similar principle in American 
constitutional law that guarantees a right to travel between states has 
been used to strike down some durational residency requirements, but 
not others. Whether it would apply to eff orts by one state to limit a 
medical procedure to its own residents (with or without a durational 
period to the residency) is unclear.

Or a jurisdiction could agree to provide information about nonresi-
dents who have used Easy PGD to their home countries. This would be 
rather like tax and banking treaties by which countries agree to provide 
relevant information on bank accounts to the account holder’s home 
country. Banking havens have not, however, disappeared; secrecy-seeking 
clients have shifted to other countries.

The creation of Easy PGD havens seems quite possible. Some countries 
will seek to benefi t fi nancially from supplying a highly desired service to 
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people from other jurisdictions. Nevada’s easy divorce laws and very low 
residency requirements were not random but rather were successful ef-
forts to bring “divorce tourists” and their money to the state. France bans 
IVF for people who are not in a stable heterosexual relationship; as a 
result, IVF clinics in Belgium do booming business with French lesbians.25 
If Indiana were to limit Easy PGD substantially, Illinois would likely seize 
the opportunity. And if major nations were to limit it, some smaller ju-
risdictions (the Grand Cayman Islands, perhaps) would likely fi ll the gap.

Enough sustained pressure from enough powerful nations might lead 
to some kind of global ban or regulation, though guaranteeing eff ective 
enforcement would be harder. It has not happened yet with banking se-
crecy, the slave trade, or the proliferation of nuclear weapons. It seems 
unlikely to happen with a relatively accessible technology like Easy PGD.

At an extreme, that pressure might include armed intervention. At 
least one author writing about the prospects for genetic enhancement ar-
gued that armed military intervention might be necessary to keep rogue 
countries from practicing this kind of positive eugenics.26 That kind of 
action, if eff ective, would prevent all Easy PGD, including its use by re-
productive tourists. It also seems, to me, vastly out of scale to the threats 
Easy PGD presents, but predictions about distant future decisions by 
national leaders can come with no guarantees.

I think the most likely outcome is a world where some countries en-
courage Easy PGD, others allow it, others limit the practice, and still 
others ban it, but Easy PGD tourism will not be eff ectively deterred. In 
the more restrictive countries, the rules would reduce their nationals’ use 
of Easy PGD. The time, hassle, and expense of traveling for the proce-
dure, plus the need to be willing to violate domestic laws, will also cut 
down on the number of those who use the procedure.

The price of the procedure makes this particularly true. I have argued 
that countries will want to subsidize Easy PGD in order to minimize 
their own long-term health care costs, but they will only want to sub-
sidize it for their residents. The interjurisdictional issues return us to 
another version of the domestic enforcement reality.

Making Easy PGD illegal, in whole or in part, will reduce the number 
of people who use it and will make them more likely to be people who 
have strong fi nancial resources. This raises some important fairness is-
sues. They will also be people with a willingness to disregard the law, 
which may raise other issues. Would either of those developments be a 
good result?
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Ancillary Prohibitions

In addition to perhaps inspiring bans or limitations on Easy PGD di-
rectly, widespread use of Easy PGD is quite likely to lead to ancillary 
prohibitions, such as those discussed in Chapter 14 on unknowing par-
enthood based on cell theft, sales of gametes, incest, or “uniparenting.” 
Banning the use of “stolen” cells has the problem that, without disclosure 
to someone of the stolen nature of the cells to be used to make gametes, 
knowing that a crime has been committed may prove very diffi  cult. One 
would probably want to focus enforcement of this ban on those facilities 
that could transform cells into iPSCs and then into gametes by requiring 
that they have good evidence of consent to genetic parenthood, at least 
for cell samples that are not medically removed skin biopsies.

Banning the sale or purchase of gametes (or cells for derivation of gam-
etes) has the problem of all “victimless” crimes. If the seller and the buyer 
are happy, who will bring the transaction to the attention of law enforce-
ment? Widely advertised gamete sales could be blocked; small-scale sales 
would be much harder to fi nd. And if discovered, the parties might disclaim 
any sale. Payment for cells might often be traced, but probably not always.

Consensual incest would be even harder to prevent, especially if the 
parents were willing to claim that one of the gametes came from an un-
related party. Prohibiting uniparenting may be more feasible, especially 
if one clinic is collecting or producing both the egg and the sperm from 
the same person. In both of these last two cases, however—incest and 
uniparenting—some enforcement might be possible by examination of the 
baby’s or embryos’ genomes. When the embryos get the PGD part of Easy 
PGD, high levels of similarity between their two genomes (maternal and 
paternal) would be a powerful sign that a unibaby was the goal; lesser but 
still substantial similarity would be at least some evidence of incest, per-
haps enough to prompt further investigation. This would presumably also 
become clear after a child was born, as its routine neonatal whole genome 
sequencing should pick up signs of close parental relationship.

Implementation: The Need for Guidance

One last issue demands discussion—how could Easy PGD be eff ective-
ly implemented in a way that produced the best or, at least, the “least 
bad” results? The problems of regulation, monitoring, and so on seem 
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solvable, but I worry greatly over another problem—the problem of suf-
fi ciently informed prospective parents.

Think back to the table in the Second Interlude, the one providing the 
genetic traits of fi ve generally acceptable embryos. Do you feel compe-
tent to make a good choice among those embryos? I don’t. And we have 
had the benefi t of reading this book and thus knowing much more about 
these issues than most people. How can people make choices that are 
good—for them and for their prospective children?

They need help. The adoption of Easy PGD will demand a vast ex-
pansion in the number of professionals trained to help regular people 
make decisions involving genetics. Genetic counselors typically obtain 
master’s degrees after training in both genetics and in counseling. They 
would try to help explain to prospective parents what the various dis-
eases and their risks mean, as well as to point out possible advantages or 
disadvantages of some of their choices. The counselors would not “di-
rect” decisions. Genetic counseling, which got its start in prenatal test-
ing, has a strong tradition of being nondirective. But they would help.

But for genetic counseling to help, we will need genetic counselors. 
Currently about 3,000 genetic counselors are active in North America 
and they are busy working with existing and expanding genetic test-
ing for fetuses, infants, cancer patients, adults with bad family disease 
histories, and research subjects. For twenty years we have been saying 
that we will need to expand their numbers dramatically but that has 
not happened, perhaps because the profession is neither high status nor 
well paid. For parents to make choices that seem good to them, and to 
understand the consequences of those choices (“No, choosing #12 does 
not guarantee an All Pro quarterback”), we will need more counseling.

If, though, three million couples end up using Easy PGD each year 
in the United States, we would need a lot more counselors. And it will 
make sense for prospective parents to get help well before they are called 
upon to pick embryos. The counseling function will need to take place 
both before and after the actual testing. It will almost certainly need to 
include Internet, video, and other methods of extending the reach of 
genetic counselors. Face-to-face counseling will still be crucial—video 
programs presented over the Internet may, even in twenty to forty years, 
still have diffi  culties in reading viewers’ reactions—but it will need to be 
supplemented if prospective parents are to have any chance of under-
standing what they are doing. 
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c h o i c e s

The future is coming; there is no way to prevent it. The question is wheth-
er and how to try to shape it. I believe that future will include substantial 
use of Easy PGD or, if not that particular technology, some method that 
allows intentional selection or modifi cation of babies’ genetic traits—
that allows those to be chosen. What do we want that future to be and 
how can, or should, we go about trying to achieve that goal?

This fi nal chapter does not argue for any particular answers to those 
questions. Instead, it sets out futures I think some readers will prefer 
and then analyzes paths toward those futures. At the very end, I will 
tell you my own preferences, but mine are not especially important. I 
am not going to be making those decisions—instead, they will be made 
by a wide variety of we’s in diff erent countries, cultures, and families. 
And what we decide will shape, in some ways, the future of human-
ity. My goal has been to help those many us’s decide. This chapter 
discusses the ends we may want to reach and the means we might want 
to use to reach them, as well as two crosscutting issues of regulation, 
before giving my own thoughts.

Ends

Where do we want to go? More accurately, where might diff erent people 
want to go with this technology? Many possible endpoints could be cho-
sen, but I think they fi t into three categories: no Easy PGD, some regu-
lated Easy PGD, or unregulated PGD.
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No Easy PGD

Some people will want a future with no Easy PGD or other genetic selec-
tion (or modifi cation) technologies. Their preferences may have many 
sources: religion, a desire for naturalness, a romantic idealization of ran-
domness, a Burkean kind of conservatism, a concern about the inability 
of humans to handle the technologies (“playing God”), the “yuck” fac-
tor, or something else. (I am focusing on opposition to genetic selection, 
but some opponents might also oppose making gametes from stem cells 
to treat infertility caused by the absence of gametes.)

On one, very personal level, this position does not ask much. If the 
preference is for a world where you, or perhaps your family or loved ones, 
do not have to use these technologies, we just need to ban coercion, frank 
or implicit, to use Easy PGD. (Banning “implicit” coercion, though, might 
prove diffi  cult.) If, on the other hand, the preference is to live in a world (or 
a country) where no one uses these technologies, the task becomes harder.

An additional factor complicates the “no” position. Related technolo-
gies already exist and are being used. Making eggs and sperm from stem 
cells has not yet been done in humans, but IVF has been used for over thir-
ty-fi ve years and has produced millions of children—many now adults. 
Genetic selection has also been used for decades. Fetal genetic testing fol-
lowed by termination dates back to the late 1960s; the fi rst PGD baby 
was born in 1990. And more broadly, less accurate “genetic selection” 
through mate selection goes back beyond the birth of our own species.

No one will seriously try to remove mate selection as a source of 
genetic selection, but should people who oppose Easy PGD permit the 
existing technologies? Catholic doctrine does not. It holds all these tech-
nologies sinful, both because of their displacement of natural procre-
ation and the destruction of embryos or fetuses they entail. But remov-
ing an existing technology is more diffi  cult than preventing the entry 
of a new one. Opposition to Easy PGD could include a commitment to 
ending the use of any genetic selection techniques or could be limited to 
stopping the adoption of new technologies.

Some, Regulated, Easy PGD

The second end would be to allow some uses of Easy PGD or to allow 
Easy PGD subject to some conditions, or both. This goal, though, is 
really many diff erent policies, as diff erent people may want to regulate 
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Easy PGD in many diff erent ways, ways that could be used singly or in 
myriad combinations.

Some will want to regulate it to make sure it is safe for the children 
born using this method. Others will want to regulate the genetic traits 
that can be selected, for or against: “Serious diseases, yes; cosmetic traits, 
no.” Some will want to regulate who can and cannot use the method or, 
perhaps more accurately, whose cells can and cannot be used to make 
gametes. Others will try to ensure fair access, and perhaps use, of the 
procedure, while still others will be concerned to prevent coercion in the 
use (or perhaps the nonuse) of Easy PGD. Many of the above can be, 
and will be, combined. And like the fi rst goal, these various conditions 
or limitations on the use of Easy PGD could be chosen for an individual, 
family, community, or everyone.

Unconstrained Easy PGD

The third end would be completely unregulated Easy PGD, justifi ed by 
either a special reproductive liberty or liberty more broadly. It could also 
come in variants from individual to universal with all stops (community, 
state, nation, region, etc.) in between. In some places, this would require 
only a continuation of existing nonregulation; in most countries, how-
ever, some regulatory structures would have to be abolished, or at least 
modifi ed, to permit fully free Easy PGD. It isn’t clear to me whether 
anyone would truly seek this result; it seems at the least unlikely to be a 
common position.

Means

Choosing ends is important in deciding how to respond to Easy PGD 
and similar technologies. Reasonable people can, I think, choose any 
of the ends set out above, depending on the person’s assessment of the 
information about Easy PGD set out in this book, along with his or her 
beliefs and personality. But one more factor should be considered: the 
means. Ends may, at least in some cases, be modifi ed by the ease or costs 
of the means of attaining them—not that ends justify the means but the 
means may modify the ends. And so to the means we turn.

Reaching the three kinds of goals discussed above could involve at 
least seven diff erent approaches: limiting research, banning the practice 
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of Easy PGD, requiring proof of safety, restricting the choices made us-
ing the technology, regulating whose cells are used in the technology, 
avoiding diff erential access, and addressing coercion. Only the fi rst two 
speak directly to the goal of preventing Easy PGD; the rest concern regu-
lation of the technology. And, of course, none of them is appropriate to 
the third end, unrestricted Easy PGD. Each is discussed below.

Preventing Easy PGD

Two plausible methods exist to prevent the use of Easy PGD: stopping 
the research necessary for its development and directly banning its use 
for all purposes. The fi rst seems impossible at this point; the second 
seems unlikely.

Limiting Research Needed for Easy PGD

In theory, limiting the research necessary to create clinically available 
Easy PGD, either through banning the research or by forbidding its pub-
lic funding, is an attractive approach. Successfully preventing a “bad” 
technology from coming into existence will almost certainly work better 
than trying to prohibit the use of an existing technology. That strategy 
has two big problems in this case. The fi rst is that it’s already too late. 
The second is that the relevant research will almost certainly continue 
for purposes other than Easy PGD.

Two technologies make up the core of Easy PGD: cheap genome se-
quencing and production of gametes, particularly eggs, from stem cells 
(probably iPSCs). Already whole genome sequencing is available for 
about $1,500 per genome, depending on whom you believe and how 
you add up costs. Less powerful but still useful technologies like whole 
exome sequencing are cheaper. Large-scale genomic analysis of multiple 
embryos is thus already possible, at least for people willing to spend tens 
of thousands of dollars. And such people exist.

Deriving gametes from iPSCs has not yet been done in humans. But 
the basic research into diff erentiating iPSCs into diff erent cell types, in-
cluding gametes, has been and is still going on. The gap between what is 
known and what is needed seems small; successfully preventing research 
to close that gap would be diffi  cult.

No one is going to stop all research on better methods of whole 
genome sequencing, on the meaning of genome sequences, or on the 
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derivation of specifi c cell types from iPSCs just to try to stop, or slow, 
Easy PGD. Each of these research fi elds has broad, promising, and un-
controversial applications. For each of them, Easy PGD is a “second-
ary use,” something that tags along with the research’s primary goal. 
The specifi c derivation (and subsequent care and handling) of gametes 
from iPSCs is a partial exception, but it does have value other than Easy 
PGD—providing an eff ective treatment for some infertile couples.

A ban on research that does not require huge investments and that 
can be done with Spartan facilities and commonly available equipment 
seems unlikely to succeed. So does prohibiting public funding in a fi eld 
with so much potential profi t (and so much basic research already done). 
Whether stopping research is ever a good idea is controversial. Some 
have even urged that the U.S. Constitution has, or should have, a “free-
dom of research” read into its First Amendment.1 But in this case an 
eff ective ban on the research is so impracticable that this question does 
not have to be addressed.

Banning All Use of Easy PGD

In the right jurisdiction, a complete ban might work. In fact, plain PGD 
is banned already in at least seven countries: Algeria, Austria, Chile, 
China, Ireland, the Ivory Coast, and the Philippines.2 In those countries, 
Easy PGD necessarily would already be illegal.

On the other hand, many countries are not on that list, including 
some that are typically quite reluctant to adopt new reproductive or 
genetic technologies, like Germany and Italy. Each of those countries 
has stringent laws regulating assisted reproduction. In 2012 the Euro-
pean Court of Human Rights held that Italy’s ban on PGD violated the 
European Convention on Human Rights, at least when enforced against 
parents seeking to use PGD to avoid bearing a child with a genetic dis-
ease.3 (This puts in doubt the bans in Austria and Ireland.) The German 
Federal Court of Justice interpreted its law against PGD in 2010 to not 
apply to cases where it was needed to avoid “serious genetic illness,” 
leading to passage in 2011 of a statute permitting such uses.”4

A complete ban on Easy PGD would require new legislation in almost 
all countries and, as already seen, could violate constitutional protec-
tions or regional or international human rights treaties in some coun-
tries. The existence of countries where the procedure was legal would 
surely inspire “reproductive tourism.” In the European Union, for 
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example, the right to travel within the EU for medical purposes appears 
to protect that practice.

It is also hard to see a complete ban, one that includes a prohibition 
on its use to avoid serious genetic diseases, being maintained even within 
one country if, in other countries, Easy PGD were common and perceived 
as successful. Although some prospective parents in restrictive countries 
would presumably travel for their procedures, others would lobby for 
liberalization of the ban. They might be joined by those concerned about 
public health in the restrictive countries, or even by nationalists, wor-
ried about their homeland “falling behind.” The main hope for those 
seeking to avoid Easy PGD, or to turn back the clock to eliminate all 
PGD, would seem to be an international treaty banning the procedure, 
one that had nearly complete ratifi cation and eff ective enforcement. As 
discussed in Chapter 18, that is a tall order.

Permitting Some Easy PGD

While preventing all Easy PGD seems diffi  cult, regulating it seems more 
plausible. The kinds of regulation that Easy PGD might call forth al-
ready exist for other forms of assisted reproduction in many countries, 
though Easy PGD does raise some novel issues. This section discusses 
fi ve diff erent ways people might want to regulate Easy PGD: safety, the 
choices available in Easy PGD, whose cells can be used in Easy PGD, 
diff erential access to the technology, and coercion.

Safety

Requiring Easy PGD to be proven safe (and, less crucially, eff ective) 
seems the easiest regulation to impose—after all, it already exists in 
many countries. For example the U.S. FDA claims jurisdiction over all 
human cells that are more than minimally manipulated if used in a medi-
cal context. It would regulate the “Easy”—the safety of using stem cell–
derived gametes to create babies. But regulation also could look at the 
“PGD.” The United Kingdom has a specifi c agency, the Human Fertili-
sation and Embryology Authority, that regulates assisted reproduction, 
including all uses of PGD.

The hard questions, as discussed in Chapter 13, involve how to regu-
late the procedure’s safety. How much work with nonhuman animals 
(and of what kinds) should be required before human trials are allowed? 
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How many babies should be studied for adverse health eff ects and for 
how long—months, years, decades, lifetimes? How safe would Easy 
PGD have to be—as safe as “normal” reproduction, as safe as IVF, as 
safe as current PGD? Would its health benefi ts, the avoidance of genetic 
diseases, be allowed to act as a “set off ” to ways in which it increased 
health risks?

These questions do not have easy answers, although we may get some 
help from the United Kingdom. Its recent parliamentary approval of at-
tempting mitochondrial transfer for making human babies should lead 
to some careful thought about, and some experience in applying, safety 
testing in human reproduction. However we respond, the answers will 
have huge eff ects on when, if ever, Easy PGD might be allowed. The need 
to regulate the safety of Easy PGD should not be controversial, but, as 
always, the devil haunts the details.

And safety regulation would not only have to be implemented but 
would have to be enforced. Eager (or desperate) early adopter parents 
could travel to less restrictive countries to receive Easy PGD or could 
look for domestic black market providers. When the object of safety 
regulation is a baby, the case for tough enforcement is stronger than 
when a competent adult chooses to try even a quack remedy.

Limiting Choices Available in Easy PGD

Many will want to limit the uses made of Easy PGD. These issues, ex-
plored mainly in Chapter 15, pose many diffi  cult choices. Remember my 
earlier categorization in Chapter 7 and in the Second Interlude of the fi ve 
kinds of information Easy PGD could provide—serious and highly like-
ly early onset diseases, other diseases, cosmetic traits, behavioral traits, 
and sex. Each category could be the subject of regulation.

Selecting against serious and highly likely early onset diseases will 
probably be the least controversial use of Easy PGD. Courts have al-
ready struck down PGD bans in Italy and Germany that did not allow 
this use of PGD. Defi ning the category, though, is a problem. What dis-
eases qualify—or, more accurately, which genomic sequences will lead 
to diseases—will not be obvious. How serious, how likely, how early an 
onset? Or even how likely or how early an onset?

But another problem in drawing the line is that having such a line 
eff ectively means the government says that “these embryos would have 
lives at least potentially worth living, those embryos would not.” That 
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seems a very diffi  cult, and uncomfortable, position for a government to 
take about what could become its citizens. People with the genetically 
inherited conditions for which Easy PGD is allowed could fairly argue 
that such a line devalues their lives as “not worth living.”5

Another possible line could be drawn between “diseases” and other 
traits. This also has its line-drawing problems. What is a “disease” and 
what isn’t can often be controversial. Consider autism and the argu-
ments of some people with autism that they are just examples of benefi -
cial “neurodiversity.”6

The “disease” category could also take in some very minor conditions, 
such as genetically determined color vision variants. This is a genetic 
“condition,” detectable by PGD, but it seems a weak reason to avoid 
selecting an embryo. Similarly, a higher risk of having a disease late in 
life could count—but how much higher a risk? Should the diff erence be-
tween a 15 percent lifetime risk of type 2 diabetes and an 18 percent (or 
12 percent) risk count? And, perhaps more importantly, any “qualifying” 
diseases could serve as a legal excuse to avoid selecting an embryo that is 
really disfavored for other reasons, like looks, behavior, or sex.

Cosmetic traits and behaviors share the same line-drawing problems. 
Red hair and freckles constitute a cosmetic genetic trait but also confer a 
higher risk of melanoma. Is a higher risk of having a neurotic personality 
a behavioral trait or a disease? But perhaps the more important ques-
tion about these categories is the justifi cation for totally banning their 
use in selection. If a couple makes 100 embryos, why not let nondisease 
traits be tiebreakers—though how would one know if they were truly 
just tiebreakers?

The last category is the easiest to detect, often one of the most im-
portant to prospective parents, and one where we already have experi-
ence with arguable problems from genetic selection: sex. As discussed in 
Chapter 15, using largely ultrasound and abortion, millions of people 
around the world have acted on a preference for baby boys rather than 
baby girls. The result has been serious imbalances in sex ratios at birth 
in many countries and regions with more than 120 boys being born for 
every 100 girls as opposed to the usual ratio of about 104 to 100.

This clearly refl ects a bias against female infants, whatever its cultural 
or economics roots. Whether it reinforces or, perhaps, in the long run, 
undercuts that bias is also unclear. Bans of sex-selective abortion have 
proven popular, although (and perhaps because) their enforcement has 
been spotty. They have existed for decades in China and India at the 
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same time those countries have shown unnaturally high sex ratios at 
birth. They have even been adopted by several American states, in spite 
of the lack of any evidence of an overall sex ratio imbalance.

Easy PGD allows sex selection without abortion; embryos of the 
“wrong” sex would just not be transferred, at least not yet. (As many 
parents want children of each sex, but a boy fi rst, subsequent use of 
these female embryos is certainly plausible.)

It is worth noting that in the United States, these direct regulations of 
parental choice among embryos might be challenged on federal constitu-
tional grounds. As discussed in Chapter 18, the claims are not frivolous, 
although they may not appeal to the current U.S. Supreme Court. But, 
of course, that court will change in the next few decades; so may its view 
of the Constitution.

And any of the kinds of choices discussed above could be limited not 
just by direct bans but by banning information sharing. Thus, doctors 
might be allowed to tell parents only about the traits of their embryos 
for which selection was allowed. Among other advantages, this would 
prevent prospective parents from using a mild medical condition as an 
excuse for a selection really based on banned grounds, like sex.

Whose Cells Can Be Used in Easy PGD

Another form of specifi c regulation would focus not on the choices made 
by those using Easy PGD but on whose cells are used to make the gam-
etes used in Easy PGD. Today, some countries put similar restrictions 
on IVF, limiting it to heterosexuals, to couples (no single women), to 
married people, or to women under a certain age. Other restrictions 
are sometimes placed on who can use other kinds of assisted reproduc-
tion, from bans on anonymous sperm donors to limits on the number 
of children a single donor’s sperm can “father.” Easy PGD would raise 
these questions, but also some novel ones, arising from the relative ease 
of getting cells that could be used to make iPSCs compared with directly 
getting gametes. Ponder some of the following questions.

Will age limits on genetic parenthood need to be created or extended? 
Although safety studies would be needed, it seems quite plausible that 
usable eggs could be made from skin cells of ninety-year-old women—or 
nine-month-old baby girls.

Number limits may also become more important. Although, in theory, 
men can provide enough sperm to sperm banks to father thousands of 
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children, women can provide only a few eggs. Using the iPSC method, 
both men and women could provide an indefi nitely large number of gam-
etes. A particularly popular sperm or egg “donor” could have a vast num-
ber of genetic children. And some particularly popular “donors” might 
decide to go into the business of selling their derived eggs and sperm. 
Should people be allowed to sell their gametes to the highest bidders?

Similarly, gametes might be derived from the cells of the dead—the 
recently dead or, if tissue samples had been well preserved, the long dead. 
(Again, safety studies would be important.) Countries are beginning to 
face this issue with frozen embryos and sperm “donation” from recently 
dead men or the use of previously frozen sperm from less recently dead 
men. As egg freezing becomes more common, these issues will arise with 
eggs as well. No consensus seems to have emerged yet, and very little 
regulation, about dead people conceiving children. Easy PGD will make 
these issues more pressing.

Perhaps the issue around the dead should revolve around consent. 
Did they knowingly and intentionally give their consent to become post-
humously conceiving parents? And what role should we grant the par-
ties’ marriage, or long-term partnered relationship, or previous children 
in determining, or aff ecting, consent? A focus on consent may have other 
applications. What about people whose cells were stolen and then used, 
without their consent, to make gametes? “Stealing” eggs and sperm from 
someone is diffi  cult; “stealing” a few living cells would be easy—perhaps 
as easy as looking for living cells on the arm of a chair, a discarded drink 
can, or a toothbrush.

Finally, if, as discussed in Chapter 8, cells from men could be made 
into eggs and cells from women could be made into sperm, other issues 
will be raised. Some may be concerned about giving gay and lesbian 
couples the ability to have children who are equally genetically related 
to each parent. Another, wilder concern, is the “uniparent”—the person 
who uses his (I’m guessing most likely “his”) skin cells to make both 
egg and sperm and, with a gestational surrogate, produces a “unichild.” 
Should that new, and indeed previously inconceivable—in both senses of 
the word—kind of reproduction be banned?

Differential Access to Easy PGD

As discussed in Chapter 15, some would want to regulate Easy PGD to 
avoid distributional inequalities, either in its availability or in its use. 
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Financial concerns could be one diff erential barrier to access. In Chapter 
9, I argued that insurers and public health care fi nancing programs will 
provide Easy PGD free of charge to prospective parents because of its 
power to lower health care costs, but that could be wrong, particularly 
in such a politically charged fi eld.

If it is expensive to prospective parents and some cannot aff ord it, 
should regulation intervene, either to forbid it to the rich or to provide 
it to the poor? Just how useful Easy PGD proves to be may make a dif-
ference. If Easy PGD children have huge advantages over others, regula-
tion (including required subsidies) will seem more compelling than if the 
advantages are fairly minor.

What is easily aff ordable in the rich world may not be aff ordable at 
all in the poor world, or at least in the poor parts of the poor world. 
The upper classes in Guatemala, Burkina Faso, or Nepal may be able to 
aff ord Easy PGD; the poorest in those and other poor countries won’t. 
Should the world require that all prospective parents, in all countries, 
have access to this technology and, if so, how?

The hardest question might be what, if anything, should be done to 
try to minimize diff erential use of Easy PGD. Even if it were fi nancially 
accessible to all, not everyone will use it. And probably people from 
some religions, ethnic groups, or cultures will be less likely to use it. 
Would it be appropriate for a government to encourage (or, indeed, to 
require) its use?

Addressing Coercion

Some might want to regulate Easy PGD with regard to coercion. As dis-
cussed in Chapter 16, defi ning coercion gets tricky. The fi rst reaction is 
to think it means preventing people from being forced to use Easy PGD 
or, possibly, forcing people to make particular uses of Easy PGD. Either 
action smacks of government-enforced eugenics, which is about the only 
thing in this fi eld on which (almost?) everyone agrees. (It’s bad.) One could 
easily imagine forbidding a government from forcing anyone to use Easy 
PGD or to make particular choices based on the information it provides. 
But that’s not the only question about coercion that needs addressing.

Why stop with governments? Should private actors—insurance com-
panies, health plans, employers, mothers-in-law—be forbidden from co-
ercing someone to use Easy PGD? Should the government and private 
actors be forbidden from encouraging people to use Easy PGD, which 
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might be viewed as an implicit form of coercion? What about the health 
plan (private or public) that agrees to cover Easy PGD and pregnancy, 
but refuses to pay for care for problems that could have been prevented 
if the parents had based their selections on the Easy PGD results? All 
these are ways in which the use of Easy PGD would be encouraged, if 
not fully required.

And is coercion, even state-sponsored coercion, always wrong? In the 
United States, states require that newborns be screened for particular 
genetic diseases, that school children (usually) be vaccinated, and that 
parents appropriately care for their children’s health, at the risk of hav-
ing the children taken away. If Easy PGD really is easy, safe, and eff ec-
tive, why shouldn’t a government require it or require that a prospective 
parent who uses it avoid intentionally choosing an embryo that is certain 
to have a very serious genetic disease? Those are also questions respect-
ing coercion.

And, fi nally, coercion can be turned on its head. What if the govern-
ment coercion is seen not as forcing people to use Easy PGD but as pro-
hibiting people from using Easy PGD? Or what if it’s not forcing people to 
avoid selecting embryos with trisomy 13 but instead forcing them to select 
embryos that do not have trisomy 13. Viewed in this light, “coercion” im-
plicates all of the possible regulations discussed in this section. And what 
if avoiding all regulation, when redefi ned as coercion, becomes the object 
of those who might want completely unfettered Easy PGD?

Two Broader Issues

Two questions cut across all the positions: questions of jurisdiction and 
questions of regulatory dynamics.

For better or for worse, there is no world government. Governments 
exist at all levels, from hamlets to provinces to nation-states and, argu-
ably, to regional and international organizations such as the European 
Union, the North Atlantic Treaty Organization, the General Agreement 
on Tariff s and Trade, and the United Nations. The degree of infl uence 
or power that one government or government-like organization has on 
another, either de jure or de facto, diff ers dramatically.

This complicates the regulation of Easy PGD because, as described in 
Chapter 18, a government with restrictive laws has to worry about its 
nationals traveling to less restrictive jurisdictions to use Easy PGD. This 
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raises two diff erent questions: what level of government should regulate 
Easy PGD and what should a restrictive government try to do about 
its nationals going to less restrictive countries for kinds of Easy PGD it 
prohibits.

Where should regulation be sought? The more universal the level, the 
more diffi  cult it usually is to get meaningful regulation. International 
agreements typically require consent from all the national governments 
involved. Unanimity among governments is rare, particularly for regu-
lation with enforcement teeth—purely symbolic agreements are often 
easier to achieve. Getting an enforceable treaty regulating Easy PGD 
adopted widely, let alone universally, is likely to prove very diffi  cult, 
particularly as diff erent countries have already shown vastly diff erent 
regulatory preferences with related technologies.

In some countries subnational jurisdictions may have the power to 
regulate PGD—in the United States the fi fty states have clearer power 
than the federal government, something even truer in the Swiss confed-
eration. And regional organizations like the European Union play an 
important and eff ective role in some places. For the most part, though, 
nation-states are the likely site of eff ective regulation. But that raises the 
problem, discussed earlier, of reproductive tourism and the diffi  culties in 
coping with it.

Times change, facts change, but regulatory systems do not always 
change with them. That can be a curse, or a blessing. Just how fi xed 
should an Easy PGD regulatory regime be? If you have principles you 
think are truly timeless and important, you may want to carve them into 
regulatory stone. Otherwise, you may want to provide more fl exibility 
for future, and diff erent, generations. In any event, the actual eff ects of 
Easy PGD may diverge—whether for good or for bad—from predictions.

These are the last specifi c questions about regulating Easy PGD. How 
easy or hard should it be to change the regulatory regime? And what 
mechanism, if any, should be created to collect and analyze information 
about the eff ects of Easy PGD?

Choices: Yours and Mine

So there are your options, at least as I see them. Based on what you now 
know about Easy PGD and its possible (and plausible) regulation, what 
are your choices—what do you want to do?
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If your goal is to try to prevent all use of Easy PGD, good luck. In the 
unlikely event you were able to get a universal international treaty that 
could truly be enforced, you might succeed, at least for a while. Short of 
that, a geographical ban could work fairly well, though, given reproduc-
tive tourism, not perfectly, at least in some particularly friendly jurisdic-
tions. And only for a while.

If your goal is to try to prevent any regulation at all of Easy PGD, 
you’ll need even more luck. At a bare minimum, safety regulation and 
limits on some cells as sources for gametes (stolen cells, for example) 
seem both inevitable and appropriate. And in many jurisdictions, regu-
lation of at least some categories of parental choices will be politically 
almost impossible to avoid.

Most of the real choices are in the middle, for people who want or 
are willing to have Easy PGD used, at least when safe, by some people 
for some purposes. If you fall in that group, you have many decisions 
to make.

This book is not about my choices; it is about your choices—or, more 
accurately, our choices and those of our near-term successors. But it 
seems too coy not to tell you what I currently think I would do. I do 
stress, though, that you should give my choices no particular weight. 
Many of them depend on principles and personality traits that diff er 
from person to person. After you’ve read this entire book, I can honestly 
say none of my choices depends on knowledge I have that you don’t. I’ve 
put it all out.

So what would I do?
First, I would regulate the safety of the procedure very strongly, 

though not so strongly as to make approval impossible. I would require 
substantial preclinical work, in nonhuman primates among other non-
human animal models, and with in vitro embryos that were not trans-
ferred for implantation. And I would require several years of follow-up 
of several hundred children born from the procedure before any possible 
approval. (How many “several”? I’m not sure.) I would also require 
continuing surveillance of Easy PGD children.

Second, I would not regulate any choices appropriately informed pro-
spective parents make about the genetic traits of their own future chil-
dren. I assume that the parents would almost always want the best for 
their children, although I know the world is big, some parents are crazy, 
and some bad decisions would be made. For me, the issue is whether I 
trust parents to make good decisions about the traits they want in their 
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children more often than I trust governments. And the answer is yes, but 
just barely.

I am particularly confl icted about letting parents knowingly select 
an embryo with a severe genetic disease, such as Tay-Sachs disease. 
I would intervene to stop such a decision—if I thought it could be 
stopped without interventions spilling over into less clear-cut cases. I 
am consoled by the thought that very few prospective parents would 
make that choice.

I am also confl icted about sex selection, especially as I suspect a dis-
proportionate number of parents in many countries would, at least at 
fi rst, choose boys and that this would have some harmful eff ects. Again, 
though, I am reluctant to allow any intervention, particularly because I 
suspect this preference might well be self-correcting. I might not, how-
ever, fi ght very hard against eff orts to prohibit either selection for ter-
rible diseases or for sex, at least in places where sex choice seemed likely 
to be heavily skewed.

Third, I would largely ban making someone a genetic parent without 
his or her consent. That would necessarily eliminate using cells from 
children (at least those too young to consent), the incompetent, or those 
among the dead who had not already consented to such uses. (I might 
make an exception for some people who died without warning and who 
could be reliably expected, from other evidence, to want posthumously 
conceived children.) This ban would also prohibit using stolen or oth-
erwise unauthorized cells. The entire requiring of consent might be best 
implemented by demanding that a clear provenance be provided with all 
gametes used in Easy PGD.

I fi nd the idea of individual sperm and egg sellers distasteful, especial-
ly in a context where gamete donation would almost never be necessary. 
I am not, however, sure I have a good reason to ban it. Similarly, any 
potential uniparent seems to me likely to be outrageously egomaniacal 
and just plain silly, but I am not sure that is a good reason to ban the 
process. (There may, however, be good health reasons to require the 
prospective uniparent to put his embryos through PGD.)

I would subsidize Easy PGD to make it aff ordable to everyone—even-
tually, to everyone in the world. I would not require worldwide access 
before allowing it to be used anywhere. I really do not think the advan-
tages to the Easy PGD children are enormous; for a while, poor coun-
tries might help their children more through nongenetic interventions, 
like clean water, electricity, good schools, and basic health care.
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I would prohibit governments, or others, from forcing people to use 
Easy PGD or, consistent with my views on parental choice, forcing peo-
ple to select, or not to select, particular future traits if they use Easy 
PGD. Some public health benefi ts might be lost, but, when it comes to 
making decisions about their not-yet-born children, I would rather let 
parents choose.

For the most part, I would work at a national or subnational (state or 
province) level. Diff erent countries and cultures can reasonably have dif-
ferent views on these issues. I would probably support an international 
treaty banning governments from forcing people to use Easy PGD or to 
select, or avoid, particular traits, but I would not be optimistic about the 
treaty’s chances of adoption or eff ective enforcement. I would mildly op-
pose eff orts to ban reproductive tourism, which could provide a useful 
safety valve for restrictive countries.

Finally and, to me, most importantly, I would create a structure for 
monitoring the eff ects of Easy PGD, in the United States and elsewhere 
and for making regular policy recommendations about its use. I feel very 
strongly about this because successfully predicting the future is a chancy 
business. My guesses about how Easy PGD will aff ect the world could 
be wrong, as could anyone else’s. I might even support a “sunset” provi-
sion for Easy PGD legislation, requiring that it be readopted, revised, or 
eliminated every few decades. The existence of a sunset provision could 
make it much easier for a possibly temporary majority to undo what I 
might consider good legislation. Still, I do believe regulatory schemes 
should be dynamic, paying attention to the actual facts on the grounds 
and their implications for policy. Sunset provisions can encourage that 
responsiveness.

But there is another, deeper, reason. I have few principles I am confi -
dent should apply in all cultures, to all situations, and over all of time. 
I believe, quite deeply, in things that almost all of my ancestors only 
250 years ago would, no doubt, have found appalling, such as racial, 
sexual, and sexual-preference equality and freedom of, and from, reli-
gion. Few of my great-great-great-grandparents would probably have 
agreed. What things do I believe today that my grandchildren, let alone 
my great-great-great-grandchildren, will view as bizarre? I don’t know, 
but I suspect there are some. And the world of fi fty, one hundred, or two 
hundred years from now will be their world, not mine. Or yours. They 
should have the right and the power to run it.
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Those are my choices, and my reasons for them, at least today. I can-
not guarantee they will be the same tomorrow, neither do I think you 
should necessarily make the same ones. But you do need to think about 
what choices you would make. Because choices will be made. And if 
informed people do not participate in making those choices, ignorant 
people will make them. That cannot be encouraging.

You are now among the most informed people in the world about 
Easy PGD and humanity’s reproductive future. I charge you—I beg 
you—use that information. Pay attention to these issues, think about 
them, talk about them with others. Help us all to shape a world where 
these new technologies bring as much benefi t, with as little harm, as 
humanly possible.

THE END

of the End of Sex.

And its beginning.
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unclear whether Thomson’s cells or Gearhart’s cells would prove more useful 
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22. Dolly the sheep was euthanized in February 2003 as a result of a progres-
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at http://www.ncsl.org/research/health/human-cloning-laws.aspx. 
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ing: A Successful Production”, Center for Law and the Biosciences blog, avail-
able at https://law.stanford.edu/2015/12/05/the-international-summit-on-hu-
man-gene-editing-a-successful-production/ (December 2015).

9. Of course, if genome editing became very eff ective, through CRISPR/Cas9 
or otherwise, germline editing would be even less necessary. Parents, or eventu-
ally the grown-up children themselves, could use the technique to change the 
somatic cells in their bodies. This would avoid any special risks of intervening 
in the embryo and, most likely, provide a better basis for an informed and con-
senting decision. Only when the alleles aff ect prenatal development would edit-
ing at or before the embryo stage be important.

10. Puping Liang et al., “CRISPR/Cas9-Mediated Gene Editing in Human 
Tripronuclear Zygotes,” Protein Cell 6 (2015): 363–372. A diff erent laboratory 
in China had earlier announced the successful birth of cynomolgus monkeys 
after CRISPR editing of their embryos. Yuyu Niu et al., “Generation of Gene-
Modifi ed Cynomolgus Monkey via Cas9/RNA-Mediated Gene Targeting in 
One-Cell Embryos,” Cell 156 (2014): 836–843.

11. Thomas Wirth, Nigel Parker, and Seppo Ylä-Herttuala, “History of Gene 
Therapy,” Gene 525 (2013): 162–169.

12. Sabrina Richards, “Gene Therapy Arrives in Europe,” The Scientist, No-
vember 6, 2012, available at http://www.the-scientist.com/?articles.view/article
No/33166/title/Gene-Therapy-Arrives-in-Europe/.

13. For explanations of this process, see “RNA Interference (RNAi),” Na-
tional Center for Biotechnology Information, available at http://www.ncbi.nlm.

http://www.technologyreview.com/featuredstory/532796/who-owns-the-biggest-biotech-discovery-of-the-century/
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nih.gov/probe/docs/techrnai/, or a fi ve-minute animation produced by Nature 
Reviews Genetics, RNA Interference (RNAi), available at http://www.nature.
com/nrg/multimedia/rnai/animation/index.html.

14. Daniel G. Gibson et al., “Creation of a Bacterial Cell Controlled by a 
Chemically Synthesized Genome,” Science 329 (2010): 52–56.

15. Narayana Annuluru et al., “Total Synthesis of a Functional Designer Eu-
karyotic Chromosome,” Science 344 (2014): 55–58.

16. There seems to be some truth to the Japanese goat stories. Perri Klass, 
“The Artifi cial Womb Is Born,” New York Times, September 29, 1997, avail-
able at http://www.nytimes.com/1996/09/29/magazine/the-artifi cial-womb-is-
born.html?pagewanted=3. More generally, see the interesting discussion in Da-
vid Warmfl ash, “Artifi cial Wombs: The Coming Era of Motherless Births?,” 
Genetic Literacy Project, June 12, 2015, available at http://www.geneticliter-
acyproject.org/2015/06/12/artificial-wombs-the-coming-era-of-motherless-
births/. There is a useful scientifi c review of prior work and prospects in Carlo 
Bulletti et al., “The Artifi cial Womb,” Annals of the New York Academy of 
Sciences 1221 (2011): 124–128.

17. The fi rst bladder so created was transplanted in 1999; the fi rst trachea in 
2011. Marissa Cevallos, “Transplanted Trachea, Born in Lab, Is One of Several 
Engineered-Organ Success Stories,” Los Angeles Times, July 8, 2011, available 
at http://articles.latimes.com/2011/jul/08/news/la-heb-trachea-transplant-stem-
cell-20110708.

18. One approach that might speed up this time table is not growing a new 
uterus for use in the artifi cial but transplanting a uterus from a woman, either 
living or dead. The safety and effi  cacy of such a “transplanted uterus in a box” 
is certainly unclear, as is the potential availability of such organs for transplant. 
This approach would, however, avoid one of the problems of the artifi cial womb 
suggested in the text—growing the uterus.

19. The “uterine replicator” plays a part in several of Lois McMaster Bujold’s 
Vorkosigan series of novels but is particularly prominent in Bujold, Barrayar 
(Wake Forest, NC: Baen Books, 1991) (a well-deserved Hugo Award winner).

20. Sonia Suter: “In Vitro Gametogenesis: Just Another Way to Have a Baby?,” 
Journal of Law and the Biosciences 2 (2015),  doi: 10.1093/jlb/lsv047. Ironically I 
am one of three co-editors in chief of that journal but I had not seen this article, part 
of a symposium issue, or known its title or subject, during the editorial process. 

Second Interlude

1. William D. Mosher, Jo Jones, and Joyce C. Abma, “Intended and Unintended 
Births in the United States: 1982–2010,” National Health Statistics, No. 55, July 
24, 2012, table 1. Interestingly, these results are very similar to those from the 
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earliest version of this survey, in 1982. On the other hand, a report from the re-
spected Guttmacher Institute claims that 49 percent of pregnancies in the United 
States in 2006 were unintended. Lawrence B. Finer and Mia R. Zolna, “Unin-
tended Pregnancy in the United States: Incidence and Disparities,” Contraception 
84 (2011): 478–485. The diff erence is probably because the fi rst source looks at 
births (thus excluding abortions) while the second looks at pregnancies, many of 
which end in abortion. I think for our purpose the fi rst measure is more relevant.

2. I could not fi nd what percentage of American pregnancies involved an ul-
trasound, but they are clearly very common. For a discussion of the rising tide 
of ultrasounds, see Kevin Helliker, “Pregnant Women Get More Ultrasounds, 
without Clear Medical Need,” Wall Street Journal, (July 17, 2015), available at 
http://www.wsj.com/articles/pregnant-women-get-more-ultrasounds-without-
clear-medical-need-1437141219. The article states that in 2014 the average de-
livery in the United States involved 5.2 ultrasounds, based on insurance reim-
bursement (and so not counting “keepsake,” non-medical ultrasounds). In its 
2009 practice guideline on ultrasound, the American College of Obstetricians 
and Gynecologists stated that most women have at least one ultrasound exami-
nation in every pregnancy. The bulletin does not recommend ultrasound as a 
necessary part of prenatal care but does say it should be discussed with every 
pregnant woman and that it is reasonable for a doctor to honor a patient’s re-
quest for ultrasound. ACOG Committee on Practice Bulletins–Obstetrics, “Ul-
trasonography in Pregnancy” ACOG Practice Bulletin, 101 (2009).

3. California Code of Regulations, Title 17, §6527(a) requires all clinicians to 
provide “to all pregnant women in their care before the 140th day of gestation” 
information about prenatal screening; §6527(c) requires them to provide an 
informed consent form to all women who choose screening.

4. Glenn E. Palomaki et al., “Screening for Down Syndrome in the United 
States: Results of Surveys in 2011 and 2012,” Archives of Pathology and Labo-
ratory Medicine 137 (2013): 921–926.

5. Early in my work on this book, I had a conversation with the late Dr. Carl 
Djerassi, one of the fathers of the oral contraceptive. He told me that eventually 
people would be sterilized at puberty, either in a way that is reversible or with 
the storage of eggs and sperm in order to start a pregnancy later, when, and only 
when, planned. Easy PGD could, of course, fi t right into Djerassi’s world—gam-
etes from iPSCs would avoid the need for either reversible sterilization or stor-
age of gametes.

Part III

 1. Aldous Huxley, Brave New World (London: Chatto and Windus, 1970); 
H.  G. Wells, The Time Machine (Eastford, CT: Martino Fine Books, 2011) 
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(reprint of the original edition, published in 1895); Mary Wollstonecroft Shel-
ley, Frankenstein: Or the Modern Prometheus (Oxford: Oxford University 
Press, 2008).

2. The number of books on these topics is vast; the number of articles is, for 
all practical purposes (what a person might be able to read), infi nite. Following 
are the titles of a dozen of what I consider the best accessible books around 
these issues (many focusing on human enhancement through genetics), listed in 
alphabetical order by author, with one forthcoming book as a bonus. Lori B. 
Andrews, The Clone Age: Adventures in the New World of Reproductive Tech-
nology (New York: Henry Holt, 1999); Allen E. Buchanan, Better than Human: 
The Promise and Perils of Enhancing Ourselves, (New York: Oxford University 
Press, 2011); Allen E. Buchanan, Dan W. Brock, Norman Daniels, and Daniel 
Wikler, From Chance to Choice: Genetics and Justice (Cambridge: Cambridge 
University Press, 2000); Francis Fukuyama, Our Posthuman Future: Conse-
quences of the Biotechnology Revolution (New York: Farrar, Straus and Gir-
oux, 2002); Ronald Michael Green, Babies by Design: The Ethics of Genetic 
Choice, (New Haven: Yale University Press, 2007); John Harris, Enhancing 
Evolution: The Ethical Case for Making Better People (Princeton: Princeton 
University Press 2007); Daniel J. Kevles, In the Name of Eugenics: Genetics and 
the Uses of Human Heredity (Cambridge, MA.: Harvard University. Press, 
1995);  Philip Kitcher, The Lives to Come: The Genetic Revolution and Human 
Possibilities (New York: Simon & Schuster, 1997); Maxwell J. Mehlman, Won-
dergenes: Genetic Enhancement and the Future of Society (Bloomington: Indi-
ana University Press, 2003); John A. Robertson, Children of Choice: Freedom 
and the New Reproductive Technologies (Princeton: Princeton University Press, 
1994); Michael J. Sandel, The Case against Perfection: Ethics in the Age of Ge-
netic Engineering (Cambridge, MA: Belknap Press of Harvard University Press, 
2007); and Lee Silver, Remaking Eden: Cloning and beyond in a Brave New 
World (New York: Avon, 1997). The forthcoming book is Judith Daar, The 
New Eugenics: Selective Breeding in an Era of Reproductive Technologies, 
(New Haven, Yale University Press, forthcoming 2016) 

13. Safety

1. “Accidents Do Happen,” Yosemite’s Half Dome, available at http://hike-
halfdome.com/accidents/.

2. Division of Reproductive Health, Assisted Reproduction Technology: 2012 
National Summary Report (Atlanta, GA: National Center for Chronic Disease 
Prevention and Health Promotion, Centers for Disease Control and Prevention, 
2014), available at http://www.cdc.gov/art/reports/2012/national-summary.
html.

http://hikehalfdome.com/accidents/
http://hikehalfdome.com/accidents/
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3. See the very detailed review by B. C. Fauser et al., “Health Outcomes of 
Children Born after IVF/ICSI: A Review of Current Expert Opinion and Litera-
ture,” Reproductive Biomedicine Online 28 (2014): 162–182.

4. J. Reefhuis et al., “Assisted Reproductive Technology and Major Structural 
Birth Defects, United States,” Human Reproduction 24 (2009): 360–366.

5. Urs Scherrer et al., “Cardiovascular Dysfunction in Children Conceived by 
Assisted Reproductive Technologies,” European Heart Journal 18 (2015): 
115–119.

6. Laura Ozer Kettner et al., “Assisted Reproduction Technology and Somatic 
Morbidity in Childhood: A Systematic Review,” Fertility and Sterility 103 
(2015): 707–719.

7. See the discussion of imprinting diseases, including Beckwith-Weideman 
and Angelman in Fauser, “Health Outcomes,” 170–174.

8. Hayashi et al., “Reconstitution”; Hayashi et al., “Off spring.”
9. See the discussion at Kenneth Bridges, “Malaria and the Sickle Hemoglo-

bin Gene,” Information Center for Sickle Cell and Thalassemic Disorders, 
Brigham and Women’s Hospital, April 2, 2002, available at http://sickle.bwh.
harvard.edu/malaria_sickle.html.

10. Malaria is, in some respects, a bad example as it might be wiped out 
through, for example, genetic editing of the mosquitoes that are an essential part 
of its life cycle. See the discussion in Sharon Begley, “Mosquito DNA Altered to 
Block Malaria, not Spread It,” Stat, (2015), available at http://www.statnews.
com/2015/11/23/malaria-mosquitoes-gene-drive-crispr/. On the other hand, it is 
the best example we know about the heterozygote advantage situation, where 
having two copies of an allele is a disease, but having one is a protection. 

11. For example, Shoukhrat Mitalipov and his group at Oregon Health and 
Science University (the fi rst to make SCNT work in primates) have worked ex-
tensively on macaque reproduction since 1998.

12. As I edited this chapter, Congress has just amended the appropriations bill 
for fi scal year 2016 to prevent, in eff ect, the FDA from allowing any clinical tri-
als of genome editing in human embryos (even though no such trials are likely 
for many years). Kelly Servick, “FDA Gets 5% Bump and Ban on Gene Edit-
ing”, Science Insider (December 18, 2015), available at http://news.sciencemag.
org/funding/2015/12/budget-agreement-boosts-u-s-science#FDA. 

13. For a discussion of the trial, see Ganesh Suntharalingam et al., “Cytokine 
Storm in a Phase 1 Trial of the Anti-CD28 Monoclonal Antibody TGN 1412,” 
New England Journal of Medicine 355 (2006); 1018–1028. For a discussion of 
ethical issues in this trial, see Ezekiel J. Emanuel and Franklin G. Miller, “Money 
and Distorted Ethical Judgments about Research: Ethical Assessment of the 
TeGenero TGN1412 Trial,” American Journal of Bioethics 7 (2007): 76–81.

14. For a discussion of several very questionable stem cell clinics, see Stephen 
Barrett, “The Shady Side of Embryonic Stem Cell Therapy,” QuackWatch, 
available at http://www.quackwatch.org/06ResearchProjects/stemcell.html. A 
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good review of stem cell “tourism” is Eliza Barclay, “‘Stem Cell Tourists’ Go 
Abroad for Unproven Treatments,” National Geographic News, December 3, 
2008, available at http://news.nationalgeographic.com/news/2008/12/081203-
stem-cell-tourism.html. Another study shows how stem cell clinics (mislead-
ingly) portray themselves to possible patients; see Darren Lau et al., “Stem Cell 
Clinics Online: The Direct-to-Consumer Portrayal of Stem Cell Medicine,” Cell 
Stem Cell 3 (2008): 591–594.

15. See I. Glenn Cohen, “How To Regulate Medical Tourism (and Why It Mat-
ters for Bioethics),” Developing World Bioethics Journal 12 (2012): 9–20. And 
see more generally Cohen’s book on medical tourism, Patients with Passports: 
Medical Tourism, Law, and Ethics (New York: Oxford University Press, 2014).

14. Family Relationships

 1. Leo Tolstoy, Anna Karenina (fi rst published in book form in 1878 after 
serialization in 1873–1877).

2. Professor Susan Golombok at the University of Cambridge has spent many 
years studying the psychological eff ects of “new” families on their members. For 
a few examples of her IVF work, see Susan Golombok et al., “Children Con-
ceived by Gamete Donation: Psychology Adjustment and Mother-Child Rela-
tionships at Age 7,” Journal of Family Psychology 25 (2011): 230–239; P. Casey 
et al., “Families Created by Donor Insemination: Father-Child Relationships at 
Age 7,” Journal of Marriage and Family 75 (2013): 858–870.

3. Only about 25 percent of cases of intellectual disability (formerly known as 
mental retardation) have a known cause. “Intellectual Disability,” Medline Plus, 
available at http://www.nlm.nih.gov/medlineplus/ency/article/001523.htm.

4. Easy PGD has an advantage here over fetal genetic testing. In early discus-
sions of genetics and reproduction, Barbara Katz Rothman argued that prenatal 
testing, with the possibility of abortion, prevents women from bonding early 
and fully with their children. Barbara Katz Rothman, The Tentative Pregnancy: 
How Amniocentesis Changes the Experience of Motherhood (New York, NY: 
W.W. Norton & Company 1993).  A woman carrying a fetus after Easy PGD 
will have many reasons for uncertainty, but the fetus’s genetic tests will not be 
among them. That aspect of the child she already knows.

5. Joel Feinberg, “The Child’s Right to an Open Future,” in William Aiken 
and Hugh LaFollette, eds., Whose Child? Children’s Rights, Parental Authority, 
and State Power (Lanham, MD: Rowman & Littlefi eld, 1980).

6. Wisconsin v. Yoder, 406 U.S. 205 (1972).
7. See Donald M. Borchert, ed., Macmillan Encyclopedia of Philosophy, 2nd 

ed. (Detroit, MI: Macmillan Reference, 2005). Neither the Internet Encyclope-
dia of Philosophy nor the Stanford Encyclopedia of Philosophy have biographi-
cal entries for Feinberg.
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8. Dena S. Davis, “Genetic Dilemmas and the Child’s Right to an Open Fu-
ture,” Rutgers Law Journal 28 (1997): 549–592.

9. If one believed that sexual orientation was substantially infl uenced by ge-
netic variations, one might expect gametes from two homosexual people to be 
more likely to produce homosexual children. The science is deeply unclear and 
the prejudice it expresses against people with same-sex orientation is, to say the 
least, out of fashion.

10. A survey of thirteen European countries showed that seven had upper age 
limitations for IVF with donor gametes for women, either under forty-fi ve, un-
der fi fty, or during “naturally child bearing years.” Only one, Sweden, had a 
limit for men, requiring “that they be suffi  ciently young to parent an infant 
through childhood” (whatever that means). K. Berg Brigham, B. Cadier, and K. 
Chevreul, “The Diversity of Regulation and Public Financing of IVF in Europe 
and Its Impact of Utilization,” Human Reproduction 28 (2013): 666–675, 669. 
Many clinics even in countries that do not have restrictive legislation put their 
own age limits on women using IVF with donor eggs. The ASRM, for example, 
recommends an upper age limit of fi fty-fi ve. Ethics Committee of ASRM, “Oo-
cyte or Embryo Donation to Women of Advanced Age, A Committee Opinion,” 
Fertility and Sterility 100 (2013): 337–340.

11. Hecht v. Superior Court (Kane), 50 Cal. Rptr. 1289 (1996). Kane, the 
dead man, had committed suicide, but left a note for Hecht, expressing his hope 
that she would use sperm he was leaving to her in his will to make children.  
After eventually winning her case, Ms. Hecht, then 42, tried several times to 
become pregnant with Kane’s sperm, but without success.  Debran Rowland, 
The Boundaries of Her Body: The Troubling History of Women’s Rights in 
America, 457, n. 223 (Naperville, Ill.: Sphinx Publishing, 2004).

12. See the discussion in Ruth Landau, “Posthumous Sperm Retrieval for the 
Purpose of Later Insemination or IVF in Israel: An Ethical and Psychosocial 
Critique,” Human Reproduction 19 (2004): 1952–1956. The issue continues to 
be litigated, with a recent case involving the dead man’s parents’ wishes for the 
sperm over the widow’s objection. Rahel Jaskow, “Dead Reservist’s Parents 
May Use His Sperm, against Widow’s Wishes,” Times of Israel, March 26, 
2015, available at http://www.timesofi srael.com/dead-reservists-parents-may-
use-his-sperm-against-widows-wishes/.

13. See the interesting discussion of the historical roots of incest prohibitions 
in Martin Ottenheimer, Forbidden Relatives: The American Myth of Cousin 
Marriage (Chicago: University of Illinois Press, 1996).

14. Ibid. See the map of state laws in “Cousin Marriage Law in the United 
States by State,” Wikipedia, available at https://en.wikipedia.org/wiki/
Cousin_marriage_law_in_the_United_States_by_state.

15. David Plotz, “The Myths of the Nobel Sperm Bank,” Slate, February 23, 
2001, available at http://www.slate.com/articles/life/seed/2001/02/the_myths_
of_the_nobel_sperm_bank.html. 
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15. Fairness, Justice, and Equality

 1. H. G. Wells, The Time Machine (Eastford, CT: Martino Fine Books, 2011) 
(reprint of the original edition, published in 1895.

2. Gattaca, directed by A. Niccol (Los Angeles: Columbia Pictures Corp., 
1997), motion picture.

3. Maxwell J. Mehlman, Wondergenes: Genetic Enhancement and the Future 
of Society (Bloomington: Indiana University Press, 2003).

4. See James R. Flynn, What Is Intelligence? Beyond the Flynn Eff ect, exp. ed. 
(New York: Cambridge University Press, 2009).

5. For some of the variations in European systems, see K. Berg Brigham, B. 
Cadier, and K. Chevreul, “The Diversity of Regulation and Public Financing of 
IVF in Europe and Its Impact of Utilization,” Human Reproduction 28 (2013): 
666–675.

6. I owe this insight to my Stanford colleague Darrell Duffi  e, who teaches, 
perhaps not coincidentally, at Stanford’s Graduate School of Business.

7. Of American Catholic women, for example, 68 percent have used highly 
eff ective contraceptives, just slightly under the 73 to 74 percent rate of Protes-
tant women. Rachel K. Jones and Joerg Dreweke, Countering Conventional 
Wisdom: New Evidence on Religion and Conceptive Use (New York: Guttm-
acher Institute, 2011). Very slightly more American Catholics than American 
Protestants see IVF as moral or “not a moral issue”—77 percent to 76 percent. 
“Abortion Viewed in Moral Terms: Fewer See Stem Cell Research and IVF as 
Moral Issues,” Pew Research Center, Religion and Public Life, August 15, 2013, 
available at http://www.pewforum.org/2013/08/15/abortion-viewed-in-moral-
terms/.

8. It is hard to fi nd good evidence about the accuracy of this view, widely held 
by clinicians, but there is a little evidence that bears on it in related contexts. 
One study in Los Angeles found that Hispanic women for whom amniocentesis 
had been recommended were much less likely to accept it than the general popu-
lation. Debra Baker, Senait Teklehaimanot, Rosetta Hasan, and Carol Guze, “A 
Look at a Hispanic and African American Population in an Urban Prenatal Di-
agnostic Center: Referral Reasons, Amniocentesis Acceptance, and Abnormali-
ties Detected,” Genetics in Medicine 6 (2004): 211–218. Another more recent 
study showed that Hispanic women were two to three times more likely to de-
cline additional testing, whether by NIPT or invasive methods. Shilpa Chetty, 
Matthew J. Garabedian, and Mary E. Norton, “Uptake of Noninvasive Prenatal 
Testing (NIPT) in Women Following Positive Aneuploidy Screening,” Prenatal 
Diagnosis 33 (2013): 542–546.  A diff erence among California Hispanic women 
might be attributed to religion, but increasing numbers of Hispanics are Protes-
tant and a large number of non-Hispanic women are Catholic. 

9. Randy Newman, “Short People,” in Wasting Light, Warner Brothers Re-
cords, http://itunes.com (1977). 
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10. Of course, if she never existed, she would never be in a position to 
complain that she never existed. This touches on a deep philosophical topic 
developed by Derek Parfi t and called the “nonidentity problem.” I encourage 
those of you with an interest in philosophy to explore it further; for me, al-
though ultimately I think Parfi t is right, it makes my head hurt. “The Non-
identity Problem,” Stanford Encyclopedia of Philosophy, available at http://
plato.stanford.edu/entries/nonidentity-problem/. Parfi t’s own full explana-
tion can be found in Derek Parfi t, Reasons and Persons, 2nd ed. (Oxford: 
Clarendon Press, 1987). (The fi rst edition in 1984 seems to have been his fi rst 
exploration of the problem, though a few other philosophers had touched on 
it earlier.)

11. Easy PGD might also be able to identify some cases of “intersexuality” 
with genetic causes, embryos that would be born with ambiguous genitalia, 
neither entirely male nor entirely female. Although this can be viewed as an-
other kind of “sex,” it may be more appropriately viewed culturally as a dis-
ability and be subject to the analysis above. For a discussion of issues around 
intersex people, see Katrina Karzakis, Fixing Sex: Intersex, Medical Authority, 
and Lived Experience (Durham, NC: Duke University Press, 2009).
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(NJW 2010, 2672; NStZ 2010, 579)See the discussion in Susanne Benöhr-La-
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and Praxis 8 (2011): 3–8
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intellectual defi cits—no activist will have those diseases. Therefore, no individu-
als would be able to say that “under this system I would never have been born.” 
Their family members would have to make that argument for them.

6. See Pier Jaarsma and Stellan Welin, “Autism as a Natural Human Varia-
tion: Refl ections on the Claims of the Neurodiversity Movement,” Health Care 
Analysis 20 (2011): 20–30.





361

G L O S S A R Y

aCGH Array comprehensive genomic hybridization, sometimes abbreviated 
ACGH or array CGH, is a laboratory technique that can detect aneuploidies 
(samples with the wrong number of chromosomes) as well as much smaller dele-
tions, duplications, or movements of DNA within or between chromosomes.

Allele One variant of a gene. A gene may have many diff erent alleles, each with 
a slightly diff erent DNA sequence. Some may be harmful, some helpful; some 
may make neutral changes, and many of them will make no discernible change 
in the organism. The most common allele of a gene is sometimes called the 
“wild type” allele.

Alpha-fetoprotein A protein produced by a human fetus. Some of it crosses 
the placenta and can be found in the pregnant woman’s blood serum, where 
its levels have some value in predicting Down syndrome or neural tube 
defects.

Aneuploid A cell that has the wrong number of chromosomes. Human cells 
should normally have 46 chromosomes (92 when preparing to divide). Triso-
mies (three copies of what should be a paired chromosome) are the most com-
mon aneuploidies in living humans.

ASRM The American Society for Reproductive Medicine is a nonprofi t orga-
nization dedicated to reproductive medicine. It has an affi  liate only for repro-
ductive medicine clinics called SART, the Society for Assisted Reproductive 
Technologies.

Autosome One of the chromosomes that is not a sex chromosome. They come 
in pairs—in humans 22 pairs named chromosomes 1 through 22.

Blastocyst A human embryo from the fi fth day after fertilization until implan-
tation. It takes the form of a hollow sphere containing the inner cell mass.



 362 Glossary

Centromere The constricted part of a chromosome between its p (short) and q 
(long) arms. It is essential for the proper allocation of chromosomes to daugh-
ter cells when cells divide.

Chromosome A long DNA molecule wrapped around a protein backbone. 
Chromosomes carry the DNA in cells and, by their duplication and allocation 
to daughter cells, preserve that genetic information across cell divisions and 
generations.

CLIA The Clinical Laboratories Improvements Amendments of 1988 are the 
main way in which the federal government, acting through the FDA, CDC, and 
the Center for Medicare and Medicaid Services (CMS), regulates clinical 
laboratories.

Clone/cloning A clone is an exact copy of something and cloning is the process 
of copying. In biology it generally refers to nonsexual reproduction, which 
produces off spring that have the same DNA (except for occasional mutations) 
as their progenitors. Identical twins are clones created when one embryo sepa-
rates into two. Other kinds of cloning in mammals are achieved through a 
process called somatic cell nuclear transfer (SCNT).

Codon Three “letters” or bases of DNA or RNA that stand for an amino acid, 
stop, or start.

CNVs Copy number variations are places in DNA where some individuals 
have more or fewer copies of a particular gene sequence than normal. Some of 
the genes may have been duplicated or some existing copies may have been 
deleted.

Diploid A cell with two copies of each of the chromosomes, a pair of each 
autosome and two sex chromosomes. This is the normal state of cells except 
when they are preparing to divide, when their chromosomes are doubled.

DNA Deoxyribonucleic acid, the molecule that conveys information about 
protein sequence and expression within one cell and across generations of a cell 
and of an organism. DNA was discovered in 1869 in pus-soaked bandages, but 
its signifi cance was not widely known or accepted until the 1950s.

Dominant A Mendelian trait is called dominant if it only takes one allele of a 
gene to produce the associated trait (except for traits in males where the relevant 
gene is on the X chromosome, called X-linked, or the Y chromosome). Hence, 
these traits will appear even if only one of the parents contributes the allele.

Easy PGD A name I made up for inexpensive whole genome analysis of an 
embryo before implantation when the egg that contributed to the embryo was 
artifi cially derived from stem cells.
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Embryo The earliest developmental stage of a multicellular eukaryote. In hu-
mans, embryos are often (but not universally) seen as coming into being with 
fertilization of the egg and lasting until (by convention) the end of the eighth 
week after fertilization, when it is renamed a fetus. Diff erent early stages of 
embryonic development are sometimes referred to by diff erent names, such as 
blastocyst and morula.

Eukaryote An organism whose cells contain a nucleus and other organelles 
protected within the cell by their own membranes. Eukaryotes are one of the 
three types of life, along with the prokaryotes, bacteria and archaea (single-
celled microbes that are, outwardly at least, very similar to bacteria).

Euploid A cell with the “right” number of chromosomes. In humans that is 
usually 46 chromosomes, in 22 pairs from 1 to 22 and with two sex chromo-
somes, though it also includes cells ready to divide with four sets of chromo-
somes and gametes with only one set of chromosomes.

Exome The part of a genome made up of exons, the parts of a DNA sequence 
that specify the order and identity of amino acids in a protein. The exome is 
less than 2 percent of the human genome.

Exon The part of a gene that specifi es the order and identity of the amino acids 
in a protein. Exons in humans and other eukaryotes are separated by introns.

FDA The Food and Drug Administration, which in the United States regulates 
drugs, medical devices, and biological products, among other things. It is particu-
larly important where its approval is required before a product can be marketed.

FDCA The Federal Food, Drug, and Cosmetic Act, passed in 1938 and fre-
quently amended. This statute gives the FDA its power to regulate drugs and 
medical devices.

FISH Fluorescence in situ hybridization, a technique that attaches a fl uores-
cent marker to pieces of DNA or RNA, which then attach to sites containing 
sequences that are complementary to theirs (CGGTAT’s complementary se-
quence is GCCATA in DNA; the equivalents in RNA would be CGGUAU and 
GCCAUA).

Gamete A mature germ cell (egg or sperm) that is able to unite with a gamete 
from the other sex to form a zygote.

Gene A unit of heredity that is now known to be physically embodied in DNA. 
The exact defi nition of gene is disputed but it generally means a stretch of DNA 
that specifi es the structure for a protein or an RNA molecule that is not mes-
senger or transfer RNA, two kinds intimately associated with the “reading” of 
DNA.
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Gene family A set of very similar genes, usually produced by past duplication 
of an original gene. The functional members of a gene family will often do 
similar or identical jobs.

Genetics The study of genes and heredity. (See Genome.)

Genome The sequence of all the DNA in an organism or individual.

Genomics A term to describe the study not of individual genes but of large 
parts of a genome. Supposedly coined in 1986 it has become increasingly trendy 
as a fancy-sounding term since 2000. (See Genetics).

Genotype The genetic makeup of a cell or organism. It is like the genome but 
“genotype” usually is used in the context of which particular DNA variations 
are found in a cell or organism.

GWAS A genome-wide association study is an eff ort to look at many diff erent 
DNA variations in order to determine which if any of the variations are associ-
ated with a given trait. GWAS originally mainly referred to research with SNP 
chips but can now include studies using broader sequencing techniques, includ-
ing whole exome and whole genome sequencing.

Haploid A cell with only half of its normal number of chromosomes as a result 
of meiosis. In humans haploid cells have 23 chromosomes with only one each 
of chromosomes 1 through 22 and one sex chromosome. The only human cells 
that are normally haploid are sperm and, for a brief time just after fertilization 
when they have completed meiosis but before their pronuclei merge with that 
of the sperm, eggs.

hESCs Human embryonic stem cells are cells derived from the inner cell masses 
of blastocysts and kept alive, and undiff erentiated, in laboratory equipment 
containing culture medium.

Heterochromatin Stretches of chromosomes where the DNA is very tightly 
packed. Heterochromatin is rarely expressed (or read for its information content). 
It is also often diffi  cult to sequence accurately. It is contrasted with “euchroma-
tin,” the remainder of the chromosomes, which contain most active genes.

HTC/P Human cells, tissues, and cellular or tissue-based products, a classifi -
cation used by the FDA in regulation. It includes not only tissues like skin, 
bone, and corneas, but also cell replacement therapies and gene therapies.

ICSI Intracytoplasmic sperm injection is an assisted reproduction technique 
where a single sperm will be injected directly into an egg, initiating fertilization.

Indels Insertions and deletions in DNA that are fairly common variations in 
DNA sequences and can have serious negative eff ects, especially if the insertion 
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or deletion is not a number of bases divisible evenly by three, because those 
indels can cause “frame shifts,” causing the codons after them to be read 
diff erently.

Inner cell mass The cluster of cells in the inside of a blastocyst that later form 
the embryo, fetus, baby, and book reader. Inner cell mass cells are the source of 
hESCs.

iPSCs Induced pluripotent stem cells are cells that have been modifi ed by the 
injection of certain genes or proteins so that they revert to something similar to 
an embryonic state, where they appear to be capable of forming many diff erent, 
and perhaps all, cell types.

IVF In vitro fertilization is an assisted reproduction technique where egg and 
sperm are united outside a woman’s body to form a zygote and embryo, which 
is intended to be transferred into a women’s uterus for implantation and subse-
quent pregnancy.

Karyotype The number and appearance of chromosomes in a cell, used in ge-
netic testing to fi nd aneuploidies, large deletions or insertions, and large trans-
locations of DNA from one place in the chromosomes to another.

LINES Long interspersed elements are pieces of DNA that have been copied 
and put into new locations by transposons or retrotransposons. They contrast 
with SINES.

Mitochondria/Mitochondrion Organelles found in the cytoplasm (the fl uid 
outside the nucleus) of eukaryotic cells that are involved in the production of 
energy for the cell. They are invariably described as shaped like kidney beans.

Mitochondrial DNA Mitochondria have their own DNA found in one circular 
chromosome inside the mitochondrion. In humans the mitochondrial DNA has 
about 16,600 base pairs and codes for about thirty-seven genes. It is thought 
that all eukaryotes are descended from a merger of two prokaryotes, one of 
which became the mitochondrion.

Mosaicism An organism that has more than one version of a genome, all de-
rived from the same zygote. (If the diff erent cell populations descend from dif-
ferent zygotes, the organism is a chimera.)

MSAFP Maternal serum alpha-fetoprotein screening is the process of looking 
for alpha-fetoprotein in a pregnant woman’s blood serum as a screening test for 
Down syndrome or neural tube defects. It is now one part of a large screening 
test and may be replaced, for some purposes, by NIPT.

Mutation A mutation is a permanent change in DNA sequences in a cell or 
organism. Mutations can take many forms and may be harmful, benefi cial, or 
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neutral. The mutations may occur in germ cells and thus aff ect subsequent 
generations or may appear only in the body’s cells and thus die with the organ-
ism (if not before).

NIPT Noninvasive prenatal testing is a technique for sequencing and assessing 
the DNA of a fetus without physically invading the uterus. It relies on sequenc-
ing very large numbers of small pieces of DNA in the blood that are created 
when cells, from the fetus or the pregnant woman, break down. In pregnant 
women around 10 percent of this cell-free DNA is from the fetus.

Nuclear DNA The DNA found in a cell’s nucleus, contrasted with the mito-
chondrial DNA (or, in photosynthesizing plants, also the DNA in the chloro-
plast, organelles involved in photosynthesis.

Nucleus The part of a eukaryotic cell partitioned off  from the rest of the cell 
by the nuclear membrane that contains the chromosomes. Like the nucleus of 
an atom, it comes from the classical Latin word for “kernel” or “core,” a di-
minutive of the word for “nut.”

Oligonucleotide A short stretch of DNA or RNA. Oligonucleotides (often re-
ferred to as oligos) are often used in various DNA analysis techniques. The term 
usually refers to twenty-fi ve or fewer bases, but long pieces of DNA with 200 
bases have been referred to as oligos—there seems to be no formal size limit.

ORF An open reading frame is the part of a DNA sequence that can be transcribed 
into messenger RNA and hence can give rise to proteins or functional RNAs. ORFs 
start with the start codon and end with one of the three stop codons.

Organelle One of several kinds of small functional bodies inside a cell. Organ-
elles are separated from the rest of the cell by their own membranes. The word is 
derived from a term meaning “little organ.” Only eukaryotes have organelles.

Pathogenic Causing disease. In the context of genetics, it refers to a pathogenic 
variation or allele, though it can be pathogenic without certainly causing the 
disease (i.e., it may have less than perfect penetrance).

Penetrance The percentage of the time a particular DNA variation will cause 
an associated disease, trait, or other “phenotype.”

PGD Preimplantation genetic diagnosis is the process of doing genetic testing 
on one or more cells from an embryo for determining the likely traits of those 
embryos in order to decide which embryos to transfer for possible implantation 
and ultimately birth.

Phenotype An individual’s observable traits (including traits not observable by 
the eye, such as ABO blood group). Genetics is mainly about the associations 
between genotypes and phenotypes.
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Polymorphism Polymorphism comes from the Greek words for “many forms.” 
In genetics it means a genomic variation that is (fairly) commonly found with 
diff erent sequences in a population. Polymorphisms may be diff erent alleles of 
a gene but they are more often diff erences in DNA that are not part of genes.

Pseudogene A nonfunctional stretch of DNA that looks like a functional gene, 
to which it is probably related by descent.

Recessive A Mendelian trait is called recessive if it takes two copies of an allele 
to produce the associated trait. Hence, these traits will only appear if each of 
the two parents contributes the allele (except for traits in males where the rel-
evant gene is on the X chromosome, called X-linked, or the Y chromosome).

REI Reproductive endocrinology and infertility, the medical subspecialty (of 
obstetrics/gynecology) that deals with IVF and most other forms of assisted 
reproduction.

Retrotransposon A retrotransposon is a transposon that moves from one place 
to another by fi rst being copied into RNA, which later is copied back into DNA 
that is inserted in a diff erent location.

RNA Ribonucleic acid is a cousin of DNA. It diff ers by using sugar molecules 
called ribose in the sides of its molecules instead of deoxyribose. RNA has 
many important functions in cells and particularly in turning DNA instruc-
tions into cells and organisms.

SCNT Somatic cell nuclear transfer, or the Dolly process, is a form of cloning 
where the nucleus of one egg is removed and another cell’s nucleus is inserted 
in its place (or through fusing another cell entirely into the much larger egg). 
SCNT is the technique involved in what people refer to as “cloning.”

Sex chromosomes Two chromosomes that determine (usually) whether an or-
ganism will be male or female. In mammals these are the X and Y chromo-
somes. An embryo with two X chromosomes will become female; one with one 
X and one Y chromosome will become male. Organisms cannot normally have 
two Y chromosomes as their only sex chromosomes because their mothers 
normally would have only X chromosomes to give them. An embryo with only 
two Y chromosomes would not be viable. Some sex chromosome aneuploidies, 
such as X alone, XYY, XXY, XXX, and so on are viable and not rare.

SINES Short interspersed elements are short pieces of DNA copied or inserted 
into the genome by transposons or retrotransposons. Along with LINES, they 
make up much of what some people call “junk” DNA.

SNP Single nucleotide polymorphisms are common variations in DNA that 
occur at one base pair. For example, if 40 percent of people had a G at a 
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particular position in their melanin gene and 60 percent had a T there, that 
location would be a SNP. SNPs have been very useful as signposts in DNA re-
search, indicating the region in which a DNA variation with some phenotypic 
eff ect might be found.

SNP chip A chip or an array that contains hundreds of thousands or millions 
of diff erent SNPs, allowing a DNA sample to be probed for its SNPs in a fast 
and inexpensive way.

Telomere Each chromosome has a telomere at each end, a long stretch of 
highly repetitive DNA that appears to convey no information but to serve to 
protect the informative parts of the chromosome near its ends during cell 
division.

Transposon A transposable element is a small piece of DNA that can move 
around inside a cell’s genome. The changes in location of a transposon, a kind 
of mutation, can have eff ects on the genes and the organism.

Trophectoderm The outer part of a blastocyst, which forms the hollow ball in 
which the inner cell mass sits. The trophectoderm will eventually become the 
placenta and other supporting tissues of a pregnancy but not the fetus or baby.

Zygote A fertilized egg. The DNA from the sperm and the egg do not come 
together, though, until the zygote is in the process of dividing to become a two-
cell embryo.
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be neither possible nor necessary. That’s the problem with acknowledg-
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my editor) at Harvard University Press, about the idea for this book. By 
February 2011 it had its title, The End of Sex, suggested by my friend 
and colleague Buzz Thompson at a dinner with our wives. (The four 
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of that dinner, but we all agree that as soon as Buzz said the title, we 
were all sold.) By April I had written a book proposal; by July I had a 
contract; and by November I had a working outline, which has changed 
only slightly. After that, things slowed down; it took over four and half 
years from that fi rst conversation for me to deliver the fi nal manuscript 
and over fi ve years to actual publication.

During that time, many people helped. Several research assistants 
toiled on this tome. The latest, Kristin Liska, got stuck with the bulk of 
the drudgery, which she did, along with (I hope) some nondrudgery, ex-
traordinarily well, but her predecessors from 2010 and onward—Mark 
Hernandez, Amanda Rubin, and Ben Chagnon–were also invaluable. 
The fellows during these years at the Center for Law and the Biosci-
ences and the Stanford Program in Neuroscience and Society were good 
sources of comments on the book, as well as of constant stimulation: 
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thinker about human reproduction (among many other things).

I owe a huge debt to the twenty or thirty audiences with whom I have 
talked about the ideas in this book. They ranged from academic semi-
nars and lectures at Stanford (many), Harvard, Duke, Davidson, and 
elsewhere to Stanford alumni clubs or local Rotary clubs. My Stanford 
Law School colleagues heard me give talks on this book at least three 
times and made many useful suggestions (as well as posed many diffi  cult 
questions), as did the other academic audiences. In some ways, though, 
the nonacademic audiences were the best—they helped me work out 
how to explain this material to bright, interested, nonexperts. I wish I 
could remember every person who gave me an idea or a turn of phrase 
that made it into this book; I cannot, so a collective “thank you” will 
have to suffi  ce.
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Law Library, under the direction of both the late Paul Lomio and his 
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