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Foreword

Osteoporosis is a common disorder of the bone that predominantly affects menopausal
women but also affects men and patients of all ages and races. Osteoporosis has no warn-
ing signs, and many times the first indication of the disease is a fracture with devastating
consequences to the individual’s health and life. Drs. Mehrsheed Sinaki and Michael
Pfeifer are recognized clinical and research leaders in osteoporosis and rehabilitation.
Dr. Sinaki was the first female professor at the Department of Physical Medicine &
Rehabilitation, Mayo Clinic, Rochester, Minnesota, and a pioneer in the prevention of
osteoporosis and rehabilitation of patients with the disorder and its associated spine
deformity. Her research has helped establish clinical practice guidelines including ROPE
(Rehabilitation of Osteoporosis Program-Exercise) and back-strengthening exercises to
decrease risk of fracture associated with osteoporosis. Dr. Pfeifer is a Professor at the
Institute of Clinical Osteology in Bad Pyrmont, Germany, with a vast range of expertise
in osteoporosis. He has been essential in the establishment of multiple clinical trials test-
ing pharmacological interventions to treat osteoporosis and in the development of ortho-
sis to treat spine deformities and vertebral fractures associated with the disease. Together,
their landmark contributions have established many of the methods currently used to
prevent osteoporosis and treat patients with the disorder worldwide.

In this book, Drs. Sinaki and Pfeifer work together with an impressive group of
clinicians and investigators from multiple areas of medicine to present a compre-
hensive understanding of osteoporosis, from the pathophysiology of the disease to
the evaluation of multiple interventions to prevent the disorder and rehabilitate
patients with decreased bone density and fractures. This book provides a reference
when working to control symptoms, improve function, and advance the quality of
life of patients with osteoporosis and the complications associated with it. I hope
that you all will appreciate the deep knowledge within these pages as much as I did.
Congratulations Mehrsheed and Michael for presenting the state of the art in the
principles and practice of one of the most devastating diseases—osteoporosis.

Carmen M. Terzic, MD, PhD

Chair, Department of Physical Medicine and Rehabilitation
Mayo Clinic, Professor of Physical

Medicine and Rehabilitation,

Mayo Clinic College of Medicine and Science

Rochester, Minnesota, USA



Preface

Pharmacotherapy is one of the pillars of medical practice, undeniably helpful and
sometimes lifesaving. The drawbacks of medication overuse are well-known, and
side effects are often recognized (although unfortunately sometimes after extended
exposure). Physicians’ experience over long years is often rewarded by more insight,
reminiscent of an admittedly strong quotation from Sir William Osler: “The young
physician starts life with twenty drugs for each disease and the old physician ends
life with one drug for twenty diseases.”

During recent decades, the application of non-pharmacological and physical
therapeutic measures has justifiably gained momentum, whether as independent
measures or adjuvant to pharmacotherapy. In the mid 1990s, together with Professor
Helmut W. Minne of Bad Pyrmont, Germany, we undertook an effort to start a
working group in osteoporosis rehabilitation at the annual meeting of the American
Society for Bone and Mineral Research (ASBMR). With the support of several col-
leagues from ASBMR and the Mayo Clinic Division of Endocrinology, Diabetes,
Metabolism, & Nutrition and the Metabolic Bone Disease Clinic, in particular
Dr. B. Lawrence Riggs, as well as the approval of the president of the society at the
time, Dr. Michael Rosenblatt of Boston, we held our first meeting in San Francisco
in 1998. Many more annual meetings followed. I was truly privileged with the col-
laborating leadership of Dr. Michael Pfeifer of Bad Pyrmont, Germany, which
finally resulted in the concept of publication of this book.

We are indebted to the support of many of our colleagues in the Mayo Clinic
Division of Endocrinology, Diabetes, Metabolism, & Nutrition and the Metabolic
Bone Disease Clinic, including Drs. Steven Hodgson, Sundeep Khosla, and Bart
Clarke, as well as European colleagues including Dr. Elizabeth Preisinger of Vienna,
Austria; Dr. Mario Passeri of Parma, Italy; Dr. Piet Geusens of Maastricht, the
Netherlands; Dr. Christian Kasperk of Heidelberg, Germany; Drs. Wolfgang
Kemmler and Simon von Stengel of Erlangen, Germany; Dr. Yannis Dionyssiotis of
Athens, Greece; Dr. Sabine Verschueren and coworkers of Leuven, Belgium; and
Dr. Eiji Itoi, professor of orthopedic surgery, of Sendai, Japan. All of these authors
attended our ASBMR Working Group on a regular basis and thus contributed to
knowledge generation by their oral presentations on various topics, which were
condensed finally into this book.

Essentially, this is a summary of all the experience we gained through our
working group of over 15 years and reflects different attitudes, opinions, and
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viii Preface

non-pharmacological treatment approaches worldwide for patients suffering from
vertebral fractures due to osteoporosis. Our hope is that this work may contribute
to an improvement in several parameters of quality of life for patients suffering
from this deleterious disease, since, due to a constantly increasing life expectancy
not only in Western but also in Asian civilizations, the numbers of patients are still
on the rise. This represents a major socioeconomic burden for many societies as
long as treatment options are focused mainly on more or less expensive drugs. In
contrast, non-pharmacological approaches are relatively inexpensive; given a
fixed amount of resource, many patients may be treated.

Musculoskeletal rehabilitation is a highly promising option in the management
of patients with osteoporosis. Measures to improve quality of life are relentlessly
assessed and advanced. We would like to express our sincere gratitude and appre-
ciation for the work of colleagues and old and new friends in contributing chapters
to this book.

Rochester, Minnesota, USA Mehrsheed Sinaki
Bad Pyrmont, Germany Michael Pfeifer
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Osteoporosis: Diagnosis, Risk Factors,
and Prevention

Mehrsheed Sinaki and Michael Pfeifer

Osteoporosis is one of the most prevalent metabolic bone diseases in the world and
is a major public health problem. Osteoporosis consists of a heterogeneous group of
syndromes in which reduction of bone mass per unit volume results in bone fragil-
ity. The increment in bone porosity causes architectural instability of the bone and
increases the likelihood of fracture. In osteoporosis, the mineral-to-matrix ratio is
normal, but the bone quantity is reduced. In 2005, the direct and indirect costs of
osteoporosis in the United States alone were estimated to be $17 billion. In 2025, it
is projected that the costs will be $25 billion, annually [1]. Much of this expense
relates to hip fractures. In 15%-20% of hip fracture cases, the outcome is fatal. In
osteoporotic individuals, 50% of women and 25% of men older than 50 years could
have a traumatic spine fracture during their life.

Reports from Europe in 2003 indicate that variations of a gene on chromosome
20 may cause some postmenopausal women to have osteoporosis. Research studies
are in progress to identify the gene in the carriers and implement preventive mea-
sures. Meanwhile, clinicians (through nonpharmacological intervention) can add
quality to the years of life of osteoporotic patients with or without fractures.
Nonpharmacologic intervention could be implemented alone or along with
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W.H.O. Definition of T-Score

V Peak bone mass

Osteoporosis

0 -1 -2 25
T-score
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women 20-40 years old

Fig. 1.1 Left—measuring BMD with DEXA machine; right normal peak bone mass and 7-score
defining osteopenia and osteoporosis

pharmacotherapy in cases of the need for pharmacotherapy. Clinical studies have
shown that when pharmacotherapy is combined with the rehabilitative measures,
the vertebral fracture rate is decreased [2].

Osteoporosis, a multifaceted disorder, requires a multidisciplinary approach to
achieve the most successful management. The World Health Organization defines
osteoporosis as bone mineral density (BMD) with a T-score 2.5 standard deviations
below the peak mean bone mass of young healthy adults [1] (Figure 1.1). The
T-score shows the amount of one’s bone density compared with a young adult (at
age 35 years) of the same gender with peak bone mass. The Z score is calculated in
the same way, but the comparison is made with someone of the same age, sex, race,
height, and weight. The Z score is adjusted for an individual’s age, and the T-score
is not. For example, a 75-year-old woman with a Z score of —1.0 is one standard
deviation below the BMD of an average 75-year-old woman, but her 7-score may be
—3.0 because she is three standard deviations below the BMD of an average 35-year-
old woman. Normal BMD is a T-score —1 or greater; osteopenia, a 7-score between
—1 and —2.5; osteoporosis, a T-score —2.5 or less; and severe osteoporosis, a T-score
—2.5 or less with fracture. In the asymptomatic stage, osteoporosis is characterized
simply by decreased bone mass without fracture. Osteoporosis usually is silent and
becomes clinically symptomatic when the bone fractures.

Etiology and Pathogenesis

Bone remodeling is an ongoing process that allows removal of old bone and replace-
ment with new bone tissue. Bone remodeling has five stages:
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. In activation: Osteoclastic activity is recruited.

. In resorption: Osteoclasts make a cavity through eroding the bone.

. Then in reversal: Osteoblasts are recruited.

. During bone formation stage: Osteoblasts replace the cavity with new bone.

. At the quiescence phase: Bone tissue remains dormant until the next cycle starts.

[ OSSR

Peak adult bone mass is achieved between ages 30 and 35. High-turnover osteo-
porosis occurs due to an increased rate of bone remodeling and bone loss without
equal bone formation; examples include disorders such as hyperparathyroidism and
thyrotoxicosis. Of course, osteoporosis could be secondary to other health-related
disorders (i.e., any increased or decreased rate of activation of the bone remodeling
cycle could result in reduced bone formation). Loss and reduction of trabeculae
result in increased bone porosity and fragility (Figure 1.2).

Trabecular (or cancellous) bone represents approximately 20% of skeletal bone
mass and makes up 80% of the turnover media. The cortex makes up only 20% of the
turnover media and is made of compact bone, which represents 80% of skeletal bone
mass. Bone remodeling is initiated with the activation of osteoclasts for resorption.
Then, resulting resorption sites are refilled by osteoblastic activities, a process called
bone formation. There is no bone loss when the amount of bone resorbed equals the
amount formed. After age 35 years, however, the remodeling process does not result
in zero balance, and the normal process of remodeling results in bone loss [3].

When there is an increase in the rate of bone remodeling, such as in hyperpara-
thyroidism or thyrotoxicosis, the rate of bone remodeling can increase, resulting in
bone loss. Therefore, osteoporosis can occur after age 35 in a high turnover rate of
the bone. The secondary causes of osteoporosis are associated with an increased
rate of activation of the remodeling cycle. However, factors such as calcium intake,
smoking, alcohol consumption, level of physical activity or physical exercise, and

Contrast of healthy and osteoporotic bone

il

1

Healthy bone Osteoporotic bone

Fig. 1.2 Contrast of trabeculae in healthy and osteoporotic bone. Images by David W. Dempster,
PhD, ©2005
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menopause are important and could contribute to the variance in peak BMD [3].
The incidence of osteoporosis-related fractures is lower in men than in women
because the diameter of vertebral bodies and long bones is greater in men at matu-
rity, and bone loss is less (about half that of women) throughout life. In addition,
women have lower muscle strength than men for support of the skeletal structures
[3]. Common risk factors are reflected in Box 1.1.

Box 1.1 Common risk factors for osteoporosis

» History of fracture after age 50

e Current low bone mass

» History of fracture in a primary relative

* Female

e Small stature/thin

* Advanced age

* A family history of osteoporosis

» Estrogen deficiency as a result of menopause, especially early or surgically
induced

* Low testosterone levels in men

* Anorexia nervosa

* Low lifetime calcium intake

* Vitamin D deficiency

e Use of certain medications, such as oral -corticosteroids and
anticonvulsants

* Presence of certain chronic medical conditions

* An inactive lifestyle

* Current cigarette smoking

» Excessive use of alcohol

» Caucasian or Asian ancestry

Modified from [1]; used with permission.

Diagnosis

Osteoporosis, in general, is a preventable disorder. Maintenance of bone mass
depends on several factors, including proper level of physical activity (PA), hor-
mones, and nutrition. Early diagnosis of low bone mass and provision of measures
to prevent further bone loss are essential. The diagnosis of osteoporosis requires a
thorough physical examination, including height and weight measurements, loca-
tion of musculoskeletal pain, family history of osteoporosis, dietary calcium intake,
level of PA, and past exercise programs. Several biochemical indices are also used
in the differential diagnosis of metabolic bone disease or, in some instances, for
therapeutic follow-up [4].

Biochemical markers for bone formation include calcium, phosphorus,
PTH (parathyroid hormone), bone-specific alkaline phosphatase, and serum
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osteocalcin. Resorption markers include 24-hour urinary calcium excretion (cor-
rected by creatinine excretion), hydroxyproline, and pyridinium cross-links (in
urine). The interpretation of these tests depends on intraindividual and interindi-
vidual variations. Also, indices of bone turnover show seasonal and circadian
variations.

Radiographic findings of osteoporosis [5] consist of increased lucency of the
vertebral bodies with loss of horizontal trabeculae, increased prominence of the
cortical end plates, vertically oriented trabeculae, reduction in cortex thickness, and
anterior wedging of vertebral bodies (Figure 1.3). The degree of wedging that indi-
cates a true fracture varies from a 20% to 25% reduction in the anterior height rela-
tive to the posterior height of the same vertebra.

Other morphologic changes occur, such as biconcavity of vertebral bodies and
complete compression fractures (reduction in both anterior and posterior heights by
at least 25% compared with adjacent normal vertebrae) [5]. Bone scans and mag-
netic resonance imaging, if needed, can further define the cause of bone pain, such
as stress fractures. Conventional radiographs may not reveal stress fractures nor
reveal osteoporosis until at least 25%-30% of bone mineral has been lost.
Consequently, evaluation of BMD through absorptiometry techniques is recom-
mended [6].

The different methods for evaluation of bone mass have different levels of precision.
Other available methods include photon absorptiometry (single or dual) (Figure 1.1),
finger radiographic spectrometry, ultrasound densitometry, qualitative computed

Spinal osteoporosis with kyphoscoliosis

Ht: 171 cm, Wt: 38.5 kg

Fig. 1.3 (a) and (b) depict spinal deformities that could result from spinal osteoporosis and ver-
tebral compression fractures
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tomography, and dual-energy radiographic absorptiometry. The most commonly used
technique is dual-energy radiographic absorptiometry, which has high precision and is
frequently used for research and clinical evaluations to measure the BMD of the spine
and hips. It is radiographically based and has a precision of approximately 1%. More

Table 1.1 Some of the diagnostic evaluations for osteoporosis

Evaluation

Details

History and physical
examination

Family history of osteoporosis, type and location of pain,
general dietary calcium intake, level of physical activity,
height and weight

Radiographs of the chest and
spine

To rule out lymphomas, rib fractures, compression
fractures, etc.

Bone mineral density (spine and
hip)

At menopause, every 2 years for high-risk patients, and
every 5 years for low-risk patients

Complete blood cell count

To rule out anemias associated with malignancy, etc.

Chemistry group (serum
calcium, phosphorus, vitamin D,
parathyroid hormone, bone-
specific alkaline phosphatase,
osteocalcin)

To assess the level of alkaline phosphatase, which may be
increased in osteomalacia, Paget’s disease, bony metastasis
and fracture, intestinal malabsorption, vitamin D deficiency,
chronic liver disease, alcohol abuse, phenytoin (Dilantin)
therapy, hypercalcemia of hyperparathyroidism,
hypophosphatemia of hyperparathyroidism and
osteomalacia, malabsorption, or malnutrition

Erythrocyte sedimentation rate
and seroprotein electrophoresis

To determine changes indicative of multiple myeloma or
other gammopathies

Total thyroxine

Increased total thyroxine concentration may be a cause of
osteoporosis because of increased bone turnover

Immunoreactive parathyroid
hormone

Hyperparathyroidism (accompanied by hypercalcemia)

25-Hydroxyvitamin D and
1,25-dihydroxyvitamin D3

Gastrointestinal disease, osteomalacia

Urinalysis and 24-hour urine

To check for proteinuria caused by nephrotic syndrome and
for low pH resulting from renal tubular acidosis; a 24-h
urine test can exclude hypercalciuria (normal calcium value
in men is 25-300 mg/specimen; in women, 20-275 mg/
specimen)*

Optional: bone scan, iliac crest
biopsy

After tetracycline double labeling for bone
histomorphometry, bone marrow biopsy may be indicated
to exclude multiple myeloma and metastatic malignancy

Biochemical markers of bone
turnover (Eastell)

Formation: serum osteocalcin, alkaline phosphatase (bone),
procollagen type 1, C- and N-propeptides

Resorption: serum acid phosphatase, pyridinoline,
deoxypyridinoline, hydroxyproline, cross-linked
telopeptides of type 1 collagen, urinary calcium, or
creatinine

From [3] used with permission.
*Mayo Clinic normal values.
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commonly measured is the BMD of the femoral neck, since spine bone density can be
erroneously high, as in osteoarthritis of the spine [6] (Table 1.1).

Prevention

Reducing risk factors can decrease bone loss. These include positive lifestyle
changes, which contribute to improvement of musculoskeletal health in general. It
is suggested that the greater the bone mass at the time of menopause, the less chance
for development of osteoporosis [7]. Therefore, improving muscle strength through
weight-bearing exercises at a young age is beneficial [8]. Stronger back extensors
and back extension-strengthening exercise could also reduce or prevent risk of ver-
tebral fractures [9]. In addition, stronger back extensors could reduce back pain
[10]. In children, stronger back extensors could decrease the risk of back pain in
later years [11]. Back pain could contribute to reduced PA level and, later in adult-
hood, muscle and bone loss.

Proper PA plays a significant role in maintenance of musculoskeletal health.
Performing strenuous flexion during a few yoga poses could result in vertebral
compression and, in some cases, neck and back pain. These concerns need to be
taken into consideration before prescribing an exercise program in cases of
osteopenia, osteoporosis, and degenerative arthritis of the spine [12] (see
Chapter 7).

Application of proper mechanical load can stimulate osteogenic activity.
Axial loading of the skeleton during lifting activities at a person’s job or in
the care of children can be as osteogenic as mechanical-loading exercises in a
gym [13].

The best preventive measures start in childhood, including proper nutrition and
PA. Later in life, the level of PA plays a significant role. In women aged 30 to 40
years, BMD and muscle strength were found to be site specific. BMD of the spine
was higher in women whose jobs were not sedentary [13].

One study showed a marked difference in BMD between gymnasts and vol-
leyball players. The lower limbs are loaded differently in these two athletic
activities [14]. Gymnasts had higher BMD than volleyball players, except in the
pelvic bone. Swimming can improve muscle strength but not bone mass [15].
According to the theory of Frost [16, 17], a minimum threshold of mechanical
loading is needed to evoke osteogenecity. This theory is referred to as that of the
minimum effective strain stimulus. Lanyon [18] suggested that the greatest
osteogenic effect from mechanical loading occurs when the strain is vigorous
(high strain), repeated daily, short in duration, and applied to a specific bone
site. There is a significant reduction of the level of PA from age 19 to 66, as
shown in one study (Figure 1.4, [19]). This can contribute to age-related bone
loss. Another study showed a significant correlation between the level of PA or
weight-bearing involved in individual’s job with BMD of the lumbar spine.
Therefore, PA whether sport- or job-related could contribute to BMD ([13],
Figure 1.5).
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Relationship between physical activity score
and age in 165 subjects aged 19 to 66 years
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Fig. 1.4 Depicts reduction of physical activity level with increasing age in healthy population.
From Sinaki M: Aging Clin Exp Res 10:249-262, 1998; used with permission.

Correlation of lumbar BMD with job-related physical activity
score in 96 healthy Minnesota women of premenopausal age
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Fig. 1.5 Weight-bearing physical activity whether at job or otherwise could have positive effect on
BMD of the spine. From Sinaki M, Fitzpatrick LA, Ritchie CK, Montesano A, Wahner HW. Site-
Specificity of Bone Mineral Density and Muscle Strength in Women: Job-Related Physical Activity.
Am J Phys Med Rehabil; 77(6):470—476, November/December, 1998; used with permission.
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Maintenance of Lifelong Bone Health

Exercise is one of the factors for building and maintaining strong bones. It is well
known that the risk of osteoporosis is lower for people who are active, especially for
those who do weight-bearing activities at least three times a week. Exercise could
also increase muscle strength and improve coordination and steadiness of gait,
which helps to decrease risk of falls and situations that cause fractures.

There are different types of weight-bearing exercises with different osteogenec-
ity effects that could be included in daily activities (e.g., walking, jogging, weight
lifting, stair climbing, racquet sports, hiking, dancing). The objective of exercise
needs to be defined. Compliance improves if the individual’s interest is discussed
prior to the recommendations. If exercise is enjoyed, it is more likely to become a
habitual PA.

Healthy Bone Diet

There are a number of foods and substances that, when consumed in excess, result
in excess calcium drainage from the body. These substances include caffeine
and diets too high in protein from animal sources (to limit 4 oz. of meat per day
would be sufficient or 0.8 g of protein per kilogram of the body weight). It is recom-
mended by the US Department of Agriculture that all men and women over the age
of 19 should get at least 0.8 g of protein per kilogram of the body weight per day (or
0.37 g per pound). This means a 130-1b woman could get 48 g of protein, such as
7 oz. of salmon.

Alcohol consumption should be limited to one drink per day (1.5 oz. of hard
liquor, 12 oz. of beer, or 5 0z. of wine). Too much salt can contribute to calcium loss.
To manage this concern, it is better to avoid adding extra salt to food before tasting
it and reducing intake of processed foods, since they are often high in sodium.

To excrete the extra phosphates of soft drinks in urine, calcium is drawn from
bones. In general, alkaline foods such as fruits, nuts, legumes, and vegetables are
preferable over acidic foods such as meat, poultry, fish, dairy, eggs, grains, and
alcohol. Of course, a balanced diet would take these factors into consideration.

The best source of calcium is calcium-containing foods (e.g., dairy products,
leafy vegetables, nuts), but calcium supplements may also be an option. Too much
calcium should be avoided, especially for patients with a history of urolithiasis.
Recent studies suggest that taking high daily doses of calcium supplements
(1000 mg or more) may damage the heart and have other negative health effects
[20]. The type of calcium supplement and method of use is important. Calcium
citrate is a highly absorbable calcium compound. It is best absorbed if taken with
food. Absorption also improves if taken 500 mg at a time. Calcium ascorbate and
calcium carbonate are not as easily absorbed as calcium citrate and may cause bloat-
ing. For reducing gas or constipation, increasing intake of fluids and vegetables
would be of help. Vitamin D also plays a significant role in bone health. From age
18 to 70, 800 IU would be sufficient, but after 70, the amount may need to be
increased to 800 IU to 1000 [21, 22].
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When BMD does not improve with basic measures such as exercise, vitamin D,

calcium intake, and proper nutrition, pharmacotherapy needs to be considered.
There are other elemental nutrition factors that contribute to bone and muscle health
and development (e.g., vitamin K and zinc), which are beyond the scope of this
chapter. The authors refer the readers to the information on nutrition and mainte-
nance of health resources.

Conclusion

Maintaining a moderate level of physical activity through a regular exercise pro-
gram, combined with a balanced diet and proper calcium and vitamin D intake,
is fundamental to bone and muscle health. In the case of osteoporosis and fragil-
ity, an exercise program needs to be prescribed according to the level of BMD,
while being progressive and challenging. These exercises will be discussed in
detail in a chapter devoted to exercise.
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Effect of Mechanical Loading on Cells:
An Update

Qian Xing and Bart L. Clarke

Introduction

It is well known that aerobic weight-bearing exercise significantly improves bone
strength, increases bone mineral density, and reduces fracture risk. How biome-
chanical forces on the skeleton are translated into increased bone strength is less
well understood, but recent studies have given insight into many aspects of the pro-
cesses involved.

The osteoblasts, osteoclasts, and osteocytes that regulate the acquisition and
loss of bone mineral density are each responsive to biomechanical forces on the
skeleton. During skeletal growth and development, these bone cells respond to
changes in biomechanical forces on the bone by contributing to modeling, in
which the architecture and microarchitecture of the bone is reworked in response
to alterations in biomechanical forces across the skeleton. Throughout life,
osteoblasts, osteoclasts, and osteocytes respond to biomechanical forces by the
process of remodeling, in which old bone with microdamage is resorbed, and
newly mineralized bone is formed to fill in microstructural defects that might
lead to fracture. Modeling and remodeling transform the skeleton into the struc-
ture necessary to maintain maximum bone strength for the loads it is called upon
to carry.
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Skeletal Anatomical Sites and Mechanical Loads

Mechanical loads applied simultaneously to the ends of long bones lead to increased
forces on various sites within the bone as the length of the bone is compressed, and
the bone bends to some degree in order to compensate for the increased stress.
Compression and bending of the bone creates shear stress transmitted through
Haversian canals and the pericellular matrix around osteocytes and osteocytic pro-
cesses within the canalicular network, as fluid is displaced due to the applied load
[1]. Models of this type of skeletal loading predict oscillatory fluid flow (OFF) pat-
terns within the canalicular network, leading to shear stresses on osteocytes of 0.8 to
3.0 Pascal (Pa). High-frequency (>30 cycles per second), low-magnitude (<1 MPa)
loads appear to be sufficient to generate osteocytic responses. Within the intramedul-
lary bone marrow cavity, hydrostatic pressure compresses, and fluid flow exerts shear
stress, on bone marrow-derived osteoprogenitor cells. Within blood vessel walls,
mechanical strain is exerted on mesenchymal tissue-derived osteoprogenitor cells.
The effect of mechanical loads on the skeleton, which increases compressive or
bending forces, is to transiently deform bones, unless the forces applied exceed the
ability of the bone to withstand the force, in which case fracture may occur.

The skeleton experiences relatively few high-strain (2000-3000 microstrain),
low-frequency (1-3 cycles per second) events during the course of daily activity, but
is exposed to nearly constant low-strain (<5 microstrain), high-frequency (10-50
cycles per second) events. These frequent low-strain, high-frequency events occur
with muscle contractions necessary to maintain erect posture. As the skeleton ages
and sarcopenia develops, the frequency of low-strain, high-frequency events
decreases with time, possibly contributing to the bone loss that accompanies age-
related deterioration of muscle function.

Sensors, Signaling Pathways, and Responses

The cells within the bone mediate bone tissue remodeling. These cells include
osteocytes embedded within the bone that function as mechanosensors, osteoblasts
that synthesize and secrete new bone matrix, and osteoclasts that resorb old bone
affected by microdamage and their progenitors [2]. In order to fully understand the
control of bone mechanobiological responses, improved understanding of the cel-
lular and molecular bases of bone functional adaptation to stress is required.

Intracellular Signaling Pathways

Mechanical forces detected by bone cells are ultimately translated into biochemical
signals that lead to downstream signaling pathway events such as phosphorylation,
transcription factor translocation, or alterations in gene expression. Distal responses
that occur in signaling pathways are associated with mechanotransducers that include
protein kinase cascades, nuclear translocation of regulatory proteins, G-protein-
regulated messengers, and second messenger systems such as intracellular Ca** and
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Fig. 2.1 Schematic of sensors, signaling pathways, and responses involved in osteocyte mecha-
nobiology. Much of the current state of knowledge regarding osteocyte mechanobiology is repre-
sented in the schematic, although details are lacking in many cases. The detailed signaling
mechanisms involved in osteoprogenitor mechanobiology are poorly defined. While osteoprogeni-
tor cells appear to use many of the same sensors (e.g., integrins, ion channels, gap junctions, and
primary cilia) and pathways (e.g., ERK1/2 and other MAPKSs, Ca?*, and Wnt) as osteocytes, their
responses to distinct mechanical stimuli often differ and are not as well defined. Used with permis-
sion from Chen J-H, Liu C, You L, Simmons CA. Boning up on Wolff’s Law: mechanical regula-
tion of the cells that make and maintain bone. J Biomech. 2010;43:108-18

cAMP (Fig. 2.1). While mechanical signals are capable of activating nearly all types
of signal transduction pathways within osteoblasts, osteocytes, and osteoclasts in the
bone, several of the better understood pathways will be described here to give a sense
of the multiple avenues by which mechanical signals regulate adaptive responses.

Protein Kinase Activation

Mechanical forces are particularly effective at activating mitogen-activated protein
kinase (MAPK) cascades in nearly all types of bone cells evaluated. MAPKs are
serine/threonine protein kinases necessary for bone cell differentiation, prolifera-
tion, and survival. In endothelial cells within bone, mechanical factors activate not
only extracellular signal-related kinases 1 and 2 (ERK1/2) but also p38, beta-cell
myeloid kinase 1 (BMK-1), and c-Jun terminal kinases (JNK). Mechanical activa-
tion of ERK1/2 has been shown to be critical for certain strain responses in bone
stromal and osteoblastic cells [3]. ERK1/2 causes downregulation of receptor
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activator of nuclear factor kappa-B ligand (RANKL) and upregulation of endothe-
lial nitric oxide synthase (eNOS) protein after bone cells are exposed to strain.
Activation of these pathways leads to decreased bone resorption and increased bone
formation.

Activation of ERK1/2 is also necessary for transforming growth factor-f
(TGFp)-induced osteogenic differentiation of mesenchymal stem cells (MSCs)
into preosteoblasts and osteoblasts. ERK1/2 activation in bone cells also occurs
during mechanical stimulation of voltage-sensitive calcium channels (VSCCs).
Activation of ERK1/2 in osteoblastic cells by fluid shear requires Ca** influx
through VSCCs and is ATP dependent. Osteocyte-like MLO-Y4 cells require asso-
ciation of the «,d, auxiliary subunit with VSCCs in order for mechanical signals to
activate ERK1/2.

Protein kinase B (Akt) is a serine/threonine kinase involved in a broad range of
cellular functions that is activated by a variety of growth factors, cytokines, and
mechanical signals [4]. Mechanical signals that activate Akt lead to increased
[-catenin activity, which causes inhibition of MSC adipogenesis, thereby causing
differentiation of bone marrow MSCs toward the osteoblast lineage. Exposure to
mechanical strain leading to Akt activation results in increased focal adhesion
assembly in bone cells. Skeletal loading resulting in increased bone strength is
influenced by refractory periods that allow regeneration of enzymes, recycling of
molecules to the cell surface, and the numbers and arrangement of cytoskeletal plat-
forms initiating the signaling cascade.

Focal adhesion kinase (FAK) is a non-receptor cytoplasmic protein tyrosine
kinase (PTK) that is found in higher concentrations near focal adhesions between
cells. This kinase plays an important role in signaling events involving growth fac-
tors, extracellular matrix (ECM) molecules, and stress signals [5]. FAK is found in
proximity to signaling proteins including sarcoma gene (Src) family PTKs,
phosphatidylinositol-3-kinases (PI3K), and paxillin. Interactions with these associ-
ated signaling proteins enable FAK to form a functional network of integrin-
stimulated signaling pathways that result in activation of downstream targets,
including MAPK pathways. Activation of FAK leads to autophosphorylation of
FAK tyrosine 397, which leads to interactions with Src-family proteins and other
molecules containing Src homology 2 (SH2) domains. Phosphorylation of FAK
leads to MAPK activation by interacting with chicken sarcoma gene (c-Src), growth
factor receptor-bound protein 2 (Grb2), and rat sarcoma gene (Ras), explaining why
most biophysical stimuli in cell culture cause activation of MAPK pathways.
Oscillatory fluid flow (OFF) has been demonstrated to cause sustained association
of Src and FAK with o,f; integrin. Stimulation of FAK caused by this integrin
association upregulates PI3K activity and modulates downstream ERK and Akt/
mammalian target of rapamycin (mTOR)/p70S6K pathways, leading to increased
osteoblast proliferation. FAK has also been shown to contribute to OFF-induced
stimulation of osteopontin (OPN) and cyclooxygenase-2 (COX-2) expression in
osteoblasts. This effect is critical for fluid shear stress-mediated increased expres-
sion of osteocalcin (OCN), core-binding factor subunit al (Runx2), and Osterix
(Osx), demonstrating that FAK is important for osteoblast differentiation and bone
formation.
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p-Catenin

B-Catenin is critical for bone formation by osteoblasts, but plays other roles in bone
biology. A mutation in the Wingless (Wnt) co-receptor lipid-related protein recep-
tor-5/6 (LRP5/6) that causes constitutive activation of Wnt stimulates bone forma-
tion leading to a high bone mass phenotype known as sclerosteosis, and a dominant
negative mutation of the same LRP5/6 receptor results in a low bone mass pheno-
type known as osteoporosis-pseudoglioma syndrome. Multiple studies have demon-
strated the role of f-catenin in osteoblasts and osteocytes. p-Catenin regulates both
bone formation and resorption [6, 7]. Skeletal loading has been shown to regulate
levels of B-catenin in bone cells in animals and humans.

While the LRP5/6 receptor may function as a mechanoreceptor in osteo-
blasts, mechanical strain has been shown to control MSC differentiation via
non-LRP5/6 regulation of B-catenin. Two percent mechanical strain at 10 cycles/
min and continuous fluid flow at 8 dyn/cm? and OFF at 10 dyn/cm? have each
been shown to stimulate B-catenin activity in osteoblasts in spite of blocked
LRP5/6 receptors. Low-intensity vibration at <10pe and 90 cycles per second
stimulates pB-catenin and suppresses fat cell differentiation, indicating that both
high- and low-magnitude mechanical stimuli alter MSC fate through B-catenin.
Focal adhesion-based connections with substrate mediate glycogen synthase
kinase-3p (GSK3p) inhibition after loading of MSCs and osteoblasts, resulting
in increased P-catenin due to reduced proteosomal degradation. Proximal sig-
naling results in mechanical activation of mMTORC?2, leading to phosphorylation
of Akt serine 473, leading to Akt-dependent inhibition of GSK3f (Fig. 2.2). If
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mTORC?2 functions as a mechanical target, there may be interactions between
the cytoskeleton and metabolic responses to exercise since mTORC2 responds
to insulin signaling.

GTPases and G-Protein-Coupled Receptors

Guanosine triphosphatases (GTPases) are a large family of enzymes that bind to and
hydrolyze GTP. These enzymes function as switches regulating a wide variety of
physiological processes. Mechanical stimuli activate heterotrimeric GTPases via
G-protein-coupled receptors, resulting in increased intracellular calcium ([Ca*];),
cyclic AMP (cAMP), and cyclic GMP (cGMP) (Fig. 2.3). Nitric oxide (NO) is pro-
duced by protein kinase G (PKG) after mechanical shear stress in osteoblasts [8].
PKGII was shown to be necessary for Src upregulation by phosphorylating Src
homology 2 domain-containing tyrosine phosphatase-1 (SHP-1). Subsequent fluid
shear stress led to recruitment of PKGII, Src, SHP-1, and SHP-2 to a 33-integrin-
containing mechanosome.

Estrogen Receptors

Estrogen deficiency after menopause is a major cause of osteoporosis, and estrogen
receptors (ERs) play a key role in postmenopausal bone loss. ERo mediates bone
formation in response to load-bearing in vivo and regulates how osteoblasts and
osteocytes respond to mechanical stimulation [9]. ER also modulates mechanically
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Fig. 2.3 Mechanical activation of Rho via focal adhesions. Forces transmitted through focal
adhesions are known to activate signaling cascades, possibly though force-induced conformational
change. Involved signaling pathways include focal adhesion kinase (FAK), ERK1/2, and Src. ERK
and Src can initiate Rho signaling via activation of GEFs (here shown as GEF-H1 and Larg). GDP
bound RhoA is critical for assembly of new focal adhesions and stress fiber polymerization. Used
with permission from Thompson WR, Rubin CT, Rubin J. Mechanical regulation of signaling
pathways in bone. Gene. 2012;503:179-93
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activated signaling pathways. ERa knockout (KO) mice were shown to have reduced
response to tibial loading, with severely reduced and delayed transcriptional
response and a broad range of effects compared to wild-type littermates. Three
hours following a brief loading regimen, wild-type mouse tibiae showed altered
transcription of 642 genes, while only 26 genes were modified in ERa KO tibiae.
For example, sclerostin gene (SOST) expression was significantly reduced after
loading in wild-type mice, but unchanged in loaded tibiae of ERoe KO mice.

Bone cells respond to mechanical stimuli via ERa through both genomic and
nongenomic actions. ERa nongenomic actions depend on direct interaction with
insulin-like growth factor-1 receptor (IGF-1R), leading to sensitization of IGF-1R
and upregulation of early strain-regulated genes including COX-2. Pl-Integrin
expression, which is important for load-induced bone formation, is also upregulated
by ERa. These interactions help explain why estrogen may help upregulate osteo-
genic target genes in response to mechanical stimuli.

Calcium Signaling

A rapid increase in [Ca?*]; is the earliest detectable response in mechanically acti-
vated bone cells [10]. Calcium channels in the plasma membrane and intracellular
organelles help regulate [Ca?*];. [Ca*]; concentrations are tightly regulated to main-
tain a very low level of free [Ca®*];, making [Ca®*]; an excellent second messenger
system. [Ca?*]; serves as an initial signal in bone cell proliferation, mitosis, differen-
tiation, and motility. [Ca*"]; mobilization is initiated by cell membrane strain, pres-
sure, fluid flow, and osmotic swelling. The frequency of [Ca®*]; spiking is more
important in bone cell response to loading than the magnitude of Ca** spikes, and a
rest period between loading enhances Ca’* response in osteoblastic cells.

Changes in [Ca*]; are linked to several mechanically regulated signaling cas-
cades, including inositol-3-phosphate (IP3), adenosine triphosphate (ATP), and NO.
[Ca*]; mobilization stimulates downstream signaling through protein kinase A
(PKA), MAPK, and c-Fos. Prostaglandin E, (PGE,) release plays an important role
in mechanical bone formation, but is activated by a Ca®*-independent mechanism.
Other studies show that PGE, release is dependent on Ca** entry through the L-type
VSCC, followed by release of ATP.

Influence of Mechanical Loading on Mesenchymal
Stem Cell Differentiation

Mechanical strain applied to mesenchymal stem cells causes these cells to differen-
tiate toward osteoblasts and suppresses differentiation toward adipocytes [11]. Bone
formation occurs during embryonic growth and development and during postnatal
bone modeling, remodeling, and repair. In order for osteoblasts to continue to fulfill
their role, the skeleton or other tissues must contain a sufficiently large reservoir of
osteoprogenitor cells to generate new osteoblasts from birth until death.
Osteoprogenitor cells maintain their ability to differentiate from a less differentiated
precursor state, or to transdifferentiate from other differentiated cell types, into
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osteoblast-like cells that produce a variety of proteins characterizing osteoblasts,
such as Runx2, alkaline phosphatase (ALP), ON, and OCN, and synthesize bone
matrix. Because osteoprogenitor cells have not yet been identified to express spe-
cific protein markers, they are difficult to identify, and the precise anatomical loca-
tion of their niche remains unknown. Osteoprogenitor subpopulations have been
identified in bone marrow, but also in cardiovascular tissues, including the aortic
heart valve, vascular smooth muscle, and capillary beds. Mechanical signals are
also thought to regulate the function and differentiation of osteoprogenitor cells in
tissues other than the bone.

Substrate Deformation Effects on Osteoprogenitor Cells

Mechanical strain induces differentiation of osteogenic precursors and suppresses
differentiation of osteoprogenitor cells into adipocytes. After being stretched for
over 24 h, mRNA transcripts for ALP, Runx2, BMP2, BMP4, and collagen type I
are significantly increased in osteogenic precursors. After cyclic stretching for 1-2
weeks, osteogenic precursor OCN and Runx2 protein levels increase, and mineral-
ization of deposited matrix occurs. The extent of the osteogenic response depends
on the size of the strain detected and mediated through FosB activation [12]. How
osteoprogenitor cells respond to mechanical strain depends on their stage of differ-
entiation. Mechanical strain at less differentiated stages leads to increased Runx2
and type I collagen mRNA expression, decreased proliferation of osteoprogenitors,
and increased apoptosis, compared to exposure at more differentiated stages.

Stretching the extracellular matrix applies force to cell focal adhesions to the
matrix, which results in increased FAK activity, activating downstream MAPK sig-
naling pathways. Mechanical strain induces rapid phosphorylation of
MAPK. Although mechanical strain increases MAPK activity, and inhibition of
MAPK in cell culture decreases mineralization, inhibition of these pathways has
little to no effect on strain-induced osteogenic differentiation in osteoprogenitor
cells found in blood vessels. These findings suggest that mechanical strain also
activates other signaling pathways to stimulate osteogenic differentiation.

Certain calcium channels may be activated by mechanical strain. Blockage of
these calcium channels pharmacologically, or culture of osteoprogenitor cells in cal-
cium-free media, leads to decreased strain-induced ALP upregulation. The Wnt sig-
naling pathway may be stimulated mechanically to promote bone formation.
Mechanical strain upregulates Wnt 10B and frizzled-2 receptor mRNA, which leads
to increased phosphorylated f-catenin nuclear translocation in osteoprogenitor cells.

Fluid Flow Effects on Osteoprogenitor Cells
Fluid flow in the intramedullary space and Haversian canals occurs in response to

mechanical strain, suggesting that fluid flow stimulates osteoprogenitor cells in these
compartments also. Osteoprogenitor cells appear to be more responsive to shear
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stress than matrix deformation when these are both applied at the physiological
ranges seen in the bone.

Although most studies have reported that fluid flow promotes osteogenic differ-
entiation, some studies have not. In parallel plate flow chamber studies, flow-
induced shear stress stimulated mRNA expression of some preosteoblast markers,
but had no effect or inhibited other preosteoblast markers such as ALP, Runx2, or
osteocalcin. These findings were attributed to differences in cell substrate surface
chemistry and different flow patterns employed. ECM proteins and substrate mate-
rials are known to influence osteogenic differentiation, but studies have not thor-
oughly explored the effect of matrix proteins in combination with mechanical strain.
One study demonstrated that the calcium phosphate coating on glass slides was
associated with less flow-stimulated OPN and bone sialoprotein mRNA synthesis,
suggesting that matrix properties affect osteoprogenitor cell mechanosensation.
Osteopontin mRNA expression and ERK1/2 phosphorylation are variable, depend-
ing on whether the flow pattern is continuous, intermittent, or oscillatory and the
magnitude of shear stress and flow frequency. Variable osteoprogenitor response to
flow pattern may also explain some of the discrepancies seen between different
studies.

The effect of flow on osteoprogenitor cells has also been evaluated in three-
dimensional cell culture systems. In this case, cells are seeded into hydrogels or
scaffolds and then cultured during spinning or flow perfusion. Similar to what is
found in 2D systems, fluid flow stimulates preosteoblast differentiation in 3D sys-
tems. Fluid-induced preosteoblast differentiation in 3D systems also depends on
substrate material. Even though 3D systems better reflect the in vivo cellular envi-
ronment, the effects of shear stress and mass transport are difficult to separate. In
addition, variability in pore size and interconnectivity of the scaffolds make it dif-
ficult to quantitate shear stress experienced by the cells.

Primary cilia, gap junctions, and the cytoskeleton are important in osteoprogeni-
tor cell mechanosensing of fluid flow [13]. Primary cilia are nonmotile and project
from the cell membrane into the extracellular space and move with the flow.
Mechanosensing through primary cilia in osteoblast precursors is independent of
calcium flux and stretch-activated channels and required for flow-induced stimula-
tion of osteoblast differentiation, as pharmacological removal of primary cilia pre-
vents flow-induced stimulation of OPN mRNA and PGE, secretion. Pharmacological
inhibition of gap junctions in osteoprogenitor cells caused similar results.

Actin stress fiber formation in osteoprogenitor cells was stimulated by steady
fluid flow (SFF), whereas OFF did not. Responsiveness of osteoprogenitor cells to
fluid flow may depend in part on cytoskeletal tension. Osteoprogenitor cells that are
more spread out on substrate surfaces are less responsive to mechanical strain than
cells that are less spread out.

Fluid flow releases intracellular stored calcium and increases intracellular cal-
cium concentration in osteoprogenitor cells, independent of activation of mechano-
sensitive calcium channels. This is in contrast to mature osteoblasts, in which fluid
flow recruits mechanosensitive calcium channels. Fluid flow also activates ERK1/2
and p38 MAPK to stimulate osteogenesis, as inhibition of either of these kinases
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reduces flow-induced osteogenesis. Depletion of intracellular calcium stores phar-
macologically results in decreased osteogenic response, but reduction in intracellular
calcium does not affect ERK1/2 activity. These findings collectively indicate that
fluid flow stimulates ERK1/2 independently of calcium signaling, but that p38
MAPK is a potential target of downstream flow-induced calcium signaling.
Additionally, actin cytoskeleton disruption did not reduce intracellular calcium
release in osteoprogenitor cells subjected to OFF. Instead, these cells showed
increased calcium responses and increased PGE, release compared to untreated cells.
These results demonstrate that PGE, release and mobilization of intracellular cal-
cium does not depend on an intact actin cytoskeleton. One possible explanation for
these results is that cytoskeleton compromise may allow greater cell deformation,
which indirectly contributes to increased intracellular calcium and PGE, release.

Hydrostatic Pressure and Compression Effects
on Osteoprogenitor Cells

Osteoprogenitor cells are able to sense and respond to mechanical stress due to
hydrostatic pressure or compressive loading, likely in part through membrane inte-
grins [14]. Mechanical stress induces ALP activity and mRNA expression of Runx2,
BMP2, Osx, collagen I, OCN, osteonectin, and OPN in osteoprogenitor cells. After
mechanical loading for 1-2 weeks, mineralization and OCN and OPN protein
expression are significantly increased compared to nonloaded cells. Osteogenic
response depends on mechanical stress in a biphasic manner, suggesting that there
is an optimal range of stress for induction of osteogenic differentiation. The optimal
range of stress has not yet been fully characterized, as reported optimal stresses vary
from 49 Pa to 11.8 kPa. Osteogenic response to hydrostatic pressure also depends
on the extent of differentiation of osteoprogenitor cells, with less differentiated cells
being more sensitive to hydrostatic pressure.

ERK1/2 and p38 MAPK appear to play a positive but nonsignificant role in
mechanotransduction of hydrostatic pressure. Mechanical stress stimulates phos-
phorylation of ERK1/2 and p38 MAPK, but pharmacological inhibition of these
kinases partially inhibits mechanical stress-induced osteogenic differentiation, sug-
gesting that other signaling pathways are involved. Mechanical loading causes acti-
vation of the Wnt signaling pathway, with Wnt10B and Wnt4 mRNA expression
stimulated. Stimulation of Wnt10B mRNA partially depends on ERK1/2 phosphor-
ylation, but Wnt4 mRNA expression does not.

Substrate Stiffness Effects on Osteoprogenitor Cells

Osteoprogenitor cells sense stiffness of the ECM and change the way they respond
to various stimuli, including how rapidly they proliferate [1], differentiate, and
undergo apoptosis. The mechanism affecting this variable responsiveness to ECM
stiffness is as yet unknown, but cellular response to matrix stiffness depends on
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osteoprogenitor cell differentiation. More differentiated osteoprogenitor cells
appear to be more responsive to ECM stiffness. Some studies have shown that stiffer
ECM promotes greater osteogenic differentiation and mineralization. One study
showed that osteoprogenitor cells have a biphasic dependence on matrix stiffness,
in which physiologically relevant stiffness in the range of 25-40 kPa was optimal.
Another study demonstrated more significant osteogenic differentiation in this same
stiffness range, compared to stiffer matrices. Differences between studies are likely
due to differences in ECM surface chemistry and osteoprogenitor differentiation.
Differences in differentiation potential between cell systems might also result in the
biphasic response observed in primary osteoprogenitor cells, which often differenti-
ate to myofibroblasts on stiffer ECM.

Inhibition of non-muscle myosin II decreases osteogenic differentiation on sub-
strate of variable stiffness. MAPK activation downstream of the Ras homolog gene
family member A (RhoA)-Rho-associated, coiled-coil-containing protein kinase
(ROCK) signaling pathway also affects how matrix stiffness influences osteogenic
differentiation. Runx2 mRNA expression by MC3T3-EI preosteoblasts increases
on stiffer substrates and correlates with increased ERK1/2 activity. Inhibition of
RhoA, ROCK, and MAPK decreases Runx2 activity and inhibits osteogenesis, with
resultant decreased OCN, bone sialoprotein, gene expression, ALP activity, and
mineralization.

Influence of Use and Disuse on Bone Turnover

Mechanical loading significantly influences bone remodeling. Disuse or lack of
loading causes an acceleration of bone turnover, with bone resorption exceeding
bone formation, and subsequent rapid bone loss. This type of bone loss is observed
in astronauts who spend extended periods of time in low-gravity environments or
patients confined to bed rest after stroke or head injury. Bone overuse causes dam-
age to the tissue, which in turn stimulates bone remodeling to repair microfractures.
One of the important roles of bone turnover is to continuously replace and repair
damaged bone tissue. Osteoclasts preferentially target regions of microdamage and
remove damaged bone tissue and replaced it with new bone tissue. If damage accu-
mulates faster than the tissue can be repaired, larger microfractures may develop
and propagate to form a stress fracture.

The increased number of bone remodeling sites with skeletal disuse or overuse is
preceded by programmed cell death in osteocytes [15]. The factors that initiate
osteocyte apoptosis are not well understood, but these may include damage to
osteocytes via microfractures in the bone matrix or lack of fluid flow during disuse.
The effects of loading on bone remodeling are described by a U-shaped curve.
Remodeling increases with disuse due to insufficient loading. Overuse results from
overloading leading to damage. Similar to the optimal range of strain on bone cells
described above, there is an optimal range of skeletal loading within which bone
remodeling is reduced to a nadir. Periosteal new bone formation typically increases
with increased skeletal loading.
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Lack of physical use during growth limits the development of characteristic
cross-sectional shape of long bones. An immobilized tibia develops a fairly round
cross-sectional area, rather than the typical triangular shape. Disuse or low stress on
the bone reduces bone formation on periosteal surfaces and increases bone resorp-
tion on endocortical and trabecular surfaces. These effects are associated with rapid
bone loss. The effects of disuse on bone surfaces, differential response to disuse in
growing and mature skeletons, and regional differences in bone loss with disuse
have been evaluated in many studies. Studies in dogs have shown that casted fore-
limbs undergo profound bone loss resulting from disuse. In growing dogs, disuse is
most apparent at the periosteal surfaces of long bones, with decreased normal appo-
sitional bone formation, resulting in smaller cross-sectional bone area and reduced
second moment of inertia. In older dogs, disuse results in bone loss due to acceler-
ated bone resorption, with loss occurring mainly on the endosteal surface of long
bones. Reduction of loading of a bone in an older dog leads to a rapid expansion of
the marrow cavity and a substantial worsening of cortical porosity. In both young
and older dogs, bone loss is greatest in the most distal bones of the casted forelimb,
indicating that skeletal sites closest to the ground lose the most bone with disuse.
The osteogenic effects of mechanical loading are greatest in regions closest to the
ground, likely due to direct loading of the bones. Greater pressure within the medul-
lary cavity in the distal bones due to gravity enhances appositional bone growth.
Distal regions of weight-bearing limbs have the largest anabolic response to exer-
cise and the most severe catabolic response to disuse. These regions are the greatest
distance below the heart and therefore subject to higher interstitial fluid pressure.

Human volunteers at long-term bed rest gain bone mass in their cranial bones
[16]. This is due to change in the relative effect of gravity on the body when a per-
son lies supine. Bed rest causes body fluids to shift so that dependent regions like
the feet that are typically under high fluid pressure are subject to lower pressure.
Sites typically under lower fluid pressure, like the head, adapt to higher pressure,
which may increase bone formation or decrease bone resorption in the cranial
bones. Bone loss is not equal throughout the skeleton at bed rest. Bone loss is
increased in the lower extremities, particularly the calcaneus, where fluid pressure
decreases substantially with bed rest.

Exercise generally stimulates an increase in bone density. Bone density measure-
ments in professional athletes compared with non-athletes show increased bone
density at the hip, or throwing arm, or kicking leg, but decreased bone density in the
upper skull. Therefore, bone density in the skeleton is preserved because changes in
bone density at weight-bearing sites caused by disuse or exercise are partially offset
by changes in bone density at skeletal sites that do not bear weight.

Microdamage, Osteocyte Apoptosis, and Bone Resorption

Cortical and trabecular bone damage in the form of microfractures occurs through-
out the skeleton each day, with the number of microfractures depending on the
magnitude of the forces to which the skeleton is exposed. Immunostained iliac crest
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bone biopsies demonstrate microfractures that develop due to fatigue damage to the
bone [2]. Microfractures may accumulate such that the bone weakens sufficiently
for a fracture may occur. Microfractures typically occur along the lamellar surfaces
of trabecular bone and cortical bone, and some cross osteonal units in the Haversian
structure of the bone. How far microfractures propagate depends on the force
applied and the mechanical properties of the affected bone.

Microfractures are believed to serve as a stimulus for osteoclast-mediated bone
resorption, likely preceded by osteocyte apoptosis [17]. Osteocytes adjacent to
microfractures are typically apoptotic, presumably because the adjacent microfrac-
ture disrupted the canalicular network affecting osteocyte nutrient supply.
Microdamage generally correlates with strain within the bone, and bone resorption
correlates with microdamage removal and repair. The osteocyte network is there-
fore critical for physiologic response to bone microdamage. Removal of apoptotic
osteocytes during the bone resorption process, and synthesis of new bone in the area
of previous microdamage, leads to the generation of new osteocytes.

Mechanotransduction in Bone

The human skeleton is both strong and tough enough to prevent fractures, but light
enough to maintain mobility and functionality. Osteocytes embedded within miner-
alized bone sense mechanical loads applied to the skeleton. Mechanical loads are
transformed into biological signals which result in bone resorption or bone forma-
tion at appropriate sites within the skeleton. Osteocytes stimulated by mechanical
loads release signals coordinating the response of osteoclasts and osteoblasts, lead-
ing to adaptation of the skeleton to biomechanical forces. Wilhelm Roux first pro-
posed that functional adaptation of the skeleton is the end result of self-organized
bone cellular processes in 1881.

Osteocytes produce OCN, osteonectin, OP, and sclerostin, but have reduced
expression of AP. Following mechanosensation and conversion of mechanical sig-
nals into biochemical signals, osteocytes coordinate the formation and activity of
osteoblasts and osteoclasts. The intercellular communication required for this coor-
dination involves signals including NO, PGs, BMPs, Wnts, and others.

Application of mechanical loads to the skeleton leads initially to intracellular
movement of extracellular calcium through ion channels in the plasma membrane,
with subsequent release of calcium from intracellular stores. The increase in intra-
cellular calcium activates downstream signaling cascades involving phospholipase
C and phospholipase A2 and is necessary for activation of calcium-/calmodulin-
dependent proteins such as constitutive forms of NOS. Activation of phospholipase
A2 results in arachidonic acid production and PGE, release. Gene transcription of
c-Fos, MEPE, and IGF-1 is also modified by mechanical loading.

NO is produced by NOS, molecular oxygen, NADPH, and other cofactors during
conversion of L-arginine to L-citrulline. Mechanical stimulation causes increased
production of NO. NO modulates the activity of osteoblasts and osteoclasts, and
inhibition of NO production by osteoblasts inhibits new bone formation. Activity of
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eNOS is not necessary for mechanical stimulation-induced production of NO. It is
not yet clear which NOS is responsible for producing NO in mechanically stimu-
lated osteocytes.

PGs are widely expressed in osteocytes and cells of the osteoblastic lineage and
play a significant role in mechanical stimulation of new bone formation. Mechanical
loading causes a rapid increase in PG production by osteocytes. Osteocyte COX
produces PGs and is found in a constitutive form (COX-1) and inducible form
(COX-2). Fluid shear stress on primary human bone cells does not stimulate COX-1
mRNA, but stimulates a rapid rise in COX-2 mRNA in human bone cells in vitro.
Inhibition of COX-2, but not COX-1, inhibits fluid shear stress-induced PG produc-
tion by primary bone cells in vitro. COX-2 has been shown to mediate the anabolic
response of bone tissue to mechanical loading. PGs are released through hemi-
channels and purinergic receptors in response to mechanical stimuli [18].

Wnt signaling is an important modulator of mechanical stimuli-regulated bone
adaptation. Wnt signaling is mediated by f-catenin pathways, kinases, or GTPases
that modulate cytoskeletal organization. Activation of f-catenin signaling in
response to fluid shear stress is mediated by PGE, in osteocytes [19]. Wnts modu-
late cytoskeletal organization, and B-catenin links cadherins to the actin cytoskele-
ton. MC3T3-El osteoblasts increase Wnt gene expression after mechanical
stimulation by substrate deformation. Pulsating fluid flow upregulates mRNA
expression of p-catenin, APC, and Wnt3a, as well as the Wnt antagonist soluble
frizzled-related protein 4 (SFRP4) in MLO-Y4 osteocytes. LRP5/6, a co-receptor
for Wnt signaling, functions locally in osteocytes.

Sclerostin is highly expressed in mature osteocytes and at lower levels in imma-
ture osteocytes. Sclerostin is transported to the bone surface via the canalicular net-
work in the bone, where it inhibits new bone formation by osteoblasts. Loading of
mouse ulnae in vivo results in reduced expression of sclerostin mRNA and protein by
osteocytes. The magnitude of the strain stimulus is associated with sclerostin stain-
ing intensity and the number of sclerostin-positive osteocytes. Hind limb unloading
resulted in a significant increase in sclerostin expression in mouse tibiae.

Mechanoreceptors

A variety of candidate mechanoreceptors have been identified that mediate the
effects of mechanical strain on bone cells. Mechanosensors include any molecule,
protein complex, or biological structure that can sense alterations in force on a cell.
Mechanoreceptors must be able to directly contact the extracellular space or be able
to detect changes in pressure or fluid shear on the cell membrane.

Proposed mechanoreceptors for bone cells include ion channels and connexins,
integrins, the cytoskeleton, focal adhesions, lipid rafts, cadherins, ephrins, and pri-
mary cilia (Fig. 2.4). Ion channels in osteoblasts are stimulated by stretch or strain
of the cell membrane or by parathyroid hormone. At least three classes of ion chan-
nels sensitive to mechanical signals have been identified, including gadolinium-
sensitive stretch-activated cation channels, transient receptor potential channels,
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Fig. 2.4 Candidate mechanotransducer systems. (a) Cell cytoskeleton senses loading at the mem-
brane through integrins that transmit force through focal adhesions and F-actin stress fibers. (b)
Cadherins, which connect to the cytoskeleton, are examples of outside-in signaling modifiers.
Ephrins exemplify an intercellular signaling system regulated by movement of components within
the plasma membrane. (¢) Primary cilia may sense flow, pressure, and strain, activating ion flux
through PC1 and TRPV4, which can activate Stat signals. Cilia also modulate Wnt signaling via
noncanonical antagonism that leads to f-catenin degradation. (d) Membrane-spanning proteins
such as ion channels, purinergic receptors, and connexins can be regulated through shear and
strain. Used with permission from Thompson WR, Rubin CT, Rubin J. Mechanical regulation of
signaling pathways in bone. Gene. 2012;503:179-93

and multimeric L-type and T-type voltage-sensitive calcium channels in osteoblasts
and osteocytes, respectively.

Membrane perturbation or shear across the cell membrane, as well as transient
changes in pressure, is transmitted to the cell cytoskeleton and finally to cell adhe-
sion proteins that attach the cell to the bone matrix. Both membrane-spanning inte-
grins that connect the cell to the extracellular matrix, and a large number of
adhesion-associated linker proteins, are potential molecular mechanotransducers.
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Lipid rafts on the cell membrane are composed of various proteins that compart-
mentalize signals within the membrane containing several phases of liquid-ordered
and liquid-disordered lipid, which may sense mechanical signals. Shear stress may
cause signaling molecules in the cell membrane to translocate to caveolar lipid rafts.
Degradation of caveolae internally leads to termination of both proximal and down-
stream signals, including those in the MAPK pathway.

Cadherins are integral membrane glycoproteins that have a large extracellular
domain, single transmembrane domain, and short intracellular domain. The
intracellular domain links the cadherin to the cytoskeleton by associating with
multiprotein complexes that include vinculin and o- and p-catenin. Fluid shear
stress reduces that amount of B-catenin bound to N-cadherin, thereby increasing
the cytoplasmic availability of p-catenin. Cadherins may therefore serve to
release f-catenin for nuclear translocation after mechanical stimuli are
received [20].

Ephrin ligands and their cognate ephrin receptors are regulated by the cytoskel-
eton. Limitation of ephrin clustering within the cell membrane may modulate cel-
lular responses to mechanical stimuli.

Osteoblasts and osteocytes possess nonmotile, microtubule-based cilia derived
from centrioles. Fluid flow-induced PGE, signaling in osteoblasts and osteocytes,
independent of intracellular Ca** changes, is dependent on cilia. Primary cilia
regulate Wnt signaling by causing f-catenin degradation by noncanonical path-
ways, such that the loss of ciliary function leads to increased canonical Wnt
signaling.

Conclusion

Mechanical loading of bone cells prevents bone loss and reduces fractures.
Mechanical loads applied to the bone increase fluid flow and hydraulic pres-
sure on bone marrow-derived osteoprogenitor cells and mechanical strain on
blood vessels leading to effects on mesenchymal tissue-derived osteoprogeni-
tor cells within the intramedullary canal and bone marrow space and shear
forces within Haversian canals and the canalicular network, leading to effects
on osteocytes. Mechanical loads involving stretch, shear force, or pressure
stimulate bone cell mechanosensitive L-type, gadolinium-sensitive, ENaC
channels, integrins, connexin-43 hemi-channels, primary cilia, and possibly
potassium channels. Intracellular calcium, Wnt/p-catenin, sclerostin, Src, and
ERK signaling pathways appear to mediate cellular responses to mechanical
loading. Mechanical loading diverts mesenchymal stem cell differentiation
from adipocytes to osteoblasts, leading to increased bone formation and
reduced marrow fat. Bone use increases bone strength by stimulating bone
formation, whereas disuse reduces bone strength by increasing bone turnover
leading to bone resorption. Bone microdamage results in adjacent osteocyte
injury and apoptosis, leading to bone resorption. Mechanotransduction in the
bone by multiple mechanisms, and multiple potential mechanosensors, pro-
vides the skeleton with the flexibility and adaptability it requires to sustain
loads of different weight and to avoid fracture.
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Summary

Osteoporosis is a systemic skeletal disorder characterized by compromised bone
strength predisposing to increased risk of fracture. Bone strength reflects integration
of bone density and bone quality, and bone quality reflects architecture, turnover,
damage accumulation (microfractures), and mineralization. In the USA, 44 million
persons are estimated to have low bone mass, based on the 2000 census and projec-
tions from the National Health and Nutrition Examination Survey (NHANES) data,
with 55% of the US population over age 50 affected. Of this number, 33.6 million
are estimated to have osteopenia and ten million, osteoporosis.

The bone cells that regulate gain and loss of bone density in the skeleton are
responsive to biomechanical forces. During growth and development, bone cells
respond to changes in biomechanical forces by modeling the shape and architecture
of the bone in response to alterations in biomechanical forces on the skeleton.
During aging and senescence, these same bone cells respond to biomechanical
forces by the process of remodeling, in which old bone is resorbed and new bone is
laid down. The effect of both processes is reworking of the skeleton to gain or main-
tain maximum bone strength to support the loads carried by the skeleton.

The focus of this chapter will be the mechanisms by which mechanical loading
affects bone cells. The chapter will briefly review mechanical loads borne by differ-
ent skeletal anatomical sites and summarize current knowledge regarding bone cell
sensors, signaling pathways, and responses to mechanical loading. The influence of
mechanical loading on mesenchymal stem cell differentiation will be discussed, as
will the influence of use and disuse on bone turnover. The influence of microdamage
on osteocyte apoptosis and bone resorption will be summarized, and current knowl-
edge regarding mechanotransduction in bone explored in some detail. Finally, what
is known regarding potential mechanoreceptors will be briefly summarized.
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Posture Analysis in Patients
with Spinal Osteoporosis

Eiji Itoi and Yu Mori

Introduction

Increased thoracic kyphosis, known as a dowager’s hump, is commonly observed in
osteoporotic patients. A dowager’s hump is known to be related to respiratory dys-
function, reflux esophagitis, and postural instability. Similarly, decreased lumbar
lordosis observed in patients with lumbar degenerative kyphosis is known to cause
severe disability in activities of daily living such as walking disturbance because of
low back pain. The measurement of thoracic kyphosis and lumbar lordosis is there-
fore an essential aspect to musculoskeletal assessment, helping clinicians to ade-
quately screen for excessive kyphosis, determine baseline data, monitor progress,
and guide appropriate treatment [1]. X-ray measurement has been the gold standard
to assess thoracic kyphosis and lumbar lordosis [2-5]. However, X-ray measure-
ment has several limitations. Radiation exposure is a major concern. It requires
X-ray machine or X-ray generator, which needs to be located in a shielding room.
The device is not handy and not always available. Because of these limitations,
other non-radiographic methods have been introduced and developed. The purpose
of this chapter is to review the literature to assess the reliability and validity of vari-
ous methods of posture assessment commonly used.
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Various Methods of Posture Assessment
X-ray Measurement

The original method described by Cobb was to measure the curvature of the spine
in the coronal plane in patients with scoliosis [3]. Later, this method was applied to
the spinal curve measurement in the sagittal plane [4]. The upper and lower verte-
bral bodies defining the curve were selected and lines were drawn, extending along
the superior border of the upper end vertebra and along the inferior border of the
lower end vertebra. Perpendicular lines were drawn from these two lines and the
angle was measured at the intersection (Fig. 3.1). Since the fourth thoracic vertebra
(T4) is the most superior thoracic vertebra that is constantly seen on lateral X-ray,

Thoracic
Kyphosis A

Fig.3.1 Cobb measurement (original drawing)
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T4 is usually used as the upper end vertebra and the 12th thoracic vertebra (T12)
as the lower end vertebra for the measurement of thoracic kyphosis. Similarly, T12
is used as the upper end vertebra and the fifth lumbar vertebra (LS5) as the lower end
vertebra for the measurement of lumbar lordosis. This technique of Cobb measure-
ment is called the constrained technique because the upper and lower end vertebrae
are fixed or constrained. The constrained upper and lower vertebrae may vary
according to the investigators, such as T1-T12, T2-T12, T3-T12, or T4-T12 for
thoracic kyphosis, and T12-L5, T12-S1, L1-L5, L1-S1, or L2-S1 for lumbar lor-
dosis. The other technique is called non-constrained technique, in which the end
vertebra is not constrained. The most tilted vertebra, known as the transition verte-
bra (also called limit vertebra or interference vertebra), is determined on X-ray and
used as the end vertebra for the measurement of thoracic kyphosis and lumbar
lordosis. The most tilted vertebra marks the transition from the thoracic curve to
the lumbar curve, and this transition does not always occur at the T12 level. This is
the reason why the transition vertebra is determined in each subject such that we
can measure the true angles of these two curves. This is the advantage of non-
constrained technique. However, identification of the transition vertebra may
sometimes be difficult and examiner dependent and could lead to low reliability for
determining the transition vertebra, which can be circumvented by using the con-
strained technique. Both techniques are highly correlated [6], and a computer-
assisted method may improve the reproducibility of non-constrained technique [6].
In the measurement methods other than X-rays, the constrained method is widely
used. The Cobb measurements with high interobserver and intraobserver agree-
ment values (kappa value) of 0.96 and 0.98, respectively [7], are considered to be
the standard method and thus widely used as the gold standard to validate other
methods.

A modified method of Cobb measurement is also used (Fig. 3.2) [5]. Thoracic
kyphosis is defined as the angle of intersection between the inferior border (not the
superior border) of T4 and that of the transition vertebra, and lumbar lordosis is
defined as the angle of intersection between the inferior border (not the superior
border) of the transition vertebra and the superior border of the sacrum. The reason
to use only the inferior border is to let one vertebral body have one inclination angle,
which is expressed by the inclination of the inferior vertebral border. According to
Cobb’s method, one vertebral body has two inclination angles: the superior border
and the inferior border. These two inclination angles are almost the same when there
is no vertebral deformity, whereas they are far separated when the vertebral body
has a wedge deformity. In order to define the tilt of the transition vertebra, one incli-
nation angle seems to be preferable.

Additional benefit of using X-ray measurement is that it visualizes not only the
spinal curvature but also the shape of each vertebral body. It is especially useful to
assess the patients with osteoporosis, who have a high risk of vertebral fractures.
Vertebral fractures may cause a change in the spinal curvature, which may affect the
back muscle and cause back muscle fatigue and pain. Also, the vertebral fractures
may cause neurological disorders when compressing the spinal cord or spinal
nerves.
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Fig. 3.2 Modified Cobb measurement [5]. One of the co-authors of this manuscript (EI) is the
author of this paper in Spine. There is no specific method to obtain a permission to use this figure.
I (EI) originally drew this figure

SpinalMouse®

SpinalMouse® (Idiag, Volketswil, Switzerland) is a device, composed of a hand-
held device and a computer (Fig. 3.3). The handheld device has two rollers, with
which the examiner moves the device on the skin along the spinous processes.
The data are transmitted to the computer and analyzed immediately. With this
device, not only the contour of the spinal column or the posture but also the
movement of the spinal column can be measured. The greatest advantage of this
device is that it transmits real-time recording data into a computer, whereas the
X-ray method requires some time to make the X-ray images available for mea-
surements. Of course, there is no risk of X-ray radiation. There are several
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\b

Fig.3.3 SpinalMouse®. Not only the curvature of the spine (a) but also the mobility of the spine
(b, ¢) can be measured with this device. Our original photos

validation studies showing high reliability of this device with intraclass
correlation coefficients (ICCs) ranging from 0.67 to 0.99, but validity is reported
not to be as high as reliability with correlation coefficient ranging from 0.39 to
0.47 [8].

Because of high reliability, this device has been widely used in the clinical set-
ting. Miyakoshi et al. demonstrated that there was a positive correlation between
spinal mobility and the back muscle strength [9]. Prescription of the back strength-
ening exercise has been shown to improve the QOL, but no significant effect on
spinal mobility [10].
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Flexicurve

The flexicurve is a flexible ruler, which maintains its shape once it is bent or curved
(Fig. 3.4). An examiner gently presses the flexicurve ruler onto the back of a sub-
ject, which in turn adopts the thoracic and lumbar curvatures of the subject. The
examiner traces the ruler’s retained shape onto a sheet of paper, measures the kypho-
sis height (E) and the length of curve (L), and calculates the kyphosis index by
dividing “E” by “L” (Fig. 3.5) [13]. The kyphosis angle “6” can be calculated by
measuring the intersection between the perpendicular lines to the line “AB” and the
line “AC” [14].

Kyphosis index showed high reliability, even in the novice testers [15]. Especially,
thoracic kyphosis showed higher reliability than lumbar lordosis. Kyphosis index and
kyphosis height showed high correlation coefficients (0.93, 0.89) between the testers,
but kyphosis length showed lower correlation (0.56) [16]. This lower correlation
comes from a difficulty of determining the upper and lower ends of the thoracic curve.

Kyphosis angle, another parameter of flexicurve method, showed high inter-rater
correlation (0.831-0.942) and intra-rater correlations (0.783-0.829) [11], indicating
high reliability. Also, the correlations between the flexicurve angle and the Cobb
measurement in thoracic kyphosis (0.72) and lumbar lordosis (0.60) were relatively
high. As both the reliability and validity are high, flexicurve kyphosis angle is con-
sidered to be a useful tool in the clinical setting.

Fig. 3.4 Flexicurve ruler (from de Oliveira et al. 2012) [11]. The flexicurve ruler (a) is gently
pressed onto the back of a subject (b). The ruler adopts the spinal curvature and maintains its shape
(c), which is then traced onto a sheet of paper for various measurements (d). This is an open access
article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited



3 Posture Analysis in Patients with Spinal Osteoporosis 37

Flexicurve

E_3 Apex (A)

C

Fig.3.5 Measurements of flexicurve (from Greendale et al. 2011) [12]. The arc BC is the thoracic
flexicurve ruler, where B is the upper end vertebra (T4) and C is the lower end vertebra (T12).
Then, the point A, where the distance from the line BC becomes the greatest, defines the apex “A.”
The height of apex “A” from the line BC is defined as kyphosis height “E,” and the length of the
line BC is defined as the kyphosis length “L.” The kyphosis index is defined as E/L. The angle
between the two perpendicular lines to the lines AB and AC is defined as kyphosis angle “6”. Your
order details and publisher terms and conditions are available by clicking the link below: http://
$100.copyright.com/CustomerAdmin/PLF.jsp?ref=d7e4d0ba-c5ca-4420-adc7-4776e9c1132f
Order Details Licensee: Yu Mori License Date: Feb 15, 2015 License Number: 3570560006756
Publication: Osteoporosis International Title: The reliability and validity of three non-radiological
measures of thoracic kyphosis and their relations to the standing radiological Cobb angle Type Of
Use: Springer-owned imprint Total: 0.00 USD

Comparisons between the flexicurve and other methods have been reported.
Greendale and colleagues performed a validation study among flexicurve kyphosis
index, kyphosis angle, and Debrunner kyphometer and concluded that all these
three methods showed high reliability and validity [12]. Barrett et al. performed a
validation study between flexicurve and manual inclinometer, which demonstrated
that not only the flexicurve kyphosis index and kyphosis angle but also the manual
inclinometer showed high reliability [17]. All these reports support the clinical ben-
efit of the flexicurve as well as Debrunner kyphometer and inclinometer.

Debrunner Kyphometer

The Debrunner kyphometer is a protractor with a 1-degree scale at the end of two
double, parallel arms connected to blocks covering the two spinous processes each
(Fig. 3.6). This protractor gives the angle of kyphosis when the blocks are placed at
the upper and lower limits of the thoracic spine. The upper foot of the upper arm
block is placed directly on the C7 spinous process, and the lower foot of the lower
arm block is placed on the T12 spinous process, thus the upper block being at C7—
T1 level and the lower block at T11-T12 level. Locating these spinous processes
needs some skills. The C7 spinous process is the first prominence at the lower part
of the neck by palpation. The T12 spinous process can be counted from the T8


http://click.info.copyright.com/?qs=080bd774cf823c0e3fd5b7bff1d56f55e8e0c26258e1a459266deb7498c5487a406d7c595b2a5969
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Fig. 3.6 Debrunner kyphometer (from Kado et al.; Spine 2006) [18]. The upper block is placed
on C7/T1 and the lower block on T11-T12. Your order details and publisher terms and conditions
are available by clicking the link below: http://s100.copyright.com/CustomerAdmin/PLF.
jsp?ref=3657549f-e548-4d3c-9763-ce372d9e5ab0 Order Details Licensee: Yu Mori License
Date: Jun 23, 2015 License Number: 3654600617560 Publication: Spine Title: Comparing a
Supine Radiologic Versus Standing Clinical Measurement of Kyphosis in Older Women: The
Fracture Intervention Trial. Type Of Use: Book/Textbook Total: 0.00 USD

spinous process, which is located at the inferior angle of the scapula, or from the L4
spinous process, which intersects a line drawn between the superior borders of the
iliac crests. However, it is difficult to palpate these spinous processes in obese sub-
jects. Therefore, those with advanced training may be able to find the landmarks
more easily, whereas it may be more difficult for the novice testers. This device was
originally invented to measure the thoracic kyphosis, but it can also be used to mea-
sure the lumbar lordosis, or the motion of the thoracic spine and lumbar spine [19].
When measuring the lumbar lordosis, the upper block is placed at T11-T12 level
and the lower block at S1-S2 level. Both the reliability and validity of Debrunner
kyphometer are reported to be high [7, 18, 19]. The ICC of 0.68 indicates reasonable
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agreement [18], whereas the kappa values of 0.84 (interobserver agreement) and
0.92 (intraobserver agreement) [18] or the ICC of 0.91-0.94 [19] indicate high reli-
ability. The regression coefficient of 0.76 between the Cobb measurement and
kyphometer measurement indicates relatively high validity [7].

From the review of four randomized clinical trials, Purser and colleagues con-
cluded that the Debrunner kyphometer showed high reliability not only in the
healthy subjects but also in those with lower activities of daily living such as those
with Parkinsonism or nursing home residents [20]. The Debrunner kyphometer is
widely used in the clinical setting, such as determining the effect of yoga on kypho-
sis in senior men and women [ 14] and comparing the posture and physical activities
of older community-dwelling women [21].

Arcometer

This method of curve measurement was proposed by D’Osualdo et al. [22]. The
arcometer is a tool consisting of a long bar and three smaller perpendicular bars
(Fig. 3.7). The first perpendicular bar is fixed at one end. The second bar, movable
on a single axis, is fixed at the other end of the curve. The third bar is movable on
both axes, between the other two bars. This third bar is fixed at the apex of the curve.
This device provides the length of the chord and the rise of the kyphosis arc. Through
a trigonometric formula, the radius of the arc and the angle of the arc are
calculated.

Validation studies have demonstrated that the arcometer has high reliability
and high validity in measuring the thoracic kyphosis and lumbar lordosis [1, 22].
The ICCs ranging from 0.98 to 0.99 indicate high reliability [1, 22]. The correla-
tion coefficients between the Cobb and arcometer measurements range between

Fig. 3.7 Arcometer. (a) Measurement of thoracic kyphosis. (b) Measurement of lumbar lordosis
(From Chaise et al. 2011) [1] Creative Commons 4. http://creativecommons.org/licenses/by/4.0/
deed.en
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Fig. 3.7 (continued)

0.71 and 0.98, with the differences being smaller than 3°, which indicate high
validity [1, 22].

Inclinometer

Two gravity-dependent devices called inclinometer are used to show the inclination
of the specific portions of the back (Fig. 3.8). There are 2 ft on each inclinometer,
and the feet of the first inclinometer are placed over the spinous processes of T1 and
T2. The feet of the second inclinometer are placed over the spinous processes of
T12 and L1. Thoracic kyphosis is defined as the summation of the angles recorded
by these two inclinometers.

This method is reported to provide high reliability. The ICC was 0.95 for the
subjects without symptoms and 0.93 for the subjects with symptoms [23]. The ICC
for thoracic kyphosis was 0.91 and that for lumbar lordosis was 0.90 in patients with
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Fig. 3.8 Inclinometer. The feet of the inclinometers are placed over the spinous processes of T1/
T2 and T12/L1 (from Barrett et al. 2013) [17]. This is an open access article distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and repro-
duction in any medium, provided the original work is properly cited

osteoporosis [24]. However, no validity has been reported in the literature. The
validity of this method needs to be confirmed in the future study.

Systematic Review

Barrett et al. [2] performed a systematic review of 15 methods to assess thoracic
kyphosis in 27 studies that satisfied the eligibility criteria. They demonstrated that
the Debrunner kyphometer (ICC, 0.84-0.98), SpinalMouse® (ICC, 0.73-0.99),
and flexicurve kyphosis index (ICC, 0.87-0.96) showed high reliability, whereas
flexicurve kyphosis index (correlation coefficient, 0.53-0.91) and arcometer
(correlation coefficient, 0.94-0.98) showed high validity [2]. They concluded that
further reliability and validity studies were required to strengthen the level of
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evidence for the remaining methods of measurement. It is likely that these mea-
suring methods would replace the X-ray measurement for mass screening and
epidemiological studies, where devices that are handy, cost-effective, noninva-
sive, and validated are required.
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Parallels Between Skeletal Muscle
and Bone Aging

Nathan K. LeBrasseur and Jennifer J. Westendorf

Sarcopenia: Age-Related Loss of Skeletal Muscle

Humans achieve peak skeletal muscle mass in midlife and then experience a pro-
gressive decline that can equal 50% by the ninth decade [1]. The loss of skeletal
muscle mass, strength, and/or function with advancing age is termed sarcopenia.
Sarcopenia underlies age-related impairments in skeletal muscle performance,
physical function, and metabolism in older persons and, thus, poses a major medical
and economic threat to society. In 2004, it was estimated that sarcopenia was
responsible for over $18.4 billion in annual healthcare costs [2].

At a tissue level, sarcopenia is associated with a reduction in the cross-sectional
area (atrophy) and the number of muscle fibers. These age-related changes are par-
alleled with the accumulation of fat and connective tissue within skeletal muscle.
Sarcopenia is presumably multifactorial and influenced by diverse factors, includ-
ing age-related changes in hormones, sex steroids, motor neurons, blood flow,
chronic sterile inflammation, physical inactivity, nutrient intake, and comorbid con-
ditions. As a result, untangling the biology of sarcopenia has proven challenging.
A disruption in the balance between protein synthesis (anabolism) and protein

N.K. LeBrasseur, PhD (0<)
Department of Physical Medicine and Rehabilitation, Robert and Arlene Kogod Center
on Aging, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA

Department of Physiology and Biomedical Engineering, Robert and Arlene Kogod Center
on Aging, Mayo Clinic, 200 First Street SW, Rochester, MN 55905, USA
e-mail: lebrasseur.nathan @mayo.edu

J.J. Westendorf, PhD (P<)
Department of Orthopedic Surgery, Mayo Clinic College of Medicine and Science,
200 First Street SW, Rochester, MN 55905, USA

Department of Biochemistry and Molecular Biology, Mayo Clinic College of Medicine and
Science, 200 First Street SW, Rochester, MN 55905, USA
e-mail: westendorf.jennifer@mayo.edu

© Springer International Publishing AG 2017 45
M. Sinaki, M. Pfeifer (eds.), Non-Pharmacological Management
of Osteoporosis, DOI 10.1007/978-3-319-54016-0_4


mailto:lebrasseur.nathan@mayo.edu
mailto:westendorf.jennifer@mayo.edu

46 N.K. LeBrasseur and J.J. Westendorf

degradation (catabolism) is often cited, including observations of age-associated
anabolic resistance. However, the fundamental molecular mechanisms that cause
the age-associated loss of skeletal muscle are not well defined [3-5].

The Age-Related Loss of Bone

Peak bone mass is achieved earlier in life (usually in the third decade) than peak
muscle mass and depends on how much bone is accrued before puberty and into
the third decade. While all adults lose bone mass during aging, there is a sharp drop
in women at the menopause. Early bone loss is termed osteopenia, which is defined
by bone densitometry measures 1.0-2.5 standard definitions below that of a normal
30-year-old (7 score —1 to —2.5). Bone densitometry measures more than 2.5 stan-
dard deviations below normal (7 scores < —2.5) lead to a diagnosis of osteoporosis
and are associated with a greater risk of fracture due to falls or normal activities,
such as coughing. Two million fractures occur in the United States each year due
to osteoporosis (OP) and osteopenia [6]. Up to one in four adults who lived inde-
pendently before their hip fracture remains in a nursing home for at least a year
after their injury [7], and 20% of hip fracture patients die within a year of their
injury [8]. Medicare costs for treating osteoporotic fractures in the United States
were estimated to be $22 billion in 2008 [9]. Fracture incidences and associated
treatment expenses are expected to rise in the coming years as the number of peo-
ple over 50 years of age with low bone mass or OP grows from 54 million today to
an estimated 65 million in 2020 and 71 million in 2030 [6].

Bones are dynamic tissues that are constantly rejuvenated through bone
resorption and formation. This ongoing remodeling project allows the skeleton
to repair micro and macro fractures and respond to loads. Osteopenia occurs as
we age because the rate of bone resorption by osteoclasts begins to exceed the
rate of bone formation by osteoblasts. Progressive bone loss is multifactorial
and influenced by many of the same diverse factors causing sarcopenia, includ-
ing age-related changes in hormones, sex steroids, motor neurons, blood flow,
physical inactivity, nutrient intake (particularly calcium and vitamin D defi-
ciency), and comorbid conditions and medications. At the tissue level, bone loss
is associated with the loss of mineralized collagenous matrix in both cancellous
and cortical regions. The processes of bone formation with bone resorption are
linked with osteoblasts regulating osteoclast differentiation and osteoclasts
influencing the recruitment of osteoblast progenitors to sites of bone damage
and repair [10].

Age-related changes in bone density coincide with the accumulation of fat within
the bone marrow. Marrow adipose tissue (MAT) accumulates throughout life and is
generally linked with poor bone quality [11-13]. Free fatty acids negatively impact
hematopoiesis and osteoblast differentiation through lipotoxicity [14, 15]. Disuse
increases marrow adiposity, while exercise and mechanical loading promote energy
consumption [16-20].
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Parallels in Skeletal Muscle and Bone Aging

Multiple studies have demonstrated positive associations between muscle mass
and bone mineral density [21, 22] and cortical and trabecular bone geometry and
microarchitecture [23]. The relatively lower muscle mass in women has been
implicated in their increased prevalence of osteoporosis compared to men [24].
Common mechanical (e.g., decreased physical activity [25]), hormonal (e.g.,
decreased testosterone, estrogen, insulin-like growth factor-1 [IGF-1] [26-29]),
and inflammatory (e.g., increased interleukin-6 and tumor necrosis factor-a
[TNFa] [30-32]) stimuli have been implicated in the pathogenesis of sarcopenia
and osteopenia. There also appears to be a communication network between mus-
cle and bone. Secreted factors from muscle (called myokines) such as IGF-1 and
fibroblast growth factor-2 (FGF-2) signal through receptors localized to perios-
teum and promote bone formation [33]. How these emerging networks are affected
by aging and correlate with muscle and bone quantity and quality has not yet been
explored.

Cellular Mechanisms of Skeletal Muscle and Bone Aging
Bone and Muscle Cell Differentiation

In adults, osteoblasts and myocytes originate from multipotent mesenchymal pro-
genitors cells that reside in various places including the bone marrow, bone perios-
teum, vasculature (pericytes), and skeletal muscle. The progenitor cells residing in
skeletal muscle are termed satellite cells and are characterized by expression of the
transcription factors, Pax3 and Pax7 (reviewed in [34]) (Fig. 4.1). Satellite cells are
quiescent in undamaged skeletal muscle, but are activated to proliferate and differ-
entiate into myocytes in response to mechanical strain or damage. Myogenesis is
then regulated by a series of transcription factors, including MyoD and myogenin
[34]. Myocytes begin to produce skeletal muscle filament proteins and fibers and
become multinucleated as they differentiate.

Osteoblasts arise from an osteo-chondroprogenitor cell that resides in bone mar-
row and periosteum [35]. The transcription factors, Runx2 and Osterix, are essential
for osteoblast specification from the progenitor cells, but many other transcription
factors coordinate osteoblast differentiation into type I collagen-producing cells that
also regulate the mineralization process (reviewed in [36]) (Fig. 4.1). Terminally
differentiated osteoblasts either become quiescent lining cells or osteocytes, which
are embedded in the mineralized matrix, so they can respond to mechanical stimula-
tion and structural damage [37]. Osteoblasts and osteocytes also coordinate osteo-
clast differentiation from hematopoietic progenitors through the production of
RANKL and other molecules; inhibitors of this pathway block bone resorption and
are therapeutic options for osteoporosis [38].
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Fig. 4.1 Myocytes and osteoblasts differentiate from common mesenchymal progenitor cells

Cellular Senescence

A major problem during aging is that the functional capabilities of mesenchymal
progenitor cells in bones and skeletal muscles decline. Senescence is a state of “sta-
ble” growth arrest in response to telomere erosion, DNA lesions, reactive oxygen
species (ROS), and other mitogenic and metabolic stressors [39]. Activation of
pl16™K4/retinoblastoma protein (Rb) and/or p53/p21 tumor suppressor pathways
plays a central role in senescence induction. Together these mechanisms of senes-
cence limit excessive or aberrant growth of malignant cells. Interestingly, several
senescence-inducing stressors are implicated in theories of aging (i.e., telomere ero-
sion, DNA damage and mutation, protein aggregation, and ROS). However, instead
of preventing the growth of cancers, the accumulation of senescent cells with
advancing age negatively affects tissue structure and function and ultimately leads
to tissue pathology. Thus, cellular senescence is an example of antagonistic pleiot-
ropy, that is, a biological mechanism that increases odds of survival and reproduc-
tion in early life, but may have deleterious effects in later life.

Indeed, biomarkers of senescent cells (i.e., pl6™# and senescence-associated
B-galactosidase (SA-B-gal)) increase in multiple tissues with chronological aging
[40, 41]. Senescent cells are metabolically active and secrete a broad repertoire of
cytokines and chemokines, matrix remodeling proteases, and growth factors, col-
lectively referred to as the senescence-associated secretory phenotype (SASP)
(reviewed in [42]). Though modest in number, senescent cells are presumed to
underlie (a) age-related tissue deterioration due to their accumulation, loss of
regenerative potential [43], and degradation of the extracellular matrix through the
SASP; (b) age-related hyperproliferation, or the growth and spread of cancers,
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paradoxically, through components of the SASP including growth factors and
matrix remodeling proteases; and (c) inflammaging, as cytokines and chemokines
are prominent features of the SASP. Recently, it was demonstrated that targeted
deletion of p16™“¢-expressing cells improved multiple parameters of physical health
and function, at least in a mouse model of accelerated aging [44]. Thus, cellular
senescence has emerged as a potential unifying mechanism of aging and age-related
diseases [45].

The contributions of cellular senescence to the aging of skeletal muscle and bone
have not been thoroughly investigated. In adult skeletal muscle, satellite cells are
mitotically quiescent. In response to injury and homeostatic demand, satellite cells
are activated and reenter the cell cycle to generate muscle progenitor cells that repair
or regenerate mature muscle fibers as well as self-renew to replenish the satellite
cell population. Interestingly, the number of satellite cells does not appear to be
significantly affected by aging. Instead, evidence suggests age-associated changes
in the environment, or niche, which surrounds a satellite cell, compromise its ability
to activate, regenerate, and replenish. While the SASP from neighboring fibroblasts,
preadipocytes, endothelial cells, or other cell types may contaminate the “soil,”
recent data suggests that cellular senescence may also directly impact the “seed,” or
satellite cell. Specifically, in very old mice with sarcopenia and compromised mus-
cle regeneration, pl6™K4 expression was significantly increased in satellite cells.
However, when p16™&# was genetically silenced, satellite cell activation, prolifera-
tion, and self-renewal were restored [44]. The effects of eliminating senescent cells
on bone strength were not assessed in this study, but there is substantial evidence
that osteoblasts undergo cellular senescence during aging [46]. Modulators of SASP
and cellular senescence hold great promise for increasing the health of bone and
skeletal muscles.

Summary

In summary, reductions in skeletal muscle and bone occur with age and are linked
to increased falls and fractures. An increased understanding of the underlying cel-
lular mechanisms of aging, particularly cellular senescence and stem/progenitor cell
renewal, is needed to stall if not reverse the effects of aging on the musculoskeletal
system.
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Role of Nutrition in Musculoskeletal
Health

Meera Shah

Nutrition plays an important role throughout life in determining bone health.
Attainment of peak bone mass, typically in an individual’s third decade of life, is
influenced by nutrition and other factors during the bone-forming years of child-
hood and adolescence. In children aged 9-18, the daily recommended intake is
1300 mg of calcium and 600 international units of vitamin D, ideally obtained via a
well-balanced diet [1]. In addition to diet; genetics, gender, ethnicity, physical activ-
ity, smoking status, illnesses and medications may all affect bone growth [2].

Once peak bone mass is achieved, the focus is then turned towards minimizing
bone loss as naturally occurs over time. The roles of specific components of the diet
in maintaining bone health are discussed below.

Calcium and Vitamin D

Bone is composed of a collagen matrix on which calcium and phosphate are depos-
ited in the form of hydroxyapatite. Vitamin D enhances intestinal absorption of
calcium and phosphate. Low concentrations of vitamin D are associated with
impaired calcium absorption, higher parathyroid hormone levels and potentially
excessive bone resorption.

The ideal amount of calcium and vitamin D in the diet has been debated, and the
recommendations for intake are largely based on age and, in women, menopausal
status. In prospective randomized trials, men and postmenopausal women taking
calcium and/or vitamin D achieved improvements in bone density scores; however
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Table 5.1 Calcium content of common food items

Food item, serving size Calcium content (mg)
Milk (skim, 1%, 2% or whole), 1 cup 300
Low-fat yogurt, 6 oz. [~180 g] 310
Cheese

American, 1 oz. [%30 g] 125
Cheddar, 1 oz. [~30 g] 200
Swiss, 1 0z. [~30 g] 270
Spinach (cooked), ¥2 cup 120
Broccoli (cooked), ¥2 cup 50
Kale (cooked), 2 cup 90
Orange juice (calcium fortified), ¥2 cup 250
Almonds, 1 oz. [%30 g] 70
Salmon (canned with bones), 3 oz. [~90 g] 180
Macaroni and cheese, 1 cup 200

this did not always translate into a reduced risk of fracture [3, 4]. Data from meta-
analyses show that supplementation with vitamin D alone does not lead to improve-
ments in bone density, thereby highlighting the importance of adequate calcium
along with vitamin D supplementation [5].

Many different doses of calcium and vitamin D have been studied, and the popu-
lations at baseline have had variable dietary intake of calcium. In general, the rec-
ommendation to aim for a total of between 1000 and 1200 mg of elemental calcium
and between 600 and 800 international units of vitamin D (through diet and supple-
ments) comes from the review of data balancing efficacy with the poten