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Preface

Recent progress in the field of medicine, especially in surgery, has made it possi-
ble to save many lives that previously would have been lost. Advances in anesthe-
siology have greatly supported this progression. The estimated annual number of 
procedures employing general anesthesia in Japan has already reached approxi-
mately three million, and general anesthetics are no longer considered to be spe-
cial drugs.

Anesthetics used for analgesia and sedation can nullify pain and free patients 
from the fear of surgery. In addition, their effects are so rapid as to be almost instan-
taneous. Accordingly, it is no exaggeration to say that they are extremely strong 
drugs, more potent than any others. Therefore, it is not strange to think that they 
have effects other than the anesthetic one on the whole body. Above all, we anesthe-
siologists have continued to entertain the “sweet dream” that anesthetics are protec-
tive for many organs. In the central nervous system, there have been innumerable 
studies on protection of the brain and spinal cord by anesthetics, and animal studies 
strongly support these ideas. However, these effects have not yet been proven for 
humans in clinical practice.

On the other hand, after the 1990s, a negative side of anesthetics, neurotoxicity, 
began to attract attention. Neurotoxic effects were noted for local anesthetics, 
NMDA receptor blockers such as nitrous oxide or ketamine, and opioids, which 
were observed to affect the spinal cord. Recently, neurotoxicity for the developing 
brain, postoperative delirium (POD), and postoperative cognitive dysfunction 
(POCD) are well known.

With regard to neurotoxicity for the developing brain, this problem began to be 
widely discussed after the famous paper by Jevtovic-Todorovic et  al. in 2003 (J 
Neurosci 23: 876–882, 2003). Since their report, the number of articles about the 
neurotoxicity of anesthetics in developing animals (mainly rodents) has increased 
year by year. Now it is widely accepted that most anesthetics are neurotoxic to the 
developing animal brain.
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Actually, POD and POCD have long been known to many anesthesiologists as a 
result of their experiences in clinical practice. However, worldwide interest in them 
grew after the report of the multicenter study by the International Study of 
Postoperative Cognitive Dysfunction group (ISPOCD) in 1998 (Lancet 351:857–
861, 1998). Thus, many studies on the basic and clinical aspects of these conditions 
have now been reported.

In this book, Japanese authorities in the field of neuroanesthesia, including the 
neurotoxicity of anesthetics, review these two hot topics. I sincerely hope that this 
book will benefit both clinicians and researchers, not only those who are anesthesiolo-
gists, but also pediatricians, obstetricians, surgeons, basic researchers, and others.

Sapporo, Hokkaido, Japan� Yuji Morimoto M.D., Ph.D. 

Preface
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Chapter 1
Laboratory Findings: To What Degree Can 
We Extrapolate the Animal Data 
to the Bedside?

Yuji Morimoto, Yosuke Uchida, and Hitoshi Saito

Y. Morimoto (*) • Y. Uchida • H. Saito 
Department of Anesthesiology & Critical Care Medicine, Hokkaido University Graduate 
School of Medicine, N15 W7, Kita-ku, Sapporo, Hokkaido 060-0815, Japan
e-mail: morim2@med.hokudai.ac.jp

Abstract  After the “famous” paper by Jevtovic-Todorovic et al. published in the 
Journal of Neuroscience in 2003, the number of articles about the neurotoxicity of 
anesthetics in developing animals has increased year by year. Thus, it is no exaggera-
tion to say that most anesthetics are neurotoxic to the developing animal brain. The 
mechanism was first suggested to be neuronal apoptosis, and then abnormality of 
neurotransmission, especially the manipulation of the GABAergic system during the 
most intense phase of synaptogenesis. Recently, based on various animal studies, 
many hypotheses have been reported. However, this finding has not been proven in 
humans yet. Moreover, the clinical impression that anesthesia has a negative effect on 
the neurological development of infants and children seems extremely rare for the 
clinician. Thus, there seem to be big discrepancies between the findings for animals 
and humans. The reasons for this are hypothesized to be respiratory depression 
caused by anesthetics, the absence of noxious stimulation during neonatal animal 
experiments, and the differences of the life span (that is, the length of anesthetic time) 
and the period of the brain growth spurt between humans and animals. Accordingly, 
we are now awaiting the results of several ongoing prospective clinical studies to 
determine whether anesthetics are really neurotoxic to the developing human brain.

Keywords  Nerotoxicity • Developing • Anesthetics • Apoptosis • Synaptogenesis • 
Brain growth spurt

mailto:morim2@med.hokudai.ac.jp
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1.1  �History and the Present Situation

In the 1980s, it was already reported that exposure to halothane caused neurotoxic-
ity to the developing rat brain. However, this attracted little attention, partly because 
the exposure period was very long, such as during gestation and for 60 days after 
birth [1]. This problem came to attract great attention after the “famous” paper by 
Jevtovic-Todorovic et al. in 2003 [2]. Before then, their laboratory group examined 
the effects of ethanol on the developing human brain as a mechanism of fetal alco-
hol syndrome [3]. They clarified that ethanol triggered widespread apoptotic neuro-
degeneration in the developing rat forebrain. Because ethanol has dual actions 
(blockade of N-methyl-d-aspartate [NMDA] glutamate receptors and excessive 
activation of GABAA receptors), they speculated that anesthetic agents having the 
same actions might cause neurotoxicity in the developing brain. Then they adminis-
tered a combination of anesthetics commonly used in pediatric anesthesia (mid-
azolam, nitrous oxide, and isoflurane) to 7-day-old infant rats for 6 h and observed 
that this caused widespread apoptotic neurodegeneration in the developing brain, 
deficits in hippocampal synaptic function, and persistent memory/learning impair-
ments [2]. It is known that midazolam and isoflurane are activators of GABAA 
receptors and that nitrous oxide blockades NMDA receptors. After their report, the 
number of articles about the neurotoxicity of anesthetics to developing animals 
(mainly rodents) has increased year by year. Now it is no exaggeration to say that 
most anesthetics are neurotoxic to the developing animal brain (Table 1.1).

1.2  �Mechanism

1.2.1  �Apoptosis

As mentioned above, the mechanism assumed first was apoptotic neurodegenera-
tion through the blockade of NMDA receptors and activation of GABAA receptors. 
Olney et  al. proposed that the blockade of NMDA receptors and activation of 
GABAA receptors abnormally inhibited neurons and induced translocation of BAX 

Table 1.1  Anesthetics that 
were reported to have 
neurotoxicity for the 
developing animal brain

Inhalation anesthetics

Halothane, isoflurane, sevoflurane, desflurane
Nitrous oxide
Xenon
Intravenous anesthetics

Ketamine
Propofol
Barbiturates
Benzodiazepines
Morphine (maternal administration)

Y. Morimoto et al.
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protein to mitochondrial membranes, where it would disrupt membrane permeabil-
ity, allowing extramitochondrial leakage of cytochrome C (the so-called apoptotic 
cascade) [4]. The mechanisms that mediate Bax translocation to mitochondrial 
membranes remain elusive, but mitogen-activated plasma kinase systems, espe-
cially the extracellular signal regulated protein kinase (ERK) pathway, have been 
implicated [5]. However, it has been reported that ketamine (a blocker of NMDA 
receptors) alone [6] and propofol (an activator of GABAA receptors) alone [7] cause 
apoptosis in the developing rodent brain, demonstrating that dual action is not abso-
lutely necessary to induce apoptosis. Moreover, Stratmann et  al. evaluated 
isoflurane-induced neurotoxicity along with the effect of hypercapnia [8]. The 
degree and distribution of thalamic cell death were similar in isoflurane-treated and 
carbon dioxide-treated rats. However, only 4  h of isoflurane caused a long-term 
neurocognitive deficit. This indicates that there is inconsistency between cell death 
during the developing stage and the neurocognitive outcome in the adult. Actually, 
as many as 50–70% of neurons and progenitor cells undergo physiological cell 
death and elimination by apoptosis during normal CNS development because neu-
rons are produced in excess at this stage [5, 9]. Accordingly, apoptotic neuronal cell 
death induced by anesthetics may be involved in the physiological cell death during 
the developing stage.

1.2.2  �Abnormalities of Neural Transmission

In addition to neurons, many more synapses are formed throughout the developing 
stage. Then reorganization of synapse formation, including synaptic pruning and 
switching of neurotransmission, occurs to achieve plasticity and stabilization of the 
circuits [10, 11]. The most intense phase of synaptogenesis is referred to as the brain 
growth spurt and is species dependent [10]. In the rodent cerebral cortex, this period 
is limited to a narrow time window between the second and fourth postnatal weeks, 
which coincide with the period of vulnerability to anesthetics. Because anesthetics 
act on receptors and/or ion channels, they may be able to modulate synaptic forma-
tion during the brain growth spurt.

The following section discusses our study examining the effects of neonatal pen-
tobarbital exposure on long-term hippocampal synaptic plasticity [12]. On postnatal 
day 7 (P 7), pentobarbital (10 or 20 mg/kg) was administered intraperitoneally to 
rats. Exposure to pentobarbital caused significant suppression of long-term poten-
tiation (LTP) induction in the postgrowth period (Fig. 1.1). In the same experimen-
tal system, we evaluated the effects of sevoflurane [13] and propofol (data not 
published), both of which are known as GABAergic anesthetics, as well as pento-
barbital and clarified that neonatal exposure to these drugs inhibited LTP induction 
after growth. In addition, paired-pulse stimulation in the population spikes later in 
adulthood was tested in the pentobarbital-treated rats [12] (Fig.  1.2). These rats 
showed reduced paired-pulse inhibition, which indicated that neonatal manipulation 
of GABA receptors by pentobarbital caused persistent reduction of GABAergic 
inhibition in hippocampal synapses in adults. The reduction of GABAergic inhibi-

1  Laboratory Findings
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tion by neonatal GABA manipulation can increase the excitability of the pyramidal 
cells, which might induce the suppression of LTP due to its occlusion or saturation 
[12]. Another recent study evaluated the synapse density by electron microscopy 
after neonatal exposure to propofol [14]. Exposure of rat pups to propofol at P 5 and 
10 significantly decreased dendritic spine density, whereas this drug induced a 
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Fig. 1.1  Time course 
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spike amplitude (PSA) 
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exposure to pentobarbital 
(modified from Brain Res 
2011; 1388:69–76). At 
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significant increase in the spine density when administered at P 15, 20, or 30. These 
modifications in dendritic spine densities persisted up to postnatal day 90. Another 
study evaluated the effects of anesthetics on axon guidance using rodent cortex 
brain slices and isolated neuron assays [15]. Axon guidance is an important process 
by which neurons send out axons to reach the correct targets. Isoflurane exposure 
caused errors in Semaphorin-3A-dependent axon targeting at clinically relevant 
anesthetic doses of numerous anesthetics acting on GABAA receptors such as sevo-
flurane, desflurane, thiopental, and propofol, and was reproduced with a selective 
agonist for it. On the other hand, nitrous oxide, fentanyl, dexmedetomidine, and 
ketamine had no effects. Indeed, GABAergic neurotransmission is initially 
excitatory and then moves to inhibition during the second postnatal week in the 
rodent cerebral cortex [10, 16]. In the immature neuron, the intracellular Cl− con-
centration is high due to the expression of the N+-K+-2Cl− cotransporter NKCC1, 
the ability of which to extrude Cl− toward the outside is weak. Therefore, an efflux 
of Cl− occurs via opening of the Cl− channel through the GABA agonist. In contrast, 
the developmental switch to the expression of the K+-Cl− cotransporter KCC2 low-
ers the intracellular Cl− concentration due to its high ability to extrude Cl− toward 
the outside. After that, the reverse phenomenon is induced by GABA agonists. 
Thus, the excitatory effect by GABAergic anesthetics might disturb normal synaptic 
formation in the immature brain. In the study mentioned above, exposure of rat pups 
to propofol before P 10 significantly decreased dendritic spine density, whereas a 
significant increase in spine density occurred after P 15, 20, and 30 [14]. This sug-
gests that the effect of propofol changes from excitatory to inhibitory at around P 
10–15.

What, then, about the participation of NMDA receptors in neural transmission? 
There have been many reports that ketamine causes apoptosis in the developing 
brain [6, 17]. However, as far as we know, few studies have evaluated the effect of 
ketamine on synaptogenesis. In one study using rat hippocampal slices, S(+)-
ketamine exerted a toxic effect through the suppression of neuronal Ca2+ oscilla-
tions, which are present during a time period with high neuronal plasticity, 
downregulation of CaMKII, and consecutively reduced synaptic integrity [18]. In 
another study, the effect of ketamine–xylazine (α2 adrenergic agonists) anesthesia 
on motor learning-induced synaptic remodeling was examined in vivo by repeatedly 
imaging fluorescently labeled postsynaptic dendritic spines in the mouse primary 
motor cortex [19]. Three exposures to this anesthetic between P 14 and P 18 
impaired the animals’ motor learning and learning-dependent dendritic spine 
plasticity without cell apoptosis. The authors speculated that ketamine-induced 
NMDA receptor inactivation could significantly reduce activity-mediated Ca2+ 
influx into neurons, which in turn would affect synapse formation and plasticity.

To investigate the participation of α2 adrenergic receptors, we studied the long-
term effects of neonatal administration of dexmedetomidine (DEX) on hippocampal 
synaptic activity by evaluating LTP induction and paired-pulse stimulation in the 
postgrowth period [20]. DEX-treated rats showed no impairment in the induction of 
LTP. Furthermore, the response in population spikes to the paired stimuli was not 
impaired by neonatal administration of DEX.

1  Laboratory Findings
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1.2.3  �Other Mechanisms

1.2.3.1  �Mitochondrial Injury

Mitochondria are cell organelles that are constantly remodeling via fusion and 
fission. For rats, it was reported that exposure to general anesthesia (midazolam, 
nitrous oxide, and isoflurane) at P 7 caused injury to the mitochondria at P 21, 
including enlargement [21]. This indicated the predominance of fusion, impair-
ment of structural integrity, an increase in their complex IV activity, and decrease 
in their regional distribution in presynaptic neuronal profiles, where their pres-
ence is important for the normal development and functioning of synapses. Indeed, 
this study showed that inhibitory neurotransmission was impaired in the subicu-
lum at P 21-8. Subsequently, the same group demonstrated that early exposure to 
the same combination of general anesthesia at P 7 caused acute reactive oxygen 
species upregulation and disturbed the fine balance between mitochondrial fission 
and fusion, leading to excessive fission and disturbed mitochondrial morphogen-
esis at P 8 [22]. They concluded that these effects might be related to neuronal 
apoptosis.

1.2.3.2  �Contribution of Brain-Derived Neurotrophic Factor (BDNF) 
(Fig. 1.3)

BDNF supports the survival of existing neurons and encourages the growth and 
differentiation of new neurons and synapses. proBDNF is cleaved into mature 
BDNF (mBDNF) by plasmin, a protease converted from plasminogen by tissue 
plasminogen activator (tPA) that is released with neuronal activity. It has been 
reported that isoflurane reduces synaptic tPA release and increases proBDNF, 
which induces neuronal apoptosis and synaptic loss through the enhancement of 
p75 neurotrophic receptor (p75NTR) signaling in the rodent developing brain [23]. 
Additional work has indicated that the p75NTR receptor activates RhoA, a small 
guanosine triphosphate that induces cytoskeletal depolymerization and apoptosis 
[24]. The same group has reported that propofol has the same action in the devel-
oping neuron [25].

1.2.3.3  �Granule Cell Ectopia

Recently, it was reported that excitatory GABAA receptor signaling was enhanced 
after febrile seizures and disturbed the radical migration of neonatally generated 
granules cells, resulting in persistent granule cell ectopia [26]. Accordingly, we 
hypothesized that neonatal exposure to GABAergic anesthetics might cause granule 

Y. Morimoto et al.
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cell ectopia in the rat dentate gyrus. The example of isoflurane follows. Rat pups 
were subcutaneously injected with 5-bromo-2′-deoxyuridine (BrdU), a marker of 
cell proliferation, to label the newborn granule cells (GCs) at P 6. Then the rats were 
exposed to 2% isoflurane. At several time points after the exposure, double immu-
nofluorescent staining with antibodies against BrdU and homeobox prospero-like 
protein 1 (Prox1) as a marker of GCs was performed to examine the localization of 
BrdU/Prox1 colabeled cells by confocal microscopy. The ratio of hilar/total cola-
beled GCs (ectopic ratio) was calculated and found to significantly increase after 
P21 (Fig. 1.4). Thus, it is possible that neonatal exposure to GABAergic anesthetics 
causes aberrant migration of the granule cells and then morphologic abnormalities 
after growth.

In addition to the above, many hypotheses, including neuroinflammation [27] 
and downregulation of microRNA [28], have been reported.

plasminogen activator (tPA)

Plasminogen Plasmin

ProBDNF mature BDNF

Isoflurane, Propofol

Reduce presynaptic release

Low-affinity neurotrophin receptor p75 (p75NTR)

Actin depolymerization
Cell death (apoptosis)
Synapse loss

RhoA activation

Fig. 1.3  Contribution of brain-derived neurotrophic factor (BDNF) to the neurotoxicity in the 
developing brain (modified from Anesthesiology 2009; 110:813–25, Anesthesiology 2011; 
114:49–57, and Anesthesiology 2012; 116:352–61)

1  Laboratory Findings
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1.3  �Problems in Animal Studies

As mentioned above, it may be right that almost all anesthetics have neurotoxicity 
for the developing brain in animals, especially rodents. However, this finding has 
not been proven in humans. Indeed, though some observational clinical studies have 
supported this finding [29, 30], it is very difficult to separate the effects of anesthe-
sia from surgery and comorbidity in these studies. Moreover, the clinical impression 
that anesthesia has a negative effect on neurological development in infants and 
children seems to be extremely rare among clinicians, including anesthesiologists. 
Thus, there seem to be big discrepancies between findings for animals and humans. 
We will discuss the causes of these below.

1.3.1  �Respiratory Depression by Anesthetics

Airway management such as tracheal intubation and mechanical ventilation is very 
difficult during experiments using neonatal animals. However, many previous 
reports stated that blood gas data were within normal ranges. On the other hand, 
some reports demonstrated respiratory depression by anesthetics such as hypercap-
nia and hypoxia, including our laboratory data [8, 12, 13]. For example, intraperito-
neal administration of 20 mg of pentobarbital to P 7 neonatal rats under room air 
causes severe hypercapnia at a PaCO2 of around 90 mmHg and moderate hypoxia at 
a PaO2 of around 50 mmHg, accompanied by metabolic acidosis [12]. Administration 
of 2% sevoflurane to P 7 neonatal rats under 98% oxygen also causes severe 
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Fig. 1.4  Granule cell ectopia in the rat dentate gyrus after neonatal exposure to isoflurane.  
(a) Double immunofluorescent staining with antibodies against the BrdU (red) and Prox1 (green). 
Generated (=colabeled) GCs are stained yellow (indicated by yellow arrows). (b) Time course of 
the ratio of hilar/total generated GCs (ectopic ratio). 2% Iso: Exposure to 2% isoflurane for 2 h at 
P 7. Control: Room air at P7. *P < 0.05 vs. Control group
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hypercapnia at a PaCO2 of around 80 mmHg without hypoxia [13]. Accordingly, we 
examined the effect of hypercapnia with hypoxia and metabolic acidosis to simulate 
the effect of administration of 20 mg of pentobarbital [31]. For this, neonatal P 7 
rats were exposed to 13% carbon dioxide. As a result, LTP induction in the synapses 
of the hippocampal CA1 area was impaired later in adulthood (Fig. 1.5). Learning 
acquisition assessed by the Morris water maze test was also disrupted in adulthood. 
In another study, P14 rats were assigned to spontaneous breathing (SB) or mechani-
cal ventilation (MV) under sevoflurane or isoflurane [32]. The rats with SB devel-
oped hypercapnia, hypoxia, and low blood pressure. Mortality and neuronal death 
in the hippocampus in the SB group were significantly higher than in the MV group. 
The rats in the SB group performed worse on the Morris water maze test 2 weeks 
after the anesthesia. Thus, there is a possibility that respiratory depression induced 
by anesthetics affects the results seen in neurotoxicity experiments in the newborn 
rodent model.

1.3.2  �Effect of Concurrent Noxious Stimulation

Animal neurotoxicity studies are commonly performed in isolation without concur-
rent noxious stimulation, a condition that does not reflect the interaction of anesthe-
sia and surgical stimulation. Therefore, an experiment in which P 7 rats were 
randomized into groups with exposure to ketamine with and without peripheral 
noxious stimulation by intraplantar injection of complete Freund’s adjuvant was 
performed [33]. It was found that ketamine increased neuroapoptosis and simulta-
neous peripheral noxious stimulation reduced it. This study suggested that single 
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Brain Res 2013; 
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exposure to anesthetics without pain stimulation might enhance neurotoxicity as 
was found in other animal studies.

1.3.3  �Anesthetic Time

It is common that the anesthetic exposure time used in animal experiments is a 
few hours. Assuming that the life spans of rodents and human beings are 3 and 75 
years, respectively, a few hours for a rodent corresponds to a few days for a 
human. In the operation room, such long exposure of children to anesthetics 
almost never occurs.

1.3.4  �Difference of the Period of Brain Growth Spurt

As mentioned above, the period of the brain growth spurt in rodents is thought to be 
between the second and fourth postnatal weeks [10]. On the other hand, in humans 
it is thought to occur during the last trimester and up to 3 years postnatally [30]. 
However, a more contemporary neuroinformatics approach combining neurosci-
ence, evolutionary science, statistical modeling, and computer science to compare 
brain development among different species suggested that the brain developmental 
state of a newborn, P 7 rat more closely corresponds to the human fetus between 17 
and 22 weeks of gestation [34]. Moreover, it was reported that when pregnant 
rodents at gestation day 14 (corresponding to the second trimester in humans) were 
exposed to isoflurane [35] or sevoflurane [36] their offspring showed neurological 
deficits after growth. These studies suggest that neurotoxicity may also occur before 
the brain growth spurt in rodents. We have been very concerned with the effect of 
anesthesia on small children, especially those under 3 years of age [37]. However, 
this problem may, in fact, be mainly related to fetuses. Recently, fetal surgery is 
conducted for congenital diaphragmatic hernias, congenital pulmonary adenoma-
toid malformation, congenital heart disease, and so on [38]. Fetal cardiac depression 
and bradycardia have been frequently observed during fetal surgery, especially with 
high concentrations of inhalational anesthetics, which may increase the risk of neu-
rological injuries [39]. However, the effects of anesthetics per se remain unknown. 
Moreover, when we consider the difference of anesthetic times in addition to the 
difference of the period of the brain growth spurt, the situation closest to the clinical 
setting may be the long sedation of premature babies. However, as far as we know, 
there have been few studies to evaluate the effects of prolonged use of sedative 
agents on premature babies. In one French multicenter study, the presence of moder-
ate or severe disability at 5 years of age was prospectively evaluated after prolonged 
(more than 7 days) exposure to sedative and/or analgesic drugs in very preterm 
infants with gestational ages of fewer than 33 weeks [40]. The results indicated that 

Y. Morimoto et al.
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such treatments were not associated with a poor 5-year neurological outcome after 
adjustment for the propensity score compared to infants without treatment.

1.4  �Conclusions

What we want to emphasize most is that this topic arose from animal findings, not 
from clinical problems. It is hard to find clinical reports that clearly demonstrate a 
human baby suffered from a poorer neurological outcome such as learning disabil-
ity due to the effect of anesthetics themselves. As mentioned above, it is supposed 
that almost all the anesthesiologists in the world have no clinical impression that 
anesthesia directly causes a negative effect on the neurological development of 
infants and children. Recently, it was reported that even the most promising findings 
from animal research often fail in human trials and are rarely adopted into clinical 
practice [41]. For example, in stroke medicine, animal models have failed to yield a 
single neuroprotective treatment for humans, although there have been numerous 
positive animal data. Our first clear knowledge of whether anesthetics are really 
neurotoxic to the human developing brain will come from the results of several 
ongoing prospective clinical studies [30].
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Abstract  Scientific and public attention to the potential neurodevelopmental 
effects of anesthesia during early childhood has been increasing considerably. In 
February 2015, the New York Times published an article to inform parents of poten-
tial issues with anesthesia use among young children. Parents whose children need 
surgery are increasingly questioning anesthesiologists regarding this issue. However, 
associations between anesthesia exposure during infancy and adverse neurodevel-
opmental outcomes have not been definitively demonstrated in existing studies. In 
this chapter, the clinical findings on this issue are summarized and the prevention 
and treatment that contribute to the management of this issue are reviewed.

Keywords  Neurotoxicity • Neurodevelopment • Children • General anesthetics

2.1  �Introduction

In 1945, Levy reported postoperative behavioral changes in children under the age 
of 3 [1]. These children exhibited sleep and eating disorders, separation anxiety, 
temper tantrums, and aggression toward authorities, which were estimated to occur 
in up to 60% of all children exposed to general anesthesia. However, these observa-
tions pertained to short-term changes after exposure to anesthesia.

The concern about long-term neurodevelopmental changes has arisen from a lab-
oratory study published in 2003. Jevtovic-Todorovic et al. reported that general anes-
thesia administered to a 7-day-old rat caused apoptosis in the brain and a learning 
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disability in adulthood [2]. After this study, a growing body of evidence indicates 
that almost all general anesthetics cause long-term behavioral abnormalities in young 
animals, including rodents and subhuman primates (see Chap.  1). These changes 
include not only learning disabilities but also social deficits related to the autism 
spectrum disorder (ASD) [3]. It remains unclear if similar outcomes would occur in 
humans but concern is growing regarding the safety of pediatric and obstetric anes-
thetics. This was the rare instance that the results of a laboratory study prompted a 
clinical study. It is estimated that 1.5 million infants receive anesthesia for surgical 
procedures each year in the USA alone [4]. Therefore, this issue is an important and 
urgent matter of public health. Should general anesthesia have deleterious effects for 
the developing brain, we must develop alternative strategies to anesthetize young 
children, including novel anesthetic agents with an alternative mechanism of action 
and minimal neurotoxicity.

The concerns of the US Food and Drug Administration (FDA) on this issue initi-
ated a nonprofit public-private partnership project with the International Anesthesia 
Research Society (IARS) called “Strategies for Mitigating Anesthesia-Related 
neuro-Toxicity in Tots’ (SmartTots)” to support research on this issue. The European 
Society of Anaesthesiology (ESA) also initiated the project “EUROpean Safe Tots 
Anaesthesia Research (EUROSTAR)” to support and facilitate meetings and com-
munication between research groups.

Several observational studies were initiated to investigate on this issue utilizing 
cohort data. If no significant effects of exposure to anesthesia in infancy were found 
by these studies, the safety of anesthetics would have been believed. However, this 
was not the case. Some, but not all of these, studies suggested the association 
between anesthesia exposure during infancy and long-term neurodevelopmental 
changes, although a definitive conclusion was not made because of methodological 
limitations common to retrospective observational studies. These studies prompted 
subsequent investigations with more robust tools to obtain stronger evidence on 
outcomes after exposure to anesthetics. Currently, several clinical studies with a 
prospective and/or randomized trial design are ongoing to investigate whether anes-
thesia is safe for young children.

2.2  �Retrospective Studies

To date, the majority of findings on the neurotoxicity of anesthetics in human models 
have been obtained from retrospective studies, whereas findings from prospective 
studies have only begun to emerge in recent years. Although many studies have been 
conducted, an agreement in expected outcomes has yet to be established. Some studies 
have reported a significant association between the incidence of poor neurodevelop-
mental outcomes and exposure to general anesthetics during infancy, while others did 
not. In this section, representative retrospective studies of this topic are summarized.
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2.2.1  �Retrospective Studies Without Sibling or Twin Control

Findings from retrospective cohort studies begun to emerge from 2009. These 
studies used observational method taking advantage of existing birth cohort, 
hospital, or health register data. Despite methodological limitations, these retro-
spective studies have provided important clues on this topic in a short period of 
time.

2.2.1.1  �Population-Based Cohort Study in Minnesota, USA

The population-based birth cohort study conducted by Wilder and colleagues at 
Mayo Clinic in the USA [5] is a landmark study that investigated the long-term 
neurodevelopmental effects of general anesthetics in children by using a large 
sample. They selected a cohort of children born between 1976 and 1982 in the 
five townships of Olmsted County, Minnesota. Of 5357 children, 593 children 
received general anesthesia before 4 years of age and the authors reviewed learn-
ing disabilities of these children available in this registry. They found that there 
was an increased risk of learning disability prior to 19 years of age among those 
with two or more instances of exposure to anesthesia, or a cumulative anesthesia 
duration of more than 120 min [5]. Interestingly, there was not a significant asso-
ciation between the incidence of learning disability and only one exposure to 
anesthesia.

Using the same cohort, Sprung et al. conducted another study to examine the 
neurodevelopmental effects of prenatal/fetal anesthetic exposure during labor and 
delivery [6]. In this cohort, 4823 children were delivered vaginally and 497 were 
delivered by a cesarean section. Among these delivered by a cesarean section, 193 
received general anesthesia and 304 received regional anesthesia. No differences 
were found in the incidence of subsequent learning disabilities between these 
groups. In addition, no increased risk of subsequent learning disabilities was found 
among children exposed to anesthetics prior to birth.

Flick et al. performed another study using the same cohort [7]. In this study, 350 
children who were exposed to anesthesia before 2 years of age were matched to 700 
unexposed children based on potential confounders of learning disabilities such as 
sex, birth weight, health status, and gestational age. The authors observed a signifi-
cantly increased risk of learning disability after multiple exposures to anesthetics, 
consistent with the results reported by Wilder et al. [5].

Sprung et al. also conducted another study to examine the correlation between 
anesthetic exposure and attention-deficit/hyperactivity disorder (ADHD) using the 
same cohort [8]. The authors observed that multiple exposures, but not a single 
exposure, were associated with an increased risk of ADHD after adjustment for 
confounders, consistent with the results reported by Wilder et al. [5].
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2.2.1.2  �Population-Based Cohort Study in New York, USA

DiMaggio and colleagues at Columbia University in the USA conducted population-
based birth cohort study that examined the association between learning disabilities 
and exposure to general anesthetics [9]. They analyzed a cohort of children born 
between 1999 and 2001 from the New York Medicaid records [9]. They identified 
383 children with inguinal hernia repair under 3 years of age and 5050 children 
without history of hernia, matched for age. The authors showed that a single expo-
sure to anesthetics resulted in a 2.3-fold increase of risk for subsequent develop-
mental or behavioral diagnoses.

2.2.1.3  Population-Based Cohort Study in Western Australia

Ing and colleagues at Columbia University in the USA collaborated with the 
Australian institutes to examine the association between exposure to anesthesia and 
neurodevelopmental outcomes among children born between 1989 and 1992 in the 
Western Australian Pregnancy Cohort [10]. Of 2608 children, 321 were exposed to 
anesthesia before 3 years of age, and 2287 were unexposed. The authors reviewed 
neurodevelopmental outcomes in language ability, cognitive function, motor skills, 
and behavior available in the registry. They observed that children exposed to anes-
thesia had a higher risk of language and cognition impairments compared to unex-
posed children at 10 years of age. After adjusting for demographic characteristics, 
the estimated hazard ratio of disability in language for children with exposure was 
1.87 (95% confidence interval [CI], 1.20–2.93) and that of cognition was 1.69 (95% 
CI, 1.13–2.53). Conversely, motor function did not differ significantly between the 
exposed and unexposed groups.

2.2.1.4  �Hospital-Based Cohort Study at the Academic Pediatric  
Hospital of the University Medical Center Utrecht, 
the Netherlands

Kalkman and colleagues at the University Medical Center Utrecht in the 
Netherlands conducted a hospital-based cohort study that examined neurobehav-
ioral development as a function of age at the time of the first exposure to anesthe-
sia [11]. This study analyzed a cohort of children who were operated for pediatric 
urological surgery between 1987 and 1995 in their hospital. A total of 243 chil-
dren, up to 6 years of age, received anesthesia in this cohort. The author exam-
ined the odds ratios for a clinically deviant score as a function of age at the time 
of the first surgery. The adjusted odds ratio was 1.38 (95% CI, 0.59–3.22) for 
children under 6 months of age, 1.19 (95% CI, 0.45–3.18) for children between 
the ages of 6 and 12 months, and 1.20 (95% CI, 0.45–3.20) for children between 
the ages of 12 and 24 months. However, this was more akin to a pilot study, 
because the sample size was too small to yield statistically significant results.
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2.2.1.5  �Nationwide Cohort Study in Denmark

Hansen and colleagues at Odense University Hospital in Denmark conducted a 
nationwide birth cohort study that examined the association between exposure to 
surgery and anesthesia for inguinal hernia repair in infancy and subsequent aca-
demic performance [12]. This study selected children who underwent inguinal her-
nia repair under 1 year of age between 1986 and 1990 from Danish birth cohorts. 
The exposure group consisted of 2547 children and an age-matched control group 
consisted of 13,640 children. The exposed group performed more poorly than the 
control group before adjusting for known confounders such as gender, birth weight, 
and parental education. However, after adjustment for these factors, there was no 
statistically significant difference between the exposed and unexposed group.

Hansen and colleagues conducted another study to investigate the effects of 
anesthesia associated with surgery for pyloric stenosis among children under 3 
months of age by using the same cohort [13]. The exposure group consisted of 779 
individuals and the control group consisted of 14,665 individuals. The results were 
similar to those of previous study by this group [12].

Clausen et al., members of the same research group, conducted a study to inves-
tigate academic achievement of children who received anesthesia for cleft opera-
tions in infants using the same birth cohort [14]. The exposure group was consisted 
of 509 children and the control group of 14,677 children, which was a 5% sample 
of the birth cohort. Compared to controls, children with cleft lip surgery achieved 
higher scores of academic achievement whereas children with a cleft palate had 
lower scores. Children with both cleft lip and cleft palate showed lower scores on 
academic achievement. However, these differences were not statistically significant. 
Therefore the authors concluded that anesthesia was not a risk factor for neurode-
velopmental impairment, although the anesthetic neurotoxicity cannot be com-
pletely excluded [14].

2.2.1.6  �Nationwide Cohort Study in Taiwan

Chien and colleagues at Taipei Medical University in Taiwan conducted a nation-
wide birth cohort study that investigated the association between development of 
ASD and general anesthesia during cesarean delivery [15]. This study selected a 
large sample of children born between 2004 and 2007 from national data sources in 
Taiwan [15]. They identified 362,297 children with vaginal delivery, 161,992 chil-
dren with cesarean section under regional anesthesia, and 12,384 children with 
cesarean section under general anesthesia. The incidences of autism per 1000 
person-years was 0.77 (95% CI, 0.73–0.81), 0.92 (95% CI, 0.85–1.00), and 1.34 
(95% CI, 1.06–1.69) for vaginal deliveries, cesarean section under regional anesthe-
sia, and cesarean section under general anesthesia, respectively. Thus, the authors 
concluded that the risk of ASD development was associated with cesarean section 
under general anesthesia, contrary to the result of the study by Sprung et al. [6]. On 
the other hand, the risks of ASD development in neonates delivered by cesarean 
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section under regional anesthesia and in neonates delivered virginally were not sig-
nificantly different. However, there might be a bias because general anesthesia dur-
ing cesarean section is predominantly used for women with pregnancy complications 
or emergency birth. For instance, pregnancy complications are tend to be associated 
with increased risk of autism.

2.2.1.7  �Hospital-Based Cohort Study at the University of California San 
Francisco, USA

Stratmann and colleagues at the University of California San Francisco in the USA 
conducted a hospital-based cohort study that examined the association between 
anesthesia exposure during early childhood and recognition memory later in adult-
hood [16]. The authors retrospectively selected children aged 6–11 who received 
general anesthesia before 1 year of age and age- and sex-matched control subjects 
who did not receive anesthesia. They identified 28 children who were exposed to 
anesthetics in the anesthesia billing databases in 2004 at the University of California 
San Francisco or at the University of California Davis in the USA. The control chil-
dren were selected from a registry of parents who had previously expressed interest 
in having their children participate in research. This selection was conducted after 
the start of the study as a prospective aspect of this study. The main finding was that 
exposure to anesthesia during infancy impaired recollection memory, although IQ 
was not significantly affected [16]. However, the sample size of this study was 
small.

2.2.1.8  �Nationwide Cohort Study in Sweden

Glatz and colleagues at Kalmar County Hospital and Karolinska Institutet in 
Sweden conducted a nationwide cohort study that examined long-term neurodevel-
opmental effects of general anesthetics in children by using a large sample [17]. 
This study selected a cohort of children born between 1973 and 1993 in Sweden. Of 
2,174,073 children, the authors identified 33,514 children who received single anes-
thesia before 4 years of age, 3640 with multiple anesthesia before 4 years of age, 
and 159,619 matched unexposed controls. The academic and cognitive perfor-
mances of these children were indexed by school grades at 16 years of age and IQ 
test scores at 18 years of age. Children who received single anesthesia before 4 
years of age showed a statistically significant lower school grades and IQ test scores 
compared with controls, although the differences were small. The magnitude of the 
difference was the same after multiple exposures. Interestingly, these differences 
were markedly less than the differences associated with sex, maternal educational 
level, or month of birth during the same year. Thus, the authors stated that many 
other factors were far more important than anesthesia exposure in children regard-
ing the long-term neurodevelopmental effects [17].
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2.2.2  �Retrospective Studies with Sibling or Twin Control

An important weakness of the above-mentioned retrospective studies is the inability 
to dissociate the effects of general anesthesia from the many potentially confound-
ing factors. Twin and sibling study designs are attractive tools, which are commonly 
utilized in psychiatric studies since a large number of potential confounders are 
controlled within each twin and sibling pair. For instance, environmental and genetic 
differences in individuals can be addressed by these study designs. In particular, the 
environmental bias of parental education and socioeconomic status are relevant and 
important confounding factors in neurocognitive studies [24]. Furthermore, these 
study designs would address many confounders that might be unmeasured in tradi-
tional cohort studies. Several researchers have conducted studies by using these 
designs to dissociate the effects of general anesthesia from the many potentially 
confounding factors.

2.2.2.1  �Nationwide Twin Cohort Study in the Netherlands

Bartels and colleagues at VU University in the Netherlands conducted a nationwide 
twin birth cohort study that investigated the association between anesthesia expo-
sure and school performance among children [18]. This study selected monozygotic 
twin pairs born between 1986 and 1995 from the Young Netherlands Twin Registry. 
The cohort comprised 1143 monozygotic twin pairs. The authors reviewed educa-
tional achievement and cognitive problems evaluated by standardized test scores 
and teacher ratings at 12 years of age available in this registry. There was a correla-
tion between the incidence of learning disabilities and anesthesia exposure among 
children under the age of 3 years. However, in discordant twin pairs (where one twin 
was exposed to anesthesia and the other was not), there was no difference between 
twins. Therefore the authors concluded that there was no relationship between 
exposure to anesthesia and cognitive performance later in life. However, the Mayo 
Clinic group et  al. criticized this conclusion, citing an inaccurate assessment of 
educational achievement [19].

2.2.2.2  �Population-Based Sibling Cohort Study in New York, USA

DiMaggio and colleagues at Columbia University in the USA conducted a 
population-based sibling cohort study that investigated the association between 
the number of anesthesia exposures and the risk of developmental or behavioral 
impairment. This study selected siblings born between 1999 and 2005 from the 
New  York Medicaid records [20]. Of 10,450 siblings, 304 children underwent 
surgery when they were younger than 3 years of age and 10,146 children did not. 
After adjusting for sex and history of birth-related medical complications, as well 
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as clustering by sibling status, the estimated hazard ratio for developmental or 
behavioral disorders was 1.1 (95% CI, 0.8–1.4) for a single exposure to anesthet-
ics, 2.9 (95% CI, 2.5–3.1) for two exposures, and 4.0 (95% CI, 3.5–4.5) for more 
than two exposures.

2.2.2.3  �Population-Based Sibling Case-Control Study in Puerto Rico

Creagh and colleagues at the University of Puerto Rico in Puerto Rico conducted a 
population-based sibling case-control study that investigated the association 
between anesthesia exposures and ASD. This study selected 262 children with ASD 
and 253 without ASD (sibling of children with ASD) born in Puerto Rico [21]. They 
assessed variables including demographics, diagnosis, severity of ASD, exposure to 
anesthesia, and age at exposure among sibling pairs. Of the 262 patients with ASD, 
99 had exposure to anesthetics prior to their diagnosis. Of the 253 individuals with-
out ASD, 110 had been exposed to anesthesia. Therefore, the authors concluded that 
exposure to anesthesia in children did not increase the probability of developing 
ASD.

2.2.3  �Limitation of Retrospective Studies

Although the above-mentioned studies provide important insights into this topic, 
these studies have a number of limitations which impose caution in interpreting 
results. Some of these limitations are inherently related to the nature of a retrospec-
tive cohort study. Limitations of these studies are reviewed in this section.

2.2.3.1  �Characteristics of Anesthetics Used

In many of the retrospective cohort studies mentioned above, children were exposed 
to general anesthesia during the late 1970s and early 1980s. As pointed out by some 
investigators, general anesthetics used during this period were different from those 
in use today (for review see [22, 23]). In the study by Wilder et al. [5], the most 
frequently used combination of anesthetics was nitrous oxide (88.1%) and halo-
thane (87.5%). Kalkman et al. [11] also reported that halothane was commonly used 
in their data. Since the early 1980s, however, halothane was no longer a part of com-
mon clinical applications, and the use of nitrous oxide had declined. Therefore, the 
anesthetic characteristics were significantly different from that currently in use in 
the field of anesthesiology. In this relation, the study by DiMaggio et al. [8] lacked 
precise information on anesthetic exposure and specific drugs used, although the 
duration, cumulative doses, and specific anesthetics used likely affect neurodevel-
opmental outcomes [24, 25].
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2.2.3.2  �Lack of Standardization in Outcome Measures

Some studies lacked standardization of outcome measures due to poorly defined 
outcome endpoints. For instance, the outcome of “learning disability” used in the 
study by Wilder et al. [5] was heterogeneous, meaning that three different types of 
indexes “reading, written language, and math disabilities” were combined into a 
single outcome measure. Therefore “learning disability” as defined by this study 
was a categorical determination and not a specific neuropsychological outcome (for 
review see [23]). The International Classification of Disease 9th Revision (ICD-9) 
diagnostic codes used in the study by DiMaggio et al. [9] were possibly also limited, 
because these codes may be subject to variations in local coding practices and con-
ventions as well as misclassification from diagnostic coding (for review see [23]). 
The academic achievement scores in the study by Bartels et al. [17] were possibly 
also limited because these scores reported by teachers may be influenced by many 
biases (for review see [21]).

2.2.3.3  �Other Confounding Factors

There are a large number of potential confounders to adjust in this issue. Furthermore, 
many confounders may remain unknown. One of the most important confounders is 
that children who receive anesthesia do so to undergo a surgical or an imaging pro-
cedure, so interpretation of the results should be cautious. The outcomes are inevi-
tably associated with the underlying pathology that necessitated the use of anesthesia 
and surgery. In addition, other comorbidities such as surgical procedures might like-
wise contribute to neurodevelopmental outcomes. Surgical procedures may cause 
trauma including inflammatory responses, hemodynamic changes, and hypother-
mia, which are all secondary to the surgical procedure itself.

2.2.4  �Meta-Analysis

In this section, meta-analysis of some retrospective studies is reviewed.

2.2.4.1  �Meta-Analysis of Retrospective Studies

Wang and colleagues completed a meta-analysis of seven retrospective studies men-
tioned above (published between January 1, 2000, and February 1, 2013) [4, 8–12, 
18] to summarize the association between anesthesia exposure during early child-
hood and behavioral outcomes later in life [26]. The authors estimated the synthe-
sized hazard ratio to be 1.25 (95% CI, 1.13–1.38, P < 0.001) for the association of 
anesthesia exposure under 4 years of age and neurodevelopmental impairments. 
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The authors also showed that the multiple exposure to anesthesia was a risk factor 
for neurodevelopmental impairment; the hazard ratio among those children was 
1.75 (95% CI, 1.31–2.33, P < 0.001).

2.3  �Prospective Studies

The results of some above-mentioned retrospective studies could not indicate the 
association between anesthesia exposure during infancy and long-term neurodevel-
opmental changes definitively. Thus, in the next step, stronger evidence using more 
powerful tools is needed. In a prospective trial, standardization of outcome mea-
sures can be definitively validated prior to the start of the study. In this section, 
several prospective studies are reviewed.

2.3.1  �Semi-prospective Studies

In several studies, the outcome measures are definitively developed before any sub-
jects returned for follow-up assessments, although subjects were retrospectively 
selected. Thus, these studies are semi-prospective or ambidirectional, meaning the 
use of a prospective assessment for a retrospective cohort.

2.3.1.1  �The PANDA (Pediatric Anesthesia Neurodevelopment 
Assessment) Study

The PANDA study is a nationwide multicenter sibling-controlled cohort study with 
ambidirectional design, which investigates the long-term effects of anesthesia on 
cognitive functions. This study is conducted by the PANDA Network that is based 
at Columbia University and involves eight study sites in the USA.  This study 
assesses the long-term effects of anesthesia on global cognitive function (IQ) as the 
primary outcome. This study identified a cohort of retrospectively obtained 500 
sibling pairs discordant for a single exposure to anesthesia prior to 36 months of age 
for elective inguinal hernia repair surgery. The follow-up period is 15 years with 
neurodevelopmental and cognitive assessments at 8 and 15 years of age.

Although the PANDA study is not completed, two interim reports were pub-
lished to date. In 2012, the authors reported on the results of a small pilot study 
comparing 28 sibling pairs at 6–11 years of age, which was performed to confirm 
the feasibility of the study design [27]. The pilot data did not show significant dif-
ferences in global cognitive function between the groups. In 2016, the authors 
reported on the result of a study comparing 105 sibling pairs at 10 years of age [28]. 
There was no statistically significant differences in IQ scores between the groups.
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2.3.1.2  �The MASK (Mayo Anesthesia Safety in Kids) Study

The MASK study is a population-based birth cohort study with ambidirectional 
design, which investigates whether exposure of children to anesthesia prior to age 3 
is associated with neurodevelopmental abnormalities. The MASK study is con-
ducted by Mayo Clinic and National Center for Toxicological Research in the 
USA.  This study identified a cohort of all children born in Olmsted County, 
Minnesota, between the years 1994 and 2007, who are currently local residents. 
This study selected children with multiple, single, and no anesthesia exposure prior 
to the age of 3 years and assesses neuropsychological traits of these children by 
using neurocognitive test batteries that were definitively developed prior to the start 
of the study [29]. This study is ongoing.

2.3.2  �Prospective Randomized Study

A randomized controlled trial is an attractive design that can avoid many of the limi-
tations that plague previous retrospective cohort studies. This design can address 
many of the confounding factors and even unknown confounding factors which 
cannot be excluded by matching to controls [30]. However, it is not reasonable to 
administer general anesthetics to healthy children for ethical reasons. It is also not 
possible to perform surgery on children without anesthesia. Therefore, a placebo-
controlled randomized clinical trial is seldom feasible. However, one study has been 
conducted addressing these difficulties.

2.3.2.1  �The GAS (General Anesthesia and Spinal) Study

The GAS study is an international multicenter cohort study with randomized con-
trolled design, which examines the effect of general anesthesia in infancy on neuro-
developmental outcome. The GAS study is conducted by the GAS consortium, 
which is based at the Boston Children’s Hospital in the USA and the Royal 
Children’s Hospital Melbourne in Australia and includes 28 hospitals in Australia, 
Italy, the USA, the UK, Canada, the Netherlands, and New Zealand. This study 
selected 772 infants who received inguinal hernia repair under the postmenstrual 
age of 60 weeks at the time of surgery. Participants were randomly assigned to 
receive either general or regional anesthesia. The general anesthesia group received 
sevoflurane one time with duration less than 1 h and comprised 359 children. The 
regional anesthesia group comprised 363 children. This study analyzes neurodevel-
opmental outcomes by neurodevelopment and intelligence testing. The follow-up 
period will be 5 years with assessments at 2 and 5 years of age. This is the first and 
thus far only randomized clinical study of this topic.
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Although the GAS study is not completed, one interim report was published. 
In 2015, the evaluation of neurodevelopmental outcomes at 2 years of age was 
published by Davidson et al. [31]. The authors did not find significant differences 
in neurodevelopmental outcomes between the groups. However, the authors noted 
a limitation in the sensitivity of the developmental assessment: “at 2 years of age, 
it is difficult to accurately diagnose the presence of disorders such as autism spec-
trum disorder” [31]. Thus, these results did not provide the definitive evidence 
in outcomes and the final analyses at 5 years of age are needed to provide the 
conclusion.

2.3.3  �Limitations of Prospective and Randomized Studies

Although prospective and randomized study design will provide robust evidence 
and important information, they have some limitations. Prospective studies take too 
much time to complete because the follow-up period between anesthesia exposure 
and assessment will be extremely long. Thus, the definitive conclusion has not yet 
been made.

In the GAS study, participants were limited to those exposed to anesthesia only 
at one time. If the GAS study does not find that a brief or single exposure to anes-
thesia causes adverse outcomes, they cannot rule out the possibility that longer or 
multiple exposures might cause changes in neurodevelopmental outcomes. It would 
be very difficult to design a randomized trial to evaluate the possibility that multiple 
exposures may be necessary to produce adverse neurodevelopmental outcomes in 
humans [32]. Furthermore, it is not possible to know “whether one exposure to 
anesthesia, which might not have consequences, will eventually become an element 
of several exposures to anesthesia, which might” [32]. In the GAS study, the mean 
duration of general anesthesia was 54 min in order to match that of the spinal anes-
thesia. As noted by the authors themselves [30], this exposure duration was rela-
tively brief because most animal studies suggest that usually 2 or 3 h is needed to 
induce changes in neurodevelopmental outcomes.

2.4  �Prevention and Treatment

If children undergo surgery, exposure to anesthetics is unavoidable in many cases 
because there is no substitute. Development of methods to prevent potential neuro-
toxicity of anesthetics in infants has been conducted for the safety of pediatric anes-
thesia prior to making a comprehensive conclusion regarding the neurotoxicity in 
humans. Although most of these studies are not completed, a few studies are 
reviewed in this section.

Y. Satoh



29

2.4.1  �Change in Anesthesia Practice?

At present, a comprehensive conclusion is not possible from the human studies 
mentioned above. It is therefore difficult to make any recommendations for specific 
practice guidelines or changes to pediatric anesthesia.

Many retrospective cohort studies mentioned above have assessed children who 
received anesthesia prior to 3 years of age. However, there is no date for any safe 
age cutoff. The safe age cutoff cannot be extrapolated from animal studies because 
of interspecies differences in brain development.

2.4.2  �Dexmedetomidine-Based Anesthesia

An animal study reported that dexmedetomidine may be beneficial in avoiding the 
deleterious effects of general anesthesia on neurodevelopment [33]. Bong and col-
leagues at the KK Women’s and Children’s Hospital in Singapore investigated the 
feasibility of dexmedetomidine-based anesthesia in place of general anesthetics 
among infants [34]. The authors retrospectively reviewed a case series of 50 infants 
who received dexmedetomidine sedation with caudal anesthesia instead of general 
anesthesia for inguinal hernia repair. The authors found that no patient developed 
significant bradycardia or required intubation. Thus, they concluded that this method 
may be a feasible alternative. However, a long-term follow-up to assess neurodevel-
opmental outcomes has not been conducted.

Similar to the study by Bong et  al. [34], the T REX pilot study based at the 
Murdoch Children’s Research Institute in Australia, investigated the feasibility of 
dexmedetomidine-based anesthesia for lower limb, urologic, or lower abdominal 
procedures in infants. This study used dexmedetomidine and an opioid (remifent-
anil) combined with caudal analgesia. The outcomes were the need for intervention 
for mild anesthesia, intervention for hemodynamic changes, and rate of abandoning 
the protocol. This study has been completed but the results remain yet to be seen.
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Chapter 3
Implications for Pediatric Anesthesia

Koichi Yuki, Yasushi Mio, and Shoichi Uezono

Abstract  Preclinical studies have shown that volatile and intravenous anesthetics 
increase neuroapoptosis in neonatal rodents and monkeys. These results raise con-
cerns regarding the use of anesthetics in young children. Retrospective reports sug-
gest an association between multiple surgeries under anesthesia at infancy and 
subsequent learning disabilities. Anesthesia is a requisite component of surgeries 
and procedures, and as anesthesia providers, it is important that we understand what 
is known about the risks of anesthesia in the developing brain. The aim of this chap-
ter is to review the literature with respect to anesthesia-related neurotoxicity in neo-
natal animals and young children.

Keywords  Anesthetics • Apoptosis • Neurotoxicity • Pediatrics

3.1  �Introduction

There has been a growing concern regarding the potential of anesthetics to cause 
neurotoxicity in children. A landmark study by Ikonomidou and colleagues in 1999 
suggested that N-methyl-d-aspartic acid (NMDA) antagonists increase apoptosis in 
the neonatal rat brain up to postnatal day 14 (P14) [1]. The same group reported in 
2000 that γ-aminobutyric acid (GABA) receptor agonists also increase apoptosis in 
the neonatal rat brain [2]. Although the mechanisms of action of some anesthetics 
are yet to be determined, NMDA and GABAA receptors are believed to be prime 
targets for anesthesia in the central nervous system (Table 3.1). Investigators have 
since conducted studies to delineate if anesthetics can indeed result in neurotoxicity. 
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A 2003 study by Jevtovic-Todorovic and colleagues showed that early exposure to 
common anesthetic agents (a combination of midazolam, isoflurane, and nitrous 
oxide) induces widespread apoptosis in the neonatal rat brain, along with subse-
quent functional impairments [3]. That study was alarming enough to facilitate 
worldwide anesthesia neurotoxicity research. In 2007, the US Food and Drug 
Administration (FDA) announced that anesthesia drugs pose a risk of potential neu-
rotoxicity in pediatric patients, though “there are not adequate data to extrapolate 
the animal findings to humans.” The FDA also collaborated with the International 
Anesthesia Research Society to initiate SmartTots (Strategies for Mitigating 
Anesthesia-Related neuroToxicity in Tots). A recently published editorial in The 
New England Journal of Medicine stated, “while we await clinical studies that can 
definitely determine whether anesthetics cause injury in humans, surgeons and 
anesthesiologists and parents should consider carefully how urgently surgery is 
needed, particularly under 3 years of age” [4]. On the basis of that article, The 
New York Times posted an article titled Researchers Warn on Anesthesia, Unsure of 
Risk to Children. As anesthesia providers for the pediatric population, it is impera-
tive for us to understand what is known and what is unknown in order to provide the 
best care and information possible for patients and families and also for other medi-
cal professionals. The purpose of this review is to describe the state of the art with 
respect to anesthesia-related neurotoxicity in young children. Of note, anesthetics 
are known to provide anti-inflammatory effects and to offer neuroprotective effects 
in certain scenarios [5]. However, it is beyond the scope of this review to go into 
depth on the relation and balance between neuroprotective and neurotoxic effects of 
anesthetics.

3.2  �Brain Development and Apoptosis

3.2.1  �Neurodevelopment

The brain undergoes several generalized steps to become fully mature (Fig. 3.1). 
Neurulation results in the formation of the neural plate from the ectoderm and trans-
forms the neural plate into the neural tube. Neural proliferation and migration fol-
low to create the brain structure. Although the formation of connections between 

Table 3.1  Anesthetics that interact with NMDA and GABAA receptors

NMDA receptor GABAA receptor

Ketamine
Nitrous oxide
Xenon

Midazolam
Propofol
Etomidate
Thiopental
Isoflurane
Sevoflurane

GABA γ-aminobutyric acid, NMDA N-methyl-d-aspartic acid
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neurons (synapses) is a process that lasts throughout life, an explosive formation of 
synapses in the central nervous system (termed “exuberant synaptogenesis”) occurs 
in humans from the last trimester of pregnancy to the first 2–3 years of life. During 
this time, apoptosis, a form of programmed cell death, controls the numbers of neu-
rons and synapses, eliminating unnecessary neurons and synapse formation. This is 
termed “pruning.” Up to 50% of neurons are eliminated during this process. As 
such, it is recognized that apoptosis is a normal part of brain development.

Various mediators are critical for brain development. Glutamate is an excitatory 
neurotransmitter that binds to glutamate receptors, including NMDA receptors, 
involved in neurogenesis [6]. GABA is also a critical neurotransmitter. In the devel-
oping brain, GABA receptors are excitatory, leading to depolarization of the cell 
membrane as a result of a high intracellular chloride ion concentration. However, 
the intracellular chloride concentration decreases as the brain develops, and GABA 
receptors shift from excitatory to inhibitory in nature [7]. In addition, brain-derived 
neurotrophic factor (BDNF) regulates the differentiation of progenitor cells. It is 
reasonable to expect that any stimulus that alters the milieu of these mediators can 
affect the process of brain development.

3.2.2  �Apoptosis

Apoptosis occurs via the action of cysteine proteases, termed caspases, which 
degrade cellular constituents. Apoptosis is largely categorized into two pathways, 
the extrinsic (death receptor) pathway and the intrinsic (mitochondrial) pathway. In 
the extrinsic pathway, various mediators activate death receptors, such as tumor 
necrosis factor (TNF) receptors and FAS receptors, and trigger activation of caspase 
8. In the intrinsic pathway, various stimulants, including radiation, nutrition depri-
vation, and hypoxia, change the inner mitochondrial membrane potential and per-
meabilize the mitochondria, releasing cytochrome c into the cytosol. This leads to 
the activation of caspase 9. In both pathways, caspase 3 is subsequently activated, 
and DNA fragmentation follows. Different from necrosis, which releases cellular 
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contents and induces inflammation, apoptotic cells are rapidly engulfed by phago-
cytes and are silent with respect to inflammation. Apoptosis occurs as part of normal 
developmental processes as well as in pathologic processes.

3.3  �Anesthesia-Related Neurotoxicity Research

3.3.1  �Rodent Studies

Rodent studies, particularly rat studies, have been the mainstay of anesthesia-related 
neurotoxicity research. The impact of different anesthetics on the developing brain 
has been assessed histologically as well as functionally. Histologic assessments 
largely evaluate the degree and location of apoptotic cells, whereas functional 
assessments involve motor function and memory. Understanding reported study 
designs and results is critical in applying translation to clinical practice. The pur-
pose of this chapter is to review the available literature on this matter.

Volatile anesthetics have been popular since the development of ether anesthesia 
in 1848. Isoflurane, sevoflurane, and desflurane are ether-based volatile anesthetics 
popular in clinical practice. Nitrous oxide is a non-ether-based volatile anesthetic 
that has long been in use. The 2003 study by Jevtovic-Todorovic and colleagues 
tested midazolam (3–9 mg/kg), 0.75–1.5% isoflurane for 6 h, and 50–150% nitrous 
oxide for 6 h (hyperbaric conditions were used for 150% nitrous oxide), alone or in 
combination, in P7 rat pups [3]. Isoflurane alone induced significant apoptotic neu-
rodegeneration in a dose-dependent manner, whereas rats treated with midazolam 
or nitrous oxide alone showed no significant changes compared to control rats. The 
combination of midazolam or nitrous oxide, or both, with isoflurane substantially 
increased apoptosis, particularly in the hippocampus and neocortex, compared to 
isoflurane alone. Combination of the three caused persistent memory and learning 
impairments at P131, raising concern regarding the use of anesthetics in young 
children. The same group studied the mechanism(s) underlying this pathologic neu-
roapoptosis and reported that these anesthetics induced apoptosis via both the 
intrinsic and extrinsic pathways, showing increased activation of caspase 9 and cas-
pase 8, respectively (Fig. 3.2) [8]. However, the apoptotic inducers in each pathway 
were not explored.

Head and colleagues reported that apoptosis occurs via inhibition of tissue plas-
minogen activator (tPA) release from presynaptic vesicles [9]. Pro-BDNF is cleaved 
by plasmin, cleaved product of plasminogen by tPA, to mature BDNF(m-BDNF), 
which binds to tropomyosin receptor kinase B (TrkB) receptors to enhance neuronal 
survival and stabilize synapses. If uncleaved due to inhibition of tPA, pro-BDNF 
binds to neurotrophic receptor p75NTR, and induces neuronal apoptosis and hinders 
synaptogenesis. Head et al. suggested that the reduction of neuronal activity by iso-
flurane attenuates the release of tPA, and therefore plasmin, resulting in the domi-
nance of pro-BDNF population over m-BDNF [9]. The relation between increased 

K. Yuki et al.



37

pro-BDNF and caspase activation was not described in their study, but it likely 
involves the intrinsic pathway.

Wu and colleagues reported that isoflurane directly induces proinflammatory 
cytokine production (TNF-α, interleukin [IL]-1β, and IL-6) in neurons [10], and this 
may be in part responsible for apoptosis via the extrinsic pathway. The above stud-
ies strongly support the concept of volatile anesthesia-induced neuroapoptosis and 
subsequent functional impairment.

Loepke and colleagues exposed P7 rats to 1.5% isoflurane for 6 h [11]. They also 
found histologic evidence of apoptosis in the brain immediately after isoflurane 
exposure. Interestingly, they did not observe a significant reduction in adult neuro-
nal density or functional deficits in spontaneous locomotion, spatial learning, or 
memory, implying that neuroapoptosis may be transient after exposure. Stratmann 
and colleagues examined the effect of isoflurane (1 minimum alveolar concentration 
[MAC]) for 1, 2, or 4 h in P7 rats [12]. Because isoflurane inhalation causes hyper-
carbia, they also included a group exposed to CO2 for 4 h. They found significant 
neuronal apoptosis in the groups exposed to isoflurane for 2 or 4 h and in the group 
exposed to CO2 for 4 h, soon after exposure. Both isoflurane and CO2 induced sig-
nificant apoptosis in the thalamus, suggesting that some of the apoptosis occurring 
after isoflurane exposure might be due to hypercarbia. Functional tests performed 8 
weeks after exposure revealed that only the 4-h isoflurane group developed impaired 
spatial reference memory and spatial working memory, whereas the CO2 group 
showed improvements in those parameters. On the basis of this finding, the authors 
concluded that isoflurane-induced cell death soon after exposure may not guarantee 
subsequent neurocognitive dysfunction, raising the question of whether anesthesia-
related apoptosis in the developing brain is the actual culprit responsible for cogni-
tive deficits observed after anesthesia. Whatever the underlying mechanism, this 
study reinforced the idea that exposure of the developing brain to isoflurane for at 
least 4 h impairs neurologic function in rodents. The same group reported decreased 
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proliferation of progenitor cells in the hippocampal dentate gyrus in P7 rat brain 
exposed to isoflurane, which lasted for at least 5 days, suggesting that this might be 
an important mechanism [13]. These rats showed deficits in fear conditioning and 
spatial reference memory tasks. In contrast, P60 rats showed increased neuronal 
differentiation associated with improved spatial reference memory. Future studies 
are needed to determine the cause of this enhanced neuronal differentiation in the 
P60 rat brain. At this point, it is fair to say that extended exposure of the developing 
rodent brain to isoflurane is associated with increased neuronal apoptosis and func-
tional impairment, but the absolute relation between functional impairment and 
apoptosis requires further clarification.

Effects of the volatile anesthetics desflurane and sevoflurane have also been 
assessed. Istaphanous and colleagues reported increased apoptosis in P7/P8 rat 
brain immediately after exposure to 7.3% desflurane, 1.6% isoflurane, or 3.2% 
sevoflurane (equipotent doses of anesthetics based on tail clamping) for 6 h, sug-
gesting that all of the commonly used volatile anesthetics can induce neurotoxicity 
[14]. However, they did not report functional consequences. Overall, all of the cur-
rently used ether-based volatile anesthetics induce significant neuroapoptosis dur-
ing the period of synaptogenesis in the rodent brain. However, the presence of 
apoptosis in the brain soon after anesthetic exposure does not necessarily guarantee 
functional impairment, and further studies are needed to determine if sevoflurane or 
desflurane causes functional impairment.

Most studies have focused on the location and degree of apoptosis in the devel-
oping brain; however, it is also critical to understand the effect of anesthetics on 
synapse formation. The study by Head et  al. showed that isoflurane exposure 
decreases dendritic filopodial spines in P7 rat brain [9]. This may lead to impaired 
synaptogenesis and may serve as an additional mechanism of anesthesia-induced 
neurotoxicity. Similarly, Briner and colleagues studied P16 rats, which are in the 
developmental stage characterized by intense synaptogenesis in the cerebral cortex 
[15]. Rats were exposed to 1.5% isoflurane, 2.5% sevoflurane, or 7% desflurane for 
30, 60, or 120 min. In contrast to the study by Head et al. [9], all of the volatile 
anesthetics tested increased dendrite density. In this age group, volatile anesthetics 
induced no significant neuroapoptosis. The authors suspect that the differing results 
between P7 and P16 rats may have something to do with the change in GABAA 
receptor activity. Whereas GABAA receptors in P0–P10 rats are excitatory, they 
change to inhibitory receptors in P16 rats. This is linked primarily to a change in 
developmental expression of the K+-Cl− cotransporter KCC2, actively removing 
intracellular Cl− from neurons [16]. Exposure of P7 rats to volatile anesthetics might 
overly activate cells via excitatory GABAA receptors and lead to a decrease in den-
drite spines as well as to neuroapoptosis.

Although several investigators have reported alarming results of anesthesia-
induced neurotoxicity in the developing brain, questions remain as to whether the 
study designs are in fact relevant to clinical practice. Anesthetics are administered 
to patients to alleviate pain perception; however, the vast majority of studies have 
tested the effects of volatile anesthetics in the absence of painful stimuli. Shu and 
colleagues attempted to address this issue by testing the effects of volatile anesthetics 
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in the presence or absence of painful stimuli [17]. They administered 70% nitrous 
oxide and 0.75% isoflurane to P7 rats for 6 h with or without 5% formalin injection 
or surgical incision to the paw. Anesthetics enhanced the degree of apoptosis. 
Despite the fact that anesthetics have anti-inflammatory properties, an increased 
level of IL-1β was found in the brain, and this was suggested as the underlying 
mechanism for increased apoptosis. Although it is unclear whether the increased 
IL-1β was a direct result of exposure to isoflurane or nitrous oxide alone or a com-
bination of both, this is the first study to test the effects of anesthetics in the setting 
of painful stimulation. Studies assessing the effects of painful stimuli should be 
carried out for other volatile anesthetics.

Several groups have also studied intravenous anesthetics in neonatal rats. Hayashi 
and colleagues assessed the effects of ketamine, used as an adjunctive for premedi-
cation and for anesthesia induction and maintenance as well as postoperative pain, 
in P7 rats [18]. They administered either a single-dose injection (25, 50, or 75 mg/
kg) or a repeated injection of 25 mg/kg for seven doses and analyzed histologic sec-
tions for neuroapoptosis [18]. They found that only the latter group (25 mg/kg ket-
amine for seven doses) showed significant apoptosis. The same group also injected 
five doses of 5, 10, or 20 mg/kg ketamine over a period of 6 h and found that repeated 
injection of 20 mg/kg ketamine was associated with neuronal apoptosis immedi-
ately after the last injection [19]. They also showed that aberrant cell cycle reentry 
was responsible for neuroapoptosis [19]. Fredriksson and colleagues studied P10 
mice exposed to a single injection of ketamine (25  mg/kg) [20]. There was no 
increase in neuronal apoptosis and no impairment in neurocognitive function, con-
sistent with prior studies. All of these studies were performed in the absence of 
painful stimuli. In this setting, repeated high-dose ketamine induced 
neuroapoptosis.

Anand and colleagues examined the effects of painful stimuli alone or combined 
with ketamine [21]. They induced painful stimulation with a single injection of 4% 
formalin in P1, P7, and P14 rats or by a daily injection of formalin from P1 to P4 
with or without 5 mg/kg ketamine. This ketamine dose is commonly used in clinical 
practice. A single injection of formalin in P1 and P7 rats, as well as repeated injec-
tion, induced neuroapoptosis, which was attenuated by low-dose ketamine.

Liu and colleagues examined the effects of pain stimulation induced by a single 
injection of complete Freund’s adjuvant (CFA), repeated high-dose ketamine injec-
tion (five 20 mg/kg doses over a period of 6 h), or both on brain apoptosis in P7 rats 
[22]. Ketamine induced significant apoptosis, which was attenuated by concurrent 
pain stimulation, even though CFA-induced painful simulation itself resulted in a 
small enhancement of neuronal apoptosis [22]. These results are in contrast to those 
with painful stimulation and isoflurane. Whether this represents differential effects 
of these drugs in the setting of painful stimulation needs to be clarified.

The effect of ketamine on synapse formation has also been studied. De Roo and 
colleagues reported that ketamine increases spine density in P16 rats [23], but there 
are as yet no reported studies of spine density in younger rats. Histologic analysis of 
apoptosis appears to be the mainstay in ketamine studies, and functional assess-
ments have been scarce. Given that neuroapoptosis has been observed only in 
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response to high-dose, repeated ketamine injection, the clinical relevance of 
ketamine-induced neurotoxicity remains to be determined.

Propofol is a commonly used intravenous drug in surgery, procedures, and seda-
tion in the intensive care unit (ICU). In 1999, the FDA approved the use of propofol 
in infants as young as 3 months of age. Cattano and colleagues injected a single 
dose of propofol (25, 50, 100, 200, or 300 mg/kg) in P5–P7 mice and examined 
histologic sections at 6  h after injection [24]. Propofol at 50  mg/kg or greater 
induced neuroapoptosis. However, they did not evaluate functional outcomes. Karen 
and colleagues examined P6 rat brains after propofol injection (three 30  mg/kg 
doses) [25]. Histology was performed at 6, 12, and 24 h after the first injection. 
Propofol injection was associated with transiently increased apoptosis, peaking at 
12 h, and a downregulation of neurotrophin mRNA. Propofol-treated rats showed a 
significant increase rather than a decrease in locomotion and travel distance at P30, 
and there were no changes in behavior at P120. In addition, there were no changes 
in memory. Fredriksson et al. tested the effects of 10 and 60 mg/kg propofol in P10 
mice and observed no significant differences in behavior at P55 [20]. De Roo et al. 
tested the effect of propofol on synaptogenesis in P16 mice and found that propofol 
increased spine density via an increased rate of protrusion formation and enhanced 
stabilization of newly formed spines, as seen with volatile anesthetics and ketamine 
[23]. However, its effect on spine density on younger rats has not been reported. 
Propofol might induce neuroapoptosis at clinically relevant dosages, but functional 
data on propofol-induced neurotoxicity are rather scarce at present.

Whereas ketamine and propofol act on NMDA receptors and GABAA receptors, 
respectively, both of which are critical for neurogenesis, dexmedetomidine is phar-
macologically different, acting as an α2-adrenergic receptor agonist. This drug is 
rarely used as a sole anesthetic in surgical anesthesia, but it can be used as sedation 
in the ICU. Sanders and colleagues examined the effect of dexmedetomidine in con-
junction with isoflurane anesthesia [26]. P7 rats were exposed to 0.75% isoflurane 
for 6  h with or without dexmedetomidine (three doses of 1, 10, or 25  μg/kg). 
Dexmedetomidine dose-dependently attenuated isoflurane-induced apoptosis in the 
hippocampus, thalamus, and cortex. Isoflurane induced memory impairment at P40, 
which was also attenuated by the administration of dexmedetomidine. At these doses, 
dexmedetomidine itself did not induce pathologic neuroapoptosis. Li and colleagues 
investigated the mechanism whereby dexmedetomidine attenuates volatile anes-
thetic-induced neuroapoptosis [27]. They pretreated P7 rats with various concentra-
tions of dexmedetomidine and exposed them to 0.75% isoflurane or 1.2% sevoflurane 
for 6 h. Isoflurane, but not sevoflurane, induced neuronal apoptosis, and dexmedeto-
midine pretreatment dose-dependently inhibited isoflurane-induced neuroapoptosis 
by preserving the activity of the phosphoinositide 3-kinase (PI3K)/Akt pathway. The 
PI3K/Akt pathway is critical for the cell cycle. On the basis of these studies, dexme-
detomidine was suggested to attenuate neurotoxicity by reducing the requirement for 
other anesthetics, as well as by its direct effect in attenuating neuroapoptosis [4]. 
However, high-dose dexmedetomidine alone (four doses of 50 μg/kg i.p.) can induce 
apoptosis in P7 rats (personal communication with Dr. Sulpicio G. Soriano, Boston 
Children’s Hospital), and the benefit of dexmedetomidine needs to be clarified.
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Aside from ketamine, propofol, and dexmedetomidine, other intravenous anes-
thetics have not been studied much. Thiopental, once a popular induction drug and 
used as maintenance in some instances, is no longer produced, and etomidate is 
unlikely to be used as maintenance, owing to its effect of adrenal suppression.

3.3.2  �Primate Studies

The studies in rodents raised significant concern regarding the administration of 
anesthetics to the developing brain. Although rodent studies are easier to perform 
and potentially provide in-depth information on gene modulation methods, studies 
in larger animals closer to humans are necessary.

Several groups have examined the effects of anesthetics in nonhuman primates. 
Dobbing and Sands suggested that the brains of rhesus monkeys at P6 are develop-
mentally similar to the brains of human infants at 4–6 months of age [28]. 
Accordingly, monkeys at P5–P6 have been used in the majority of studies.

Isoflurane is the only volatile anesthetic tested thus far in nonhuman primates. 
Brambrink and colleagues exposed P6 rhesus macaques to 0.7–1.5% isoflurane to 
obtain surgical levels of anesthesia for 5 h [29]. They inspected white matter at 3 h 
after the end of exposure and found that the isoflurane-treated group showed signifi-
cant apoptosis of neuronal cells. This group later examined gray matter in the same 
study design and found that oligodendrocytes in the gray matter were apoptotic as 
well [30]. Oligodendrocytes are critical for myelinogenesis, and this finding sug-
gests that cells other than neurons may be involved in isoflurane-induced neurotox-
icity. Zou and colleagues exposed P5–P6 rhesus monkeys to 70% nitrous oxide, 1% 
isoflurane, or both for 8 h [31]. The combination of nitrous oxide and isoflurane 
induced significant neuronal apoptosis, but either alone did not induce significant 
apoptosis. Whether 1% isoflurane was below the threshold for inducing apoptosis 
needs to be clarified. Both 1 and 1.5% isoflurane are in the clinically relevant range, 
and determining if there is a safe isoflurane dosage threshold is important. It is 
worth mentioning that no functional outcomes have been reported in any studies of 
isoflurane in nonhuman primates, and this needs to be addressed.

Ketamine and propofol have been tested as intravenous anesthetics in nonhuman 
primates. Creeley and colleagues tested the effect of 5 h of propofol exposure in P6 
rhesus macaques [32]. Histology revealed increased apoptosis in response to propo-
fol administration. Unfortunately, no dosage regimen or functional outcomes were 
reported in that study. Slikker and colleagues administered a 20 mg/kg bolus fol-
lowed by a 20–50 mg/kg/h infusion of ketamine for a period of 24 h in P5 or P35 
rhesus monkeys [33]. The measured plasma ketamine level was 10–25  μg/mL, 
much higher than plasma concentrations in human patients (2–3 μg/mL). Histology 
revealed increased apoptosis in the P5 monkey brain but not in the P35 brain. The 
authors also compared the effects of 3 h versus 24 h of ketamine infusion in P5 
monkeys [34]. They found that ketamine infused for 3 h caused no changes in neu-
roapoptosis. They also examined functional consequences in P5 rhesus monkeys 
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who received a 20 mg/kg intramuscular ketamine injection followed by a 20–50 mg/
kg/h infusion for a period of 24 h [34]. At ages 7 months to 3.5 years, they assessed 
learning, short-term memory, motivation, and color positioning. The ketamine-
treated group showed poorer performances. The total dose of ketamine in this study 
was 500–1220 mg/kg by simple calculation, well above doses used in clinical prac-
tice; it is important to consider this in reference to clinical practice.

Do all anesthetics increase neuroapoptosis in similar brain regions? Brambrink 
and colleagues noted that isoflurane induces apoptosis with a much broader distri-
bution than does ketamine [35]. This may have to do with differences in direct 
effects of these drugs, but other factors may be involved. For example, Martin and 
colleagues examined physiologic parameters in P5–P7 rhesus macaques during iso-
flurane, ketamine, or propofol anesthesia [36]. Doses of 1.5–3.0% isoflurane (mean, 
2.3%), a 20 mg/kg bolus followed by a 20–55 mg/kg/h infusion of ketamine (mean, 
38.8 mg/kg/h), or a 2 mg/kg bolus followed by a 24–37 mg/kg/h infusion of propo-
fol (mean, 32.5 mg/kg/h) were administered for a period of 5 h. Isoflurane anesthe-
sia was associated with lower mean blood pressure compared to the other anesthetics. 
The isoflurane group received frequent boluses of crystalloid fluid to maintain mean 
blood pressure above 40 mm Hg. Although this isoflurane regimen differed from 
that in the aforementioned isoflurane-induced apoptosis study [29, 35], whether dif-
ferences in hemodynamic parameters explain the distribution of neuroapoptosis 
may be an important issue to study in the future; this may imply the importance of 
maintaining perfusion pressure rather than drug type.

3.3.3  �Human Studies

There are ample data from animal studies suggesting that anesthetics pose a risk of 
toxicity to the developing brain. The time frame appears to correspond to the period 
of peak synaptogenesis. In humans, the brain growth spurt occurs during the first 
3–4 years of life. More specifically, it occurs near the time of birth in the primary 
sensorimotor cortex, at 9 months of age in the temporal cortex, and at 3 years of age 
in the prefrontal cortex [37]. Various investigators have retrospectively examined 
the possible association of anesthesia with learning and behavioral abnormalities. 
Thus far, there are no studies using any kind of imaging modality.

Wilder and colleagues performed a population-based cohort study in children 
born between 1976 and 1982 in Rochester, Minnesota [38]. Of the 5357 subjects, 
593 received general anesthesia before the age of 4 years. The development of read-
ing and mathematics learning disabilities was assessed. A single exposure to anes-
thesia was not associated with an increased risk of learning disabilities (hazard 
ratio [HR], 1.0). However, the HR was 1.59 for two exposures and 2.60 for three or 
more exposures. Flick and colleagues used the same database and examined 350 
children exposed to anesthesia before the age of 2 years [39]. The analysis was 
adjusted for comorbidities. Multiple exposures to anesthetics significantly increased 
the risk of mathematics, reading, or writing learning disabilities (HR, 2.16), but a 
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single exposure did not (HR, 1.10). An association of anesthetic exposure before 
the age of 2 years with the receipt of an individualized education program for 
speech-language impairment was observed in children with multiple exposures but 
not for a single exposure. This group also examined the association of anesthetic 
exposure before the age of 2 years with the development of attention-deficit/hyper-
activity disorder (ADHD) in the same population [40]. They found that multiple 
exposures were associated with a risk of ADHD (HR, 1.95), but a single exposure 
was not (HR, 1.18). Halothane and nitrous oxide were the main drugs administered 
as anesthetics to that population. Halothane is no longer a mainstay anesthetic drug 
because it is associated with bradycardia and other arrhythmias. In addition, moni-
toring, such as pulse oximetry, was not available in late 1970s and early 1980s, and 
whether undetected desaturation during anesthesia was associated with these 
results is unclear.

Hansen and colleagues performed a retrospective study of Danish birth cohorts 
born during the period 1986–1990 [41]. They compared academic performance at 
ninth grade for all children who underwent inguinal hernia repair before the age of 
1 year (2689 children) to a randomly selected, age-matched, 5% population sample 
(14,575 children). No single, relatively brief anesthetic exposure in connection with 
hernia repair in infancy reduced academic performance (HR, 1.18).

Bartels and colleagues examined twins born between 1986 and 1995 using the 
Netherlands Twin Registry [42]. They examined twins who underwent anesthesia 
before the age of 3 years, and educational achievement and cognitive problems 
were assessed via standardized tests and teacher rating near the age of 12 years. 
Twins who were exposed to anesthesia before age 3 had significantly lower educa-
tional achievement scores and significantly more cognitive problems than twins 
who were not, but the unexposed co-twins from discordant pairs did not differ 
from twins not exposed to anesthesia. The authors concluded, “there is no evidence 
for a causal relationship between anesthesia administration and later learning-
related outcomes. Rather there is evidence for early anesthesia being a marker of 
an individual’s vulnerability for later learning problems, regardless of their expo-
sure to anesthesia.” These studies did not support the idea that anesthetics induce 
learning disabilities.

Ing and colleagues used the database from the Western Australian Pregnancy 
Cohort (Raine) Study, which included 2868 children born during the period 
1989–1992 [43]. Excluding 260 children lost to follow-up, 321 children were 
exposed to anesthesia before the age of 3 years, and 2287 were unexposed. The 
authors evaluated the association between exposure to anesthesia before age 3 and 
outcomes in language, cognitive function, motor skills, and behavior at age 10. 
Exposure to anesthesia was associated with an increased risk of disability in lis-
tening comprehension (HR, 1.87), speaking ability (HR, 1.72), and cognition 
(HR, 1.69). Increased risks were also noted in language and cognition, even after 
a single exposure to anesthetics (HR, 2.41 and 1.73, respectively). However, there 
were no differences in visual tracking and attention, fine and gross motor func-
tions, or behavior. Unfortunately, information regarding the anesthetics used was 
not available.
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DiMaggio and colleagues performed a retrospective cohort analysis of children 
born during the period 1991–2002 and enrolled in the New York State Medicaid 
Program [44]. A total of 383 children who underwent inguinal hernia repair dur-
ing the first 3 years of life were matched with control subjects. They found that 
children who underwent hernia repair before age 3 were more than twice as likely 
as children in the control group to receive subsequent diagnosis of a developmen-
tal or behavioral disorder (HR, 2.3). That group used the same database to perform 
a retrospective study of a sibling birth cohort born during the period 1999–2005 
[45]. A total of 304 children without a history of developmental or behavioral 
disorders who underwent surgery before the age of 3 years were compared to 
children who did not. The HR for any developmental or behavioral disorder asso-
ciated with any exposure to anesthesia before age 3 was 1.1 for one operation, 2.9 
for two operations, and 4.0 for more than three operations. Studies of this database 
suggest that anesthetic exposure may be associated with learning or developmen-
tal problems.

The studies described thus far were performed in the United States, Europe, and 
Australia. Ko and colleagues examined children born during the period 2001–2005 
using the national health insurance research database of Taiwan and compared 3293 
children with anesthesia exposure before the age of 3 years to children without to 
examine the association of early-life anesthesia exposure with the risk of ADHD 
[46]. The adjusted HR of developing ADHD for single and multiple anesthesia 
exposures was 1.11 and 0.96, respectively.

Although some studies suggest an association of anesthesia exposure with risk of 
learning and developmental disabilities, others do not support. Even if there is an 
association, repeated, early anesthetic exposure may be simply a marker of vulner-
ability for later learning disorder, particularly considering the result of the study by 
Barterls et al. [42]. At this point, there is no clear evidence to state unequivocally 
that early exposure to anesthetics worsens neurocognitive function. Therefore, until 
there is a clear answer, it is important to provide adequate anesthesia for patients 
with the use of available drugs.

3.3.4  �Ongoing Clinical Studies

Prospective studies are currently being performed to determine if anesthetics 
affect brain development. Table 3.2 lists ongoing clinical studies. The aim of the 
Pediatric Anesthesia and NeuroDevelopment Assessment (PANDA) study is to 
perform prospective neuropsychologic assessment in anesthetic-exposed and non-
exposed siblings [47]. Enrolled subjects have an ASA physical status score of 1 or 
2. The exposed siblings receive anesthesia for inguinal hernia repair before the 
age of 3 years, and the unexposed siblings have no anesthesia before age 3. The 
neurodevelopmental outcome measures include global intelligence quotient (IQ) 
and targeted areas of neurocognitive function, such as attention, memory, behav-
ior, and motor function, tested at the ages of 8 and 15 years. The General 
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Anesthesia and Spinal (GAS) study is a randomized trial to compare the effects of 
general and spinal anesthesia on neurodevelopmental outcomes and apnea in 
infants younger than 6 months of age undergoing inguinal hernia repair [48]. 
Patients were randomly assigned to receive general anesthesia or spinal anesthe-
sia for inguinal hernia repair, and enrollment was completed in 2013. The children 
undergo developmental testing at age 2 and neurodevelopmental and intelligence 
testing at age 5. The Mayo Anesthesia Safety in Kids (MASK) study is a popula-
tion-based, propensity score-matched study to evaluate potential anesthetic effects 
in children born in Rochester, Minnesota, during the period 1994–2007 [49]. 
Existing medical records are used to identify children who were exposed to gen-
eral anesthesia before age 3. Children with multiple, single, and no anesthesia 
exposure are sampled for neuropsychologic testing between the ages of 8 and 12 
years or 15 and 19 years. Data from these studies will likely become available 
within the next 5 years.

3.4  �Conclusion

Further data are necessary to make any kind of conclusive statement regarding the 
risks of anesthetic exposure in young children. Inadequate anesthesia itself is clearly 
a problem [51], and adequate anesthesia and analgesia during surgery and proce-
dures are essential in daily clinical practice. How best to provide adequate anesthe-
sia needs to be revisited continuously, but at this moment, there is no conclusive 
evidence to state that anesthetics themselves worsen the developing brain in humans, 
and we should use good judgment regarding the adequate and safe administration of 
anesthetics, as we do regularly. However, it is also important to identify clear indica-
tions for surgery or procedures requiring anesthesia in young children and to avoid 
unnecessary anesthetics in this potentially vulnerable population.

Table 3.2  Ongoing clinical studies investigating the effects of anesthesia on the developing 
human brain

Study Objective/comparison Evaluation Progress status

PANDA 
study [47]

Received GA before age 3 
years for inguinal hernia 
repair/unexposed siblings

IQ, attention, memory, 
behavior, and motor function 
at ages 8 and 15 years

Pilot study 
completed [50]; 
under enrollment

GAS 
study [48]

Received GA before age 6 
months for inguinal hernia 
repair/received spinal 
anesthesia

Developmental test at age 2 
years; neurodevelopmental 
and intelligence tests at age 5 
years

Expected 
completion 
2015–2016

MASK 
study [49]

Received GA before age 3 
years (1994–2007)/
propensity score-matched 
study

Neuropsychologic test 
between ages 8 and 19 or 15 
and 19 years

Evaluations 
conducted 
2012–2016

GA general anesthesia, GAS General Anesthesia and Spinal, IQ intelligence quotient, MASK Mayo 
Anesthesia Safety in Kids, PANDA Pediatric Anesthesia and NeuroDevelopment Assessment
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Chapter 4
Present Clinical Status of Postoperative 
Delirium (POD)

Moritoki Egi

Abstract  Postoperative delirium (POD), which is considered to be a form of acute 
brain failure resulting from anesthesia and/or surgical operation, is one of the most 
common complications in postoperative patients. The clinical status of POD has 
been characterized as showing “fluctuating symptoms” and “deficit of attention.” 
POD can be involved in “disorganization of behavior,” “arousal changes,” and “dis-
turbance of the sleep-wake cycle.” There are three types of POD: hyperactive delir-
ium; hypoactive delirium, which has typically been unrecognized; and a mixed 
form, which presents with a range of both hyperactive and hypoactive symptoms.

Keywords  Hypoactive • Hyperactive • Delirium • Inattention • Arousal changes

4.1  �The Presence of Delirium in Postoperative Patients

Postoperative delirium (POD) is one of the most common complications in postop-
erative patients. Its prevalence has been reported to vary from 5% [1] to 50% [2], 
according to the study case-mix and type of operation. Delirium is more likely to 
occur in elderly patients [2]. As the number of operations in elderly patients is likely 
to increase, and as radical operations, which have a higher risk of delirium, are now 
being indicated for elderly patients, the issue of delirium is becoming more prob-
lematic in perioperative medicine. In this regard, it is relevant for clinicians to be 
alert to the presence of delirium so that they can provide optimally for its prevention 
and treatment.

Delirium is characterized by the acute onset of changed mental status, with inat-
tention, disorganized thinking, or an altered level of consciousness; the symptoms 
show a fluctuating course [3], and the condition is common in critically ill patients 
[4]. POD is defined as delirium that occurs postoperatively. POD is considered to be 
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a form of acute brain failure (a postoperative organ failure), resulting from either 
anesthesia, an operation, or both. Although surgical operations, anesthetics, and 
analgesics can contribute to POD, the condition is not associated only with 
emergence from anesthesia; it often occurs between postoperative days 1 and 3. 
Although patients with POD commonly recover within a short period [5], patients 
with POD, compared with patients without this condition, are more likely to die or 
to develop dementia, and require institutionalization [6].

The first relevant step to prevent and treat POD is to recognize its presence. 
Therefore, clinicians should be aware of the clinical status of POD.

4.2  �The Difference Between Dementia and Delirium

Dementia and delirium may seem to be difficult to distinguish. Indeed, some patients 
have both dementia and delirium. It is also true that the presence of dementia is a 
risk factor for delirium. However, to understand what delirium is, comparisons 
between delirium and dementia are useful. Table 4.1 shows comparisons of the fea-
tures of dementia and delirium. Patients with dementia may have a progressive 
decline of memory and other cognitive skills, whereas the onset of delirium occurs 
acutely (within a short time). Dementia usually occurs chronically, and gradually 
worsens over time. Patients with dementia show impaired memory in the early 
stage. Patients with delirium have impaired ability to stay focused or maintain atten-
tion. The symptoms of delirium may fluctuate within a day, whereas symptoms of 
dementia are usually constant over a day.

4.3  �Risk of and Precipitating Factors for POD

There are a number of risk factors for POD, with five major factors: age more than 
65 years, dementia, poor vision, poor hearing, and infection. It is also known that 
physiological stressors that are determined mainly by the extent of the operation are 
risk factors for POD as well [7]. Table 4.2 shows a list of risk factors reported in the 
best practice statement from the American Geriatrics Society. The greater the num-
ber of risk factors, the higher is the risk of POD. It is also reported that POD is more 
likely to occur after emergency surgery rather than after elective surgery.

Table 4.1  Comparison of dementia and delirium

Dementia Delirium

Onset Chronic Acute
Impairment Memory Attention
Fluctuation of 
symptoms

Symptoms constant over a daily 
period

Symptoms fluctuate frequently 
within 1 day

Prognosis Chronically worsens Possible recovery

M. Egi
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POD is commonly the consequence of physiological stressors such as the sur-
gery, and predisposing factors [2]. Postoperative precipitating factors for POD may 
include environmental factors, infection, metabolic derangement, and substance 
withdrawal [2, 7, 8] (Table 4.3).

4.4  �Pathophysiology of POD

Although a number of risk factors for POD have been reported, the pathophysiology 
of the condition is poorly understood. Several hypotheses have been put forward to 
explain this condition. The anesthesia and the operation may affect neurotransmitter 
levels and cause mental dysfunction. Acetylcholine is a crucial neurotransmitter that 
may play a relevant role in awareness and arousal. It is well known that older 
patients are deficient in acetylcholine; therefore, they would be relatively more sen-
sitive to anticholinergic drugs. Table 4.4 provides a list of possible neurotransmit-
ters that may contribute to the occurrence of POD [9]; their features include 
cholinergic inhibition, serotonin deficiency, dopamine activation [10], gamma-ami-
nobutyric acid (GABA) activity [11], and melatonin activity [12]; the involvement 
of these features in POD is not fully understood [9].

Table 4.2  Known risk 
factors for postoperative 
dementia (POD)

Age greater than 65 years
Cognitive impairment
Severe illness or comorbidity burden
Hearing or vision impairment
Current hip fracture
Presence of infection
Inadequately controlled pain
Depression
Alcohol use
Sleep deprivation or disturbance
Renal insufficiency
Anemia
Hypoxia or hypercarbia
Poor nutrition
Dehydration
Electrolyte abnormalities (hyper- or hyponatremia)
Poor functional status
Immobilization or limited mobility
Polypharmacy and use of psychotropic medications
(benzodiazepines, anticholinergics, antihistamines, 
antipsychotics)
Risk of urinary retention or constipation
Presence of urinary catheter
Aortic procedures

Reference [7]

4  Present Clinical Status of Postoperative Delirium (POD)
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4.5  �Clinical Characteristics of POD

POD is considered to be a form of acute brain failure resulting from anesthesia and/
or operation. The clinical status of POD has been characterized as showing “fluctu-
ating symptoms” and “deficit of attention.” POD can be involved in “disorganiza-
tion of behavior,” “arousal changes,” and “disturbance of the sleep-wake cycle.” 
Table 4.5 lists the general symptoms of POD reported in the best practice statement 
from the American Geriatrics Society [7].

Table 4.3  Precipitating factors for POD Environmental factors
    Inadequately controlled pain
    Sleep disturbance
    Use of physical restraints
Infection
Delirium-inducing medications
    Drugs with anticholinergic properties
    Corticosteroids
    Meperidine
    Sedative hypnotics
Metabolic derangement
    Hypoxia
    Acidosis
    Electrolyte derangement
    Hypoglycemia
    Dehydration
    Acute blood loss anemia
    Hypotension/shock
Substance withdrawal
    Alcohol
    Benzodiazepines
    Illicit drugs

Reference [7]

Table 4.4  Neurotransmitters that may contribute to POD Acetylcholine
GABA
Glutamate
Dopamine
Serotonin
Cortisol

Reference [9]
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4.5.1  �Characteristics of Delirium Described in the Diagnostic 
and Statistical Manual Fifth Edition (DSM-5)

The DSM-5 gives us a description of the characteristics of delirium, with criteria for 
delirium, characterized as: (A) a disturbance in attention and awareness, (B) a dis-
turbance that develops over a short period of time and tends to fluctuate in severity, 
with (C) an additional disturbance in cognition, which may not be explained by a 
pre-existing, established, or evolving neurocognitive disorder (Table 4.6).

4.5.2  �Three Types of Postoperative Delirium

The characteristics of delirium are acute changes in mental status such as: (1) inat-
tention, (2) disorganized thinking, and (3) an altered level of consciousness [7]. It is 
well known that there are three types of POD (Table 4.7). The first is hyperactive 
delirium; the second, which was typically unrecognized as delirium, is hypoactive 
delirium; and the third is mixed delirium, which presents with a range of both 
hyperactive and hypoactive symptoms.

Table 4.5  General symptoms associated with POD

•	� Changes in level of arousal: drowsiness, or decreased arousal, or increased arousal with 
hypervigilance

•	� Delayed awakening from anesthesia
•	� Abrupt change in cognitive function, including problems with attention, difficulty 

concentrating, new memory problems, new disorientation
•	� Difficulty tracking conversations and following instructions
•	� Thinking and speech that is disorganized, difficult to follow, slow, or rapid
•	� Rapidly changing emotions, easy irritability, tearfulness, uncharacteristic refusals to 

engage with postoperative care
•	� Expression of new paranoid thoughts or delusions
•	� New perceptual disturbances
•	� Motor changes, such as slowed or decreased movements, purposeless fidgeting or 

restlessness; new difficulties in maintaining posture, such as sitting or standing
•	� Sleep/wake cycle changes such as sleeping during the day and/or being awake and active at 

night
•	� Decreased appetite
•	� New incontinence of urine or stool
•	� Fluctuating symptoms and/or level of arousal over the course of minutes to hours

Reference [7]

4  Present Clinical Status of Postoperative Delirium (POD)
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4.5.3  �Hyperactive Delirium

Hyperactive delirium, which is a “recognized delirium,” presents as an agitated 
state. In the Richmond Agitation-Sedation Scale [13] (Table 4.8), an agitated state, 
i.e., frequent non-purposeful movement, is scaled as (+2); patient pulls on or 
removes tube(s) or catheter(s) or has aggressive behavior toward staff is scaled as 
(3+); and patient overtly combative or violent—immediate danger to staff—is 
scaled as (4+) [13]. Most medical staff are aware of hyperactive delirium and 
attempt to treat it. In this regard, some may believe that hyperactive delirium is 
equivalent to delirium or that it represents the major form of delirium.. However, 
hyperactive delirium is not the major form of delirium; the major form of delirium 
is the hypoactive form, which is described in the next section.

4.5.4  �Hypoactive Delirium

Hypoactive delirium has typically been unrecognized. More than half of the patients 
with POD are reported to have the hypoactive form, evidenced by decreasing activ-
ity and being withdrawn. Patients with hypoactive delirium are generally calm, and 
lose interest in the outside world. To identify and diagnose hypoactive delirium, the 

Table 4.6  DSM-5a criteria for delirium

A. A disturbance in attention (i.e., reduced ability to direct, focus, sustain, and shift attention) 
and awareness (reduced orientation to the environment).
B. The disturbance develops over a short period of time (usually hours to a few days), represents 
a change from baseline attention and awareness, and tends to fluctuate in severity during the 
course of a day.
C. An additional disturbance in cognition (e.g., memory deficit; disorientation; disturbance in 
language, visuospatial ability, or perception).
D. The disturbances in criteria A and C are not better explained by a pre-existing, established, or 
evolving neurocognitive disorder and do not occur in the context of a severely reduced level of 
arousal, such as coma.
E. There is evidence from the history, physical examination, or laboratory findings that the 
disturbance is a direct physiological consequence of another medical condition, substance 
intoxication or withdrawal, or exposure to a toxin, or is due to multiple etiologies.

aAmerican Psychiatric Association: Diagnostic and Statistical Manual of Mental Disorders. 5th 
edition

Table 4.7  The three types of POD

Hyperactive “Recognized delirium”; heightened arousal, restless, agitated, and aggressive.
Hypoactive “Rarely recognized delirium”; inactivity, decreased motor activity, and 

drowsiness.
Mixed Presents with a range of both hyperactive and hypoactive symptoms.
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confusion assessment method for the ICU (CAM-ICU) or the intensive care delir-
ium screening checklist (ICDSC) [14] has been used.

4.5.5  �Disruption of the Sleep-Wake Cycle

Disturbance of the sleep-wake cycle is frequently observed in patients with delir-
ium; these disturbances involve insomnia, somnolence, sleep fragmentation, or 
sleep-wake cycle reversal, which may reflect alterations of circadian rhythm. The 
relationship of circadian disturbances to the characteristic fluctuating severity of 
delirium symptoms over a 24-h period or to motor disturbance is unknown.

4.6  �Clinical Consequences of POD

Patients with POD are more likely to have known risk factors and to be critically ill. 
Therefore, it is reasonable to conclude that patients with POD will have poor conse-
quences compared with those without POD.  Although patients with POD com-
monly recover within a short period [5], these patients are more likely to die or 
develop dementia and require institutionalization [6].

POD has also been reported to be associated with a significant decline in cogni-
tive ability during the first year after cardiac surgery, with a trajectory characterized 
by an initial decline and prolonged impairment [15].

Table 4.8  The Richmond Agitation-Sedation Scale

Score Term Description

+4 Combative Overtly combative or violent; immediate danger to staff
+3 Very agitated Pulls on or removes tube(s) or catheter(s) or has aggressive 

behavior toward staff
+2 Agitated Frequent non-purposeful movement, or patient-ventilator 

dyssynchrony
+1 Restless Anxious or apprehensive but movements not aggressive or 

vigorous
0 Alert and calm
−1 Drowsy Not fully alert, but has sustained (more than 10 s) awakening with 

eye contact, in response to voice
−2 Light sedation Briefly (less than 10 s) awakens with eye contact in response to 

voice
−3 Moderate sedation Any movement (but no eye contact) in response to voice
−4 Deep sedation No response to voice, but any movement in response to physical 

stimulation
−5 Unarousable No response to voice or physical stimulation

Reference [13]
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Chapter 5
Present Clinical Status of Postoperative 
Cognitive Dysfunction in Cardiovascular 
Surgery

Kazuyoshi Ishida, Atsuo Yamashita, Satoshi Yamashita, 
and Mishiya Matsumoto

Abstract  Postoperative cognitive dysfunction (POCD) is one of the serious cerebral 
complications that occur after cardiac and major vascular surgery, leading to low 
quality of life and poor prognosis of the patients. POCD has been comprehensively 
investigated in coronary artery bypass grafting surgery with cardiopulmonary bypass 
(CPB) to elucidate its risk factors and to seek a better management that can reduce the 
development of POCD. However, in patients with coronary artery disease, the long-
term (>6 months) incidence rate of cognitive dysfunction did not differ significantly 
in four treatment groups (coronary artery bypass grafting surgery with, or without 
CPB, percutaneous coronary intervention, and drug therapy plus follow-up observa-
tion). These findings suggest that surgery and CPB affect cognitive impairment for 
only about 6 months after surgery. On the other hand, there is no well-designed study 
for POCD with sufficient number of patients in valvular and major vascular surgery. 
Future challenges need the elucidation of long-term incidence rate of POCD in these 
surgeries and should include the patients with less invasive procedure such as trans-
catheter aortic valve implantation and thoracic endovascular aortic repair surgery.

Keywords  Postoperative cognitive dysfunction • Coronary artery bypass grafting 
surgery • Cardiopulmonary bypass • Valvular surgery • Major vascular surgery

5.1  �Introduction

Postoperative cognitive dysfunction (POCD) is one of the serious cerebral compli-
cations leading to low quality of life in patients after surgery. POCD is also known 
to affect patient prognosis, and various factors are involved in its onset. 
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Cardiopulmonary bypass (CPB) is regarded as the major cause of POCD because of 
its adverse effect on cerebral function by scattering intracardiac air and emboli due 
to aortic cannulation and aortic cross-clamping. In addition, CPB procedure may 
produce cerebral hypoperfusion, anemia, blood brain barrier impairment, and severe 
systemic inflammation that could induce brain inflammation. Therefore, since the 
1990s, many studies have been done for the evaluation of the risk factors and/or 
better management of CPB to reduce the development of POCD in the patients who 
underwent on-pump coronary artery bypass grafting surgery (ONCAB). According 
to a review published in 2000, the incidence rate of POCD in ONCAB was reported 
from 30 to 79% [1].

Recent studies have investigated the incidence rate of cognitive dysfunction and 
have compared the results between ONCAB and coronary artery bypass graft surgi-
cal without CPB (OPCAB), percutaneous coronary intervention (PCI), or drug 
therapy plus follow-up observation (FCA) in patients with coronary artery disease. 
However, the long-term (>6 months) incidence rate of cognitive dysfunction did not 
differ significantly in four treatment groups, suggesting that surgery and CPB affect 
cognitive impairment for only about 6 months after surgery.

In Japan, while the number of surgeries for coronary artery disease has been 
decreasing because of advances in PCI based technology, the number of valvular 
and major vascular surgeries is rising [2]. Compared with ONCAB, the production 
and scattering of emboli to the brain occur more frequently in valvular and major 
vascular surgeries. In addition, selective cerebral perfusion is necessary during CPB 
in major vascular surgery, leading to insufficient blood flow to the brain. Therefore, 
the evaluation of development of POCD in valvular and major vascular surgery may 
become more important.

In this chapter, we review the incidence rate and risk factors of POCD in ONCAB 
and describe the trials for reducing its occurrence. In addition, we also indicate the 
comparison study that shows the differences in development of cognitive dysfunc-
tion after ONCAB, OPCAB, PCI, and FCA patients. Furthermore, we review the 
incidence rate of POCD in valvular and major vascular surgeries. We have listed as 
many references as possible in tables for easier access to the representative articles 
used in this chapter.

5.2  �Evaluation of POCD

Because POCD is not treated as a disease, it is not included in the Diagnostic and 
Statistical Manual of Mental Disorders (DSM)-5 published by the American 
Psychiatric Association, meaning that there is no appropriate diagnostic criteria for 
it. Therefore, POCD is evaluated based on scores from some neuropsychological 
test (NT)s in ombination. Although consensus has been reached on which NTs 
should be used [3], only half of the studies evaluating the POCD have used these 
agreed-upon NTs [4]. In addition, these studies used various methods to analyze 
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changes in the NT scores, and various time points of evaluation, making inter-study 
comparison of POCD incidence rate extremely difficult. In general, POCD is con-
sidered to be present when ≥2 NTs or cognitive domains indicate impairment of 
cognition event at ≥1 week after surgery. The evaluation of POCD is difficult when 
NTs are performed within a week of surgery because of the postoperative pain, 
residual effects of anesthesia, and postoperative delirium. Usually, POCD occurring 
within 3 months of surgery is defined as early POCD. Impairment of NT score is 
judged based on ≥1 standard deviation (SD) change or ≥20% change of preopera-
tive NT scores (because 1 SD is often equal to 20% change in the scores in NTs), or 
a change of ≥1.96 points in Z-scores compared with the control group or using the 
reliable change index.  However, there are some studies that assessed POCD only by 
comparing the pre- and post-operative mean NT scores or by showing the numbers 
of NTs that was worsened postoperatively.

Table 5.1 shows representative articles investigating the incidence rate of POCD 
in ONCAB [5–27]. Due to the use of different NTs and different time points of 
evaluation in these studies, the incidence rate of POCD ranged greatly from 0 to 
81%, including two studies reporting no development of POCD [5, 6]. Raymond 
et al. [7] showed that the incidence rate of POCD on postoperative day 5 differed 
(3.6, 4.2, or 7.7%) when different evaluations were performed (reduction in scores 
≥1 SD or 20%, or evaluating with reliable change index, respectively). In addition, 
according to the statistical concept of regression toward the mean that promotes 
scores from the second test to be converged with the initial mean scores, the NT 
scores of patients with ONCAB revealed decrease in those with higher preoperative 
scores but increase in those with lower preoperative scores at 3 months after surgery 
[8]. This suggests that caution must be paid when evaluating POCD performed only 
based on decreasing NT scores in patients who had high preoperative scores.

Only a few studies have investigated which domains in NT are vulnerable. By 
focusing on this issue, Kneebone et al. [9] showed that memory domain of spared 
and retrieval were affected (48% and 35% of patients, respectively) more than mem-
ory domain of encoding and storage (17%).

5.3  �Development of POCD in ONCAB

5.3.1  �Risk Factors

Many studies have investigated the risk factors for POCD (Table 5.1, middle rows) 
[10–24]. The risk factors involved in the development of POCD in ONCAB 
extracted patient background factors such as age [12, 13, 15, 18, 19], low preopera-
tive NT scores or preexisting cognitive dysfunction [12, 14], depressive state [14], a 
short period of education [13, 15], and female sex [13]. Other risk factors include 
hypertension [13], renal dysfunction, diabetes [19], and a complicating atheroscle-
rotic lesion of major artery [12].

5  Present Clinical Status of Postoperative Cognitive Dysfunction in Cardiovascular
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As for intraoperative factors, the risk factors reported were ventricular fibrilla-
tion after weaning from CPB, reduced cardiac function [10], and postoperative 
atrial fibrillation [18]. The association between POCD and an intraoperative reduc-
tion in the jugular bulb venous oxygen saturation (SjO2) was not clear [12, 19]. 
Despite a report of the association between POCD and number of intraoperative 
microemboli [16], this association was not supported in a review that contains 15 
articles [17]. On the other hand, perioperative systemic inflammatory response [20] 
is currently under investigation as the primary cause of POCD in basic research 
studies because it could induce brain inflammation at the same time [28].

In addition, some studies showed that cognitive impairment had existed for 3–5 
years in patients who had developed POCD at hospital discharge or at 4 months 
after ONCAB [15, 18].

The polymorphism of the apolipoprotein E (ApoE) and sterol O-acyltransferase 
1 (SOAT1) genes has also been investigated for risk factors for development of 
POCD [22–24]. In individuals with ApoE genotype ε4, which accounts for 15% of 
all adult population, the removal of amyloid β-protein (Aβ) that is a causal factor of 
Alzheimer’s disease was impaired, resulting in Aβ accumulation. Previous report 
showed the association between ApoE ε4 and POCD [22]. However, a recent report 
indicates no association between them [23]. SOAT1 is an enzyme that esterifies 
cholesterols in endoplasmic reticula and is involved in the production of Aβ through 
cholesterol esters, as in the study reporting the association between SOAT1 cytosine 
(C)/C type and Alzheimer’s disease [29]. However, it is currently unclear whether 
SOAT1 is involved in POCD [24].

5.3.2  �Anesthetics

Only a very few studies have investigated the association between anesthetics 
and POCD (Table 5.1, bottom rows) [25–27]. The GABAA agonist benzodiaze-
pine is believed to induce postoperative delirium by impairing the production of 
acetylcholine in the hippocampus and basal forebrain. The inhibited production 
of acetylcholine may induce POCD through memory impairment. In patients 
who have undergone noncardiac surgery, there have been conflicting results: one 
study reported the involvement of a previous history of benzodiazepine adminis-
tration in the development of POCD [30], whereas another study reported no 
association between administration of this drug as premedication and develop-
ment of POCD [31]. Because benzodiazepine is used frequently in cardiovascu-
lar surgery, the association between the intraoperative use of this drug and POCD 
should be investigated further.

As for inhalation and intravenous anesthetics, NT scores up to 6 days after sur-
gery were higher in patients who were administered sevoflurane-based anesthetics 
than in those who were administered propofol [27]. The incidence rate of POCD 
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was slightly higher in patients undergoing ONCAB with low-dose (10 μg/kg) fen-
tanyl than in those undergoing it with medium-dose (50 μg/kg) fentanyl [25]. The 
incidence rate of POCD was strongly suppressed at 1 week after a single adminis-
tration of 0.5  mg/kg ketamine [26]. The same research group also reported that 
ketamine suppresses postoperative delirium [32], making it an attractive agent. It is 
thought that ketamine suppresses the incidence rate of POCD through its anti-
inflammatory action.

5.3.3  �Development of POCD and CPB Management

Many studies have investigated the differential effects of CPB management on 
POCD in ONCAB [33–50] (Table 5.2).

There are several reports on the association between POCD and body tempera-
ture management during CPB [33–39]. Normothermic CPB has been investigated 
intensely since the early 1990s, when a study showed the superiority of normother-
mic CPB (around normal body temperature) over conventional hypothermic (around 
28 °C) CPB in maintaining better cardiac function. At the same time, studies were 
investigating cerebral infarction because of a concern about a possible increase in 
the incidence rate, which was followed by the research into the association between 
normothermic CPB and POCD. It was subsequently concluded that the incidence 
rate of POCD does not differ significantly whether the body temperature is main-
tained at 35–36 or 28 °C during CPB [34, 35]. This is thought to be because the 
procedures with a high risk of developing and scattering emboli to the brain, such as 
aortic cannulation, aortic cross-clamping, and declamping, are all performed when 
the body temperature is close to the normothermia. In addition, in patients undergo-
ing hypothermic CPB, the brain is re-warmed excessively during weaning from 
CPB potentially cancelling out the protective effect of hypothermia. However, post-
operative NT scores were worse in patients who took 37 °C normothermic CPB 
than those who took 28 or 32 °C CPB [33], presumably because of warming steps 
during CPB to keep the body temperature at 37 °C, suggesting that warming up to 
37  °C may affect and impair some cognitive function in patients who undergo 
ONCAB. Taking this into consideration, some studies were performed maintaining 
the body temperature around 34 °C during and after CPB, with no active re-warm-
ing to 37 °C [36–39], and reported a reduction in development of POCD in two 
studies [36, 37].

As for acid-base management during CPB, an incidence rate of POCD was 
lower with the α-stat strategy than with the pH-stat strategy [41, 42], presum-
ably because with α-stat, cerebral blood flow autoregulation is maintained, and 
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the scattering of emboli is less frequent. However, the pH-stat strategy had a 
lower risk of postoperative neurodevelopmental impairment in pediatric cardiac 
surgery with circulatory arrest. This appears to be because in pediatric cardiac 
surgery, which is associated with fewer amounts of emboli, the brain is cooled 
more effectively by the blood vessels dilated by CO2 load in the pH-stat strategy 
[51].

Perfusion pressure during CPB and effect of pulsatile flow on POCD have 
been investigated. Less frequent cerebral infarction was reported when perfusion 
pressure during CPB was maintained at as high as 80–100 mmHg rather than at 
50–60 mmHg, but it is unclear whether these different perfusion pressure levels 
affect POCD [40]. A recent study showed that there are cases whose lower limit 
in cerebral blood flow autoregulation is set fairly higher than expected previ-
ously during CPB [52], and therefore further study is needed to elucidate proper 
perfusion pressure during CPB. It is also unclear whether pulsatile flow is effec-
tive for improving cerebral perfusion during CPB and can reduce the develop-
ment of POCD [40].

The reduction in NT scores was shown to be suppressed when intraoperative 
hematocrit levels were maintained at ≥27% [43]. The high levels of blood  
glucose ≥200 mg/dL during ONCAB exacerbated the incidence rate of POCD  
in nondiabetic patients [45], but the effect of active maintenance of blood glu-
cose levels <100 mg/dL by insulin administration on reducing the development 
of POCD was not observed [44].

Some studies attempted to modify filters and circuits used for CPB manage-
ment. The use of leukocyte-depleting arterial line filters or dynamic bubble trap 
filters reduced the scattering of microemboli to the brain and thus decreased the 
incidence rate of POCD to a certain degree [46, 47]. In addition, the incidence 
rate of POCD was somewhat reduced by the use of a heparin-bonded CPB circuit 
that suppresses the activation of complement C3a [48]. Furthermore, ONCAB 
under ventricular fibrillation has been used to avoid cross-clamp cardioplegic 
arrest, but this procedure’s efficacy for reducing in development of POCD was 
not observed [50].

Either way, all the studies showing the suppression of POCD by arranging the 
CPB management evaluated efficacy up to 2 months only (Table 5.2), and therefore 
the long-term efficacy is currently unknown.

K. Ishida et al.
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5.3.4  �Drug Administration During ONCAB and Its Effect 
on POCD

Among the studies that have investigated whether drug administration during ONCAB 
can reduce the incidence rate of POCD (Table 5.3) [53–64], some verified such effi-
cacy using lidocaine because it is easy to use in ONCAB [54–56] (one study concerned 
valvular surgery [53]). Although early reports showed a reduction in the incidence rate 
of POCD [53, 54], long-term observation did not reveal efficacy [55, 56].

As for other drugs, because cardiovascular surgery including ONCAB has a high 
risk of cerebral infarction, drugs that had been effective in basic research using a 
cerebral infarction model were tested in clinical studies. Monosialotetrahexosyl gan-
glioside (GM1), an inhibitor of protein kinase C, plays a role in cell repair through 
the activation of Na+/K+ ATPase and adenylate cyclase, and the neuroprotective func-
tion of GM1 has been shown in basic studies. However, its effect on POCD in 
ONCAB was investigated in a preliminary study only, with no clear results [57]. In 
addition, the incidence rate of POCD did not reduce significantly in other studies 
using the antioxidant pegorgotein [59], the GABAA antagonist clomethazole [60], or 
the antiplatelet-activating factor lexipafant [61] and pexelizumab, a monoclonal anti-
body to C5 complement component [63]. Postmenopausal women often have the 
complication of cerebral infarction, probably because of the reduced levels of estro-
gen, which results in the elevation of cholesterol, especially low-density lipoprotein. 
The trial study was performed to administer 17-estradiol in postmenopausal women 
during ONCAB. However, it was not only ineffective but it worsened NT scores [64].

It was reported that the administration of remacemide, which is an NMDA antag-
onist and is used as an anticonvulsant [65], improved some NT scores [58], but no 
additional studies have been reported. In addition, the administration of aprotinin 
was shown to be beneficial for POCD, but the use of the drug was terminated in 
2007 due to exacerbation of the drug-related mortality rate [62].

As indicated above, no drugs are currently capable of reducing the ONCAB-
related incidence rate of POCD. However, as mentioned previously, the involve-
ment of perioperative inflammatory responses is currently under investigation as the 
primary cause of POCD in basic research studies [28]. Further study is warranted to 
try to suppress the brain inflammation for reducing the development of POCD.
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5.4  �Development of POCD in ONCAB and OPCAB

We have so far explained the effect of ONCAB (with CPB) on POCD. To reveal the 
effect of CPB on POCD, the incidence rate of POCD in OPCAB (without CPB) was 
investigated in 26 studies, including 3 meta-analyses (Table 5.4) [66–91]. Eight of the 
studies reported a reduction in the incidence rate of POCD in OPCAB [66, 68, 72–74, 
80–82], and none showed an increase in the incidence rate of it in OPCAB when com-
pared to ONCAB. Most of the studies showing the superiority of OPCAB to ONCAB 
were characterized by the evaluation of POCD at the time of hospital discharge or 1 
week to 6 months after surgery. The superiority of OPCAB was not observed in studies 
with a longer evaluation period. This suggests that compared with ONCAB, there is a 
possibility that higher brain cognition is maintained better for 6 months after OPCAB.

It is currently unclear why NT scores do not differ significantly between the two 
surgical procedures after 6 months, but the aging of patients is thought to adversely 
affect the NT scores.

5.5  �Types of Treatment for Coronary Artery Disease 
and Change in Cognitive Function

To elucidate the effect of surgery itself on POCD in patients with a complication 
associated with coronary artery disease, some studies compared patients with coro-
nary artery disease who had undergone ONCAB, OPCAB, PCI, or FCA (Table 5.5, 
top rows) [92–101]. By focusing on this point early on, Blumenthal et al. [92] showed 
that the prevalence of POCD at the time of hospital discharge was higher in the 
ONCAB group than in the PCI group [92]. However, only one other study showed 
the inferiority of ONCAB as compaired with PCI using NTs scores at 3 postopera-
tive weeks [100]. Selnes et al. [94–98] performed a series of studies to investigate the 
incidence rate of POCD during a follow-up observation period of 3 months to 6 years 
in the ONCAB, OPCAB, PCI and FCA groups, using the Z-scores calculated based 
on the FCA or control people without coronary artery disease. Their findings showed 
that in the ONCAB, OPCAB, PCI, and FCA groups, the negative values of Z-scores 
were observed in all group preoperatively. Z-scores increased from 3 month to 1 year 
postoperatively but decreased from that point forward, with no significant intergroup 
difference. This result suggests that NT scores in the ONCAB group transitioned 
similarly, with no clear difference, to those in the OPCAB, PCI and FCA groups.

Observed no differences of NT scores changes along with passage of time 
between ONCAB and other treatment groups differ from the studies that we listed 
up in chapter 5.4 and Table 5.4, showing the inferiority of ONCAB for development 
of POCD. This is because no comparison study is conducted to show the differences 
of NT scores changes between the ONCAB, OPCAB, PCI and FCA in early post-
operative period (<3 month). Assuming that the findings from early studies compar-
ing the cognition between ONCAB and PCI are correct [92, 100], NT scores in 
ONCAB may be worse as compared with OPCAB, PCI and FCA around the time 
of hospital discharge or within 3 months of surgery.

K. Ishida et al.
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5.6  �Comparison of POCD Between ONCAB and Noncardiac 
Surgery

Only a very limited number of studies compared the incidence rate of POCD 
between ONCAB and noncardiac surgery [102–104] (Table 5.5, lower rows). Up to 
2 months after surgery, the prevalence of POCD was overwhelmingly higher in 
ONCAB than in urological surgery [103], but the incidence rate was similar to that 
in thoracic or vascular surgery [102, 104]. However, preexisting complications were 
not investigated or standardized in the latter two studies [102, 104]. Therefore, the 
difference in the incidence rate of POCD between ONCAB and noncardiac surgery 
has not been fully elucidated.

5.7  �Valvular Surgery and POCD

Compared with ONCAB, valvular surgery is associated with a high risk of scatter-
ing micoremboli to the brain during the open-heart surgical procedure, potentially 
inducing POCD. In Japan, the number of patients undergoing valvular surgery in 
recent years has been increasing due to the expansion of surgical indications to 
elderly individuals [2] and to the clinical application of transcatheter aortic valve 
implantation (TAVI). For this reason, it is more valuable to investigate the incidence 
rate of POCD in valvular surgery today. Representative studies are shown in 
Table 5.6 [105–117].

Previously, five studies compared the incidence rate of POCD between ONCAB 
and valvular surgery [105–109]. In a small sample size study of 22 patients, the 
incidence rate of POCD within 1 week of surgery was higher in patients who under-
went ONCAB plus valvular surgery (POCD, 50%) than those who underwent 
ONCAB only (5%) [109]. In another study using brainstem auditory evoked poten-
tials, the latency of event-related potential (P300) remained prolonged for 4 months 
only after valvular surgery [108]. However, no other study showed a clear 
difference.

Other studies of valvular surgery compared biological and mechanical valves in 
aortic valve replacement [110] and valve plasty and valve replacement in mitral 
valve surgery [111]. They revealed that the group of patients who had undergone the 
replacement of the aortic valve with a biological valve or mitral valve replacement 
had a high proportion of elderly individuals and a high incidence rate of POCD 
[110, 111].

The effect of robotic surgery and TAVI on POCD was also investigated. Compared 
with conventional surgery, robotic surgery may preserve brain function up to 1 week 

K. Ishida et al.
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[116]. Interestingly, a study using minimally invasive TAVI showed that the inci-
dence rate of POCD was as low as 5.4% despite a higher proportion of patients who 
were elderly or had serious conditions than that in conventional aortic valve replace-
ment [117].

However, further study is needed to investigate the incidence of POCD in valvu-
lar surgery, by increasing the number of patients and NTs and the length of follow-
up observation.

5.8  �Major Vascular Surgery and POCD

As with valvular surgery, the number of patients undergoing major vascular surgery 
is on the rise in Japan [2]. CPB is especially complicated in major vascular surgery 
involving the aortic arch. In other words, because the distal anastomosis of artificial 
graft is performed using open distal anastomosis under circulatory arrest, the induc-
tion of deep hypothermia and selective perfusion to the brain are necessary to pro-
tect brain functions. For this, deep hypothermic circulatory arrest (DHCA), 
retrograde cerebral perfusion (RCP), or selective cerebral perfusion (SCP) is used. 
In major vascular surgery, which may limit the cerebral blood perfusion, it is 
extremely important to study the incidence rate of POCD, but it has not been inves-
tigated fully. This is partly because compared with ONCAB, the incidence rate of 
cerebral infarction that is more serious complication than POCD is high (around 
10% in some studies), making the reduction of this serious complication the priority 
over the investigation of POCD. In addition, the development of seizure or delirium 
makes the assessment of POCD difficult. The assessment of POCD is more compli-
cated by the long-term administration of sedatives for the continuous use of artifi-
cial ventilation.

Previous studies of POCD in major vascular surgery are shown in Table 5.7 [118–
126]. Using DHCA (with no mention of body temperature), Ergin et al. [118] evalu-
ated the prevalence of POCD at 1 and 6 weeks after surgery and showed that the 
incidence rate after 1 week was 31% and that the risk factors were arteriosclerotic 
aneurysm, surgery involving the aortic arch, and long duration of DHCA (>25 min). 
In a study using DHCA, RCP, and SCP, the prevalence of POCD was as high as 96% 
at 3–6 days after surgery but decreased to 9% after 2–3 weeks, with no significant 
difference in the incidence rate based on perfusion procedure [119]. Harrington et al. 
[121] compared the incidence rate of POCD between RCP and DHCA and found 
that the postoperative prevalence was high at 93% after RCP and 77% after DHCA 
at 6 weeks and was still 56% and 55% at 12 weeks, respectively. However, in another 
study, the prevalence of POCD was high at 16% in the RCP group compared with 
1.5% in the DHCA group with a correlation between POCD and the duration of RCP 
[120]. When the incidence rate of POCD was compared between conventional CPB 
(valvular surgery and ONCAB), DHCA, and SCP, three tests showed postoperative 
exacerbation only in the SCP group, with a correlation between the duration of SCP 
and a decrease in the scores [126]. In addition, a study comparing the incidence rate 
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of POCD in conventional CPB (ONCAB) and RCP revealed that postoperative test 
scores at 4–6 months were lower in the RCP group than those in the conventional 
CPB group when the duration of RCP was more than 60 min [123]. In a relatively 
large study using conventional CPB cases (ONCAB, valvular surgery, and ascending 
aortic replacement), DHCA, and SCP, the incidence rate of POCD was compared 
based on the activities of daily living of patients at 6 years after surgery. The results 
showed a correlation between the duration of DHCA and neural processing speed in 
the brain or memory impairment, with a decline in the reaction rate when the dura-
tion exceeded 21–24 min [125]. However, two studies reported that development of 
POCD was not observed unclear after SCP procedure [122, 124].

These findings suggest that in major vascular surgery, the incidence rate of 
POCD was higher in DHCA than in conventional CPB (ONCAB), and even when 
RCP was performed for intraoperative management, its efficacy would not be supe-
rior to the efficacy of DHCA. In addition, SCP may have a similar or even higher 
incidence rate of POCD than conventional CPB (ONCAB).

However, the investigations of POCD in major vascular surgery have problems. 
First, the number of patients is insufficient. Second, in some studies, an evaluating 
time point varied from a patient to a patient such as 12–233 days. Third, only a few 
studies investigated the incidence rate of POCD for more than 1 year, and therefore 
the long-term prevalence of POCD is unknown (Table 5.7). These issues need to be 
taken into consideration in further careful study.

5.9  �Near-Infrared Spectroscopy Monitoring and POCD

Lastly, we would like to explain the relationship between POCD and intraoperative 
monitoring. In cardiac and major vascular surgery, near-infrared spectroscopy moni-
toring (NIRS) is used frequently to detect cerebral ischemia and prevent brain dys-
function. At least eight studies have investigated the association between POCD and 
a decrease in NIRS values [27, 113, 127–132]. In NIRS, regional cerebral oxygen 
saturation (rSO2) measured by INVOS™ (Medtronic, USA) or tissue oxygen index 
(TOI) values measured by NIRO® (Hamamatsu Photonics, Japan) are commonly 
used for the assessment. These studies used actual values of 35–65% or 70–80% of 
the baseline value of rSO2 or TOI as an alarm threshold value. However, these stud-
ies were conducted in ONCAB or valvular surgery, not in major vascular surgery. To 
date, five studies have reported the association between POCD and rSO2 values [27, 
128–132], whereas two studies have shown no association [113, 127] (Table 5.7). 
The exact cause for the conflicting results might have been the different criteria used 
for NT and POCD or different evaluation periods used among the studies.

The NIRS values have been shown to close to the values of SjO2. However, the 
results showing the association between NIRS and POCD are in contrast to the results 
showing an unclear association between POCD and changes in SjO2 which reflects 
blood circulation throughout the brain [12, 19]. It might be possible that NIRS captures 
hemodynamic changes in the frontal lobe that is associated with brain cognition.
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Two of the studies reporting the association between NIRS and POCD investi-
gated whether POCD improves when NIRS values were maintained by active man-
agement (keeping PaCO2 high, mean blood pressure high, central venous pressure 
low, amount of CPB blood flow elevated, and hematocrit at ≥20%) [129, 132], with 
no consensus on the efficacy between the studies.

The number of studies reporting the association between POCD and a decrease in 
intraoperative NIRS values is increasing. However, these studies evaluated POCD for 
short periods of time. It is therefore necessary to investigate whether the active man-
agement of NIRS values improves prevalence of POCD over the long term (Table 5.8).

5.10  �Conclusion

Various studies have been conducted to prevent the occurrence of POCD in ONCAB 
because, once POCD has developed, it can adversely affect patient prognosis. POCD 
may be prevented effectively by using the α-stat strategy during CPB and avoiding active 
re-warming from the end of CPB. At present, no drugs can alleviate POCD. However, it 
is thought that the difference in the incidence rate of POCD between ONCAB and PCI 
or FCA ceases to exist at or >6 months after surgery. This conversely suggests that the 
effect of surgery or CPB on POCD lasts for about 6 months after surgery.

Future challenges include the investigation of POCD in valvular surgery or major 
vascular surgery because the number of patients is expected to increase. However, 
because minimally invasive procedures such as TAVI and thoracic endovascular 
aortic repair may be applied in these surgeries, it will be interesting to ascertain 
whether minimally invasive procedures can reduce the incidence rate of POCD as in 
OPCAB and whether such beneficial effects last for the short or long term.
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Chapter 6
Present Clinical Status of Postoperative 
Cognitive Dysfunction Following Noncardiac 
Surgery

Tatsuo Horiuchi, Tomonori Takazawa, and Shigeru Saito

Abstract  Postoperative cognitive dysfunction (POCD) after noncardiac surgery is 
less frequent than that after cardiac surgery. However, POCD after noncardiac sur-
gery has become an important perioperative clinical issue particularly for geriatric 
surgical patients. In fact, it has been demonstrated that POCD is associated with 
increased mortality. Patients suffering from POCD usually complain of deteriora-
tion of memory as the initial symptom. Most patients do not notice that their symp-
toms may have been caused by the surgery, because they have no knowledge about 
POCD. For detecting POCD, it is necessary to perform several neurophysiological 
tests. Furthermore, physicians must be aware that a wide spectrum of cognitive 
functions, such as memory, attention, and information processing, are impaired in 
some of the patients. There is no established therapeutic protocol for POCD, 
although the risk factors of POCD have been identified. Hence, anesthesiologists 
and surgeons should have knowledge about the clinical status and risk factors of 
POCD so that they can preoperatively evaluate the risk of POCD in patients and 
prevent its occurrence.

Keywords  Postoperative cognitive dysfunction • Noncardiac surgery • Mild cogni-
tive impairment

6.1  �Introduction

POCD is generally described as a postoperative decline in cognitive function as 
compared to the patient’s preoperative cognitive status. Although this decline in cog-
nitive function is usually subtle in nature and may be unrecognized by clinicians [1], 
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POCD affects a wide variety of cognitive domains, such as attention, memory, exec-
utive function, and speed of information processing [2]. POCD was first reported by 
Bedford in 1955 [3] and, since then, many studies have been performed mainly to 
investigate POCD after cardiac surgery. However, POCD after noncardiac surgery 
has also been recently noted [4–8]. The reasons why POCD has been in the spotlight 
are as follows. Patients who have POCD at both hospital discharge and 3 months 
after surgery are more likely to die in the first year after surgery, suggesting that 
POCD is associated with increased mortality [5]. In addition, POCD is associated 
with the risk of premature exit from the workforce and dependence on social secu-
rity [9]. These evidences suggest that POCD could affect not only patients but also 
their next of kin and colleagues, indicating that avoidance of POCD is an important 
public health issue. This chapter focuses principally on the present clinical status of 
POCD after noncardiac surgery. Moreover, we discuss the epidemiology, differen-
tial diagnosis, putative mechanisms, risk factors, and screening tools for POCD.

6.2  �Epidemiology of POCD After Noncardiac Surgery

To date, numerous studies on POCD after noncardiac surgery have been conducted 
[4, 5, 8, 10–13]. Previously, there were several issues in the identification of 
POCD. For example, there was no consensus on the definition of POCD and the 
tests required for its detection. A change came in the mid-1990s when researchers 
started to define POCD as a decline in performance following surgery on at least 
two or three tests in a sensitive test battery [14]. Although the number of studies 
investigating POCD after noncardiac surgery has increased, reported incidences of 
POCD at 3 months after surgery still vary from 8% [8] to 53% [11]. This variance 
is likely to be caused by the methodological differences in determining patient char-
acteristics, and the timing and type of neuropsychological tests used to detect 
POCD. The overall consensus is that POCD after noncardiac surgery seems to be 
less frequent than that after cardiac surgery.

6.3  �Present Clinical Status of POCD

The most noticeable subjective symptoms of POCD are deficits in memory and a 
reduced ability to handle intellectual challenges [2, 15–17]. POCD itself is not life 
threatening, and the subtle differences in cognitive performance are extremely dif-
ficult to measure [18]. Thus, anesthesiologists and/or surgeons may not be aware of 
the presence of symptoms of POCD in the patients. In most cases, the patient has no 
knowledge about POCD.  Even if the patient realizes the postoperative cognitive 
decline, they do not associate their symptoms with the surgery.

Cognitive functions such as perception, language processing, attention and 
memory functions, and abstract thinking are crucial for daily life activities, affecting 
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everyday tasks varying from driving and cooking to complex social interaction [17]. 
Patients suffering from POCD usually complain about deterioration of memory as 
the initial symptom. This is usually not apparent immediately after the surgery, and 
in many cases is not detected until the patient, family members, or colleagues notice 
that the patient is having difficulties with normal activities at home or work [19]. 
Patients often describe their dysfunction as memory loss, lack of concentration, or 
slowness in executive and abstract functions [17].

For objective tests to detect POCD, cognitive functions are often categorized into 
three domains, namely memory, attention, and information processing (Table 6.1). 
Past studies demonstrated that memory functions, especially visual and verbal 
recall, seem to be affected in the highest number of patients [6, 20]. Moreover, lan-
guage and visuospatial processing decline in a relatively large percentage of patients 
after surgery, with up to 15% of patients experiencing a decline in performance [14]. 
In contrast, the attention domain is affected in a smaller percentage of patients. 
However, attention impairments have been consistently demonstrated in a number 
of tests and studies. In addition, concentration problems are frequently mentioned 
by patients after surgery [21–23]. Therefore, one may argue that cognitive com-
plaints after surgery may not correlate well with objective measurements of POCD 
[14]. If this is true, researchers will have to reconsider methods to determine POCD.

6.4  �Differential Diagnosis of POCD (Table 6.2)

Neurological disorders after surgery are classified into POCD, postoperative delir-
ium (POD), and stroke (cerebral infarction) [18, 24]. In most cases, stroke can be 
diagnosed by imaging studies, such as computed tomography (CT) and magnetic 
resonance imaging (MRI). However, it is difficult to diagnose POCD and POD with 
these imaging studies. In addition, POD and POCD are often reported as being part 
of the same continuum of postoperative cognitive impairment [2]. Thus, knowledge 
about the epidemiology and clinical status of POD is essential to distinguish between 
POD and POCD. The key characteristics of POD are a change in mental status, 
characterized by reduced awareness of the environment and disturbance in 

Table 6.1  Summary of the cognitive domains and relevant neuropsychological tests that can be 
used for investigating postoperative cognitive dysfunction

Cognitive domain Test

Memory Working memory
Encoding and retrieval of long-term 
memory

Digit span
Verbal and visual recall and 
recognition

Attention Mental flexibility
Selective attention
General

Trail making test
Stroop test
ECO attention, WMS-R

Information 
processing

Information processing
Language processing
Visuospatial processing

Substitution test
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attention. This may be accompanied by other, more florid, perceptual symptoms 
(hallucinations) or cognitive symptoms, including disorientation or temporary 
memory dysfunction. The patient may express hypoactive, hyperactive, or mixed 
psychomotor behaviors [25]. POD develops in up to 56% of the patients (higher risk 
in elderly patients and after orthopedic surgery) [26]. Although POD is far from 
benign, patients with POD are more likely to demonstrate initial complete recovery 
as compared to other forms of delirium [27]. As mentioned above, POD and POCD 
show similar symptoms in many cases. However, the diagnostic tools for delirium 
are much more established than those for POCD. Therefore, it is not difficult to 
diagnose POD if physicians are aware of the fact that delirium can occur in patients 
after surgery.

6.5  �Putative Mechanisms of POCD After Noncardiac 
Surgery

Many studies have suggested that inflammatory responses are associated with post-
operative cognitive dysfunction [19, 28, 29]. Indeed, the levels of proinflammatory 
cytokines, such as IL-6, measured in cerebrospinal fluid were increased in postop-
erative patients [30, 31]. Preclinical studies demonstrated that a surgery-induced 
innate immune response triggered an IL-1β-mediated inflammatory process in the 
hippocampus, which underlies memory impairment [32, 33]. Recently, the role of 
astrocytes and microglia in cognitive impairment after surgery has been shown [34, 
35]. For example, aged rats demonstrated significant deficits in memory and learn-
ing shortly after surgery, accompanied by activation of microglia and marked upreg-
ulation of TLR4 on microglia in the hippocampus [35]. Although several mechanisms 
that probably contribute to the development of POCD have been proposed, further 
studies are still required.

As mentioned above, a wide spectrum of cognitive functions are impaired in 
patients with POCD. In fact, the areas possibly involved in POCD include prefron-
tal, frontal, parietal, temporal, occipital, hippocampal, insular, cingulate, thalamic, 

Table 6.2  Differential diagnosis of cerebral disorders after surgery

Symptom Diagnostic methods Prognosis

POCD Cognitive dysfunctions 
(attention, memory, executive 
function, and speed of 
information processing)

Comparisons of the pre- and 
postoperative results in 
multiple neurological tests

Recover in most 
cases

POD Hallucinations, decline in 
cognition and attention and 
inappropriate behavior

Delirium scale (Nu-DESC, 
NEECHAM,CAM-ICU, 
etc.)

Usually respond 
to medical 
treatment

Stroke Various symptoms including 
consciousness disorder, paralysis, 
aphasia, and agnosia

Brain imaging (CT, MRI, 
MRA)

Various (depend 
on the severity)
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and cerebellar regions. Even a single domain of cognitive function usually requires 
coordinated activation of several cerebellar regions. In other words, malfunction in 
a specific cerebellar region can impact multiple domains of cognitive function [14]. 
The hippocampus seems especially vulnerable to inflammation-mediated changes 
[36]. Consequently, preclinical studies have mainly focused on the role of inflam-
mation in surgery-induced decline of hippocampal function [32, 33, 37, 38]. 
Although the hippocampus plays a significant role in long-term memory, the contri-
bution of the hippocampus to other cognitive functions, including attention and 
information processing, seems to be modest [14]. Taken together, functional changes 
in the cerebellar region, rather than the hippocampus, after surgery require thorough 
investigation.

6.6  �Risk Factors and Screening Tools of POCD

Increasing age, duration of anesthesia, low levels of education, a second operation, 
postoperative infections, and respiratory complications are reportedly risk factors 
for POCD [4]. In addition, cognitive functions were more profoundly impaired in 
patients with mild preoperative cognitive impairment (MCI) [39], metabolic syn-
drome [6], blood transfusion [40], and a small hippocampus [7]. These risk factors 
can be divided into two categories: preoperative cerebral vulnerabilities and inci-
dents occurring during the perioperative period, which could affect cognitive func-
tion. Preoperative interviews may make it possible to screen patients who are at a 
high risk of POCD.  In particular, screening cerebral vulnerabilities in patients 
before the surgery seems to be a good approach for avoiding POCD. We will now 
discuss how we can identify pre-existing cognitive dysfunction (i.e., MCI).

MCI is defined as impairment of one or more cognitive domains to a greater 
extent than would be expected for the person’s age, but which does not yet interfere 
with their abilities of daily life. The prevalence of MCI in subjects over 65 years old 
is reportedly 23.5% [41]. Given that the elderly population is likely to increase, the 
number of patients with MCI is expected to increase in the future. Mini-Mental State 
Examination (MMSE) has been used in clinical studies on POCD to evaluate cogni-
tive function [42–46]. However, MMSE is not recommended for use as a screening 
or diagnostic tool for emergent attention deficit (AD) (for example: MCI) [47]. In 
contrast, Montreal Cognitive Assessment (MoCA) is a brief cognitive screening tool 
with high sensitivity and specificity for detecting MCI, as currently conceptualized 
in patients performing in the normal range on the MMSE [48]. The time required for 
carrying out MoCA is approximately the same as for MMSE. Although none of the 
past studies on POCD have utilized MoCA, physicians should consider using MoCA 
rather than MMSE for detecting MCI preoperatively. Another promising tool is the 
Mini-Cog test [49]. Although this is not specifically for POCD, the American 
College of Surgeons National Surgical Quality Improvement Program and the 
American Geriatrics Society have published guidelines for optimal preoperative 
assessment of geriatric surgical patients [50]. The guidelines recommend obtaining 
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a detailed history and performing a cognitive assessment, such as the Mini-Cog test, 
for any patient without a known history of cognitive impairment or dementia [50]. 
The advantages of the Mini-Cog test are its simplicity and shorter time (3–5 min) to 
perform the test than MMSE and MoCA. However, due to the costs involved in 
administering these tests, they cannot be performed in all patients. Consequently, it 
is very important to identify risk factors of POCD so that we can determine patients 
in whom the preventive measures will be effective.

6.7  �Conclusion

The likely increase in the elderly population in future will also probably increase the 
future incidence rate of POCD. Therefore, anesthesiologists and surgeons should be 
aware of the possibility of POCD. Moreover, it is also important to understand the 
clinical status of POCD and identify patients at a high risk of developing this condi-
tion. Since efforts in this field are still in their infancy, we anticipate future progress 
in establishment of the tools for the screening, prevention, and treatment of POCD.
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Abstract  Postoperative delirium (POD) is a subtype of delirium that is often 
observed in elderly patients after surgery. Delirium is defined as an acute and fluc-
tuating disturbance in both attention and awareness. For early diagnosis and treat-
ment of POD, it is important to evaluate at-risk postoperative patients routinely 
using diagnostic tools, such as the Confusion Assessment Method (CAM), the 
Confusion Assessment Method for the ICU (CAM-ICU), or the Intensive Care 
Delirium Screening Checklist (ICDSC). The differential diagnosis of POD includes 
dementia, emergence delirium, and postoperative cognitive dysfunction (POCD). 
POCD is defined as a decline in postoperative cognitive functions as compared with 
preoperative functions that are evaluated by a battery of neuropsychological tests, 
which should be performed by trained examiners. However, there is, as yet, no con-
sensus concerning the selection of tests, timing of postoperative testing, and diag-
nostic definition of decline in test scores. It is important to recognize the risk factors 
of both POD and POCD for prevention and early treatment of these postoperative 
complications that can lead to poor outcomes.

Keywords  Delirium • Postoperative delirium • Postoperative cognitive dysfunction 
• CAM • CAM-ICU

7.1  �Postoperative Delirium (POD)

POD is a subtype of delirium that is frequently observed in elderly patients after 
surgery. Understanding the definition and diagnosis of delirium per se is essen-
tial for the diagnosis of POD.  In addition to both anesthesia and surgery, 
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delirium is caused by many factors, including medical condition, substance 
intoxications/withdrawal, medications, and multiple known or unknown 
etiologies.

7.1.1  �Definition of Delirium

Delirium is classified as one type of neurocognitive disorder in Diagnostic and 
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) [1], a gold standard 
for the diagnosis of delirium. Delirium is defined in DSM-5 as an acute and fluctuat-
ing disturbance in attention (i.e., reduced ability to direct, focus, sustain, and shift 
attention) and in awareness (reduced orientation to the environment). Additionally, 
it is accompanied with cognitive disturbances, such as memory deficit or disorienta-
tion. Moreover, the disturbance is not better explained by a preexisting, established, 
or evolving neurocognitive disorder (see Appendix 1 for details).

7.1.2  �Diagnosis of Delirium

The clinical features often observed in delirium are shown in Table  7.1. These 
include an acutely changing and fluctuating level of arousal, abrupt disturbance in 
attention and in cognitive function, changing emotions (e.g., easy irritability, 

Table 7.1  Clinical features 
of delirium

Acute onset and fluctuating course of the following 
symptoms:
1. Disturbance in attention and in awareness
    Difficulty in tracking conversations and in following 
instructions
    An inability to switch topics
    Little activity or response to the environment
    Drowsiness, decreased arousal, or increased arousal 
with hypervigilance
2. Disturbance in cognition
    Memory problems, disorientation (time and place)
    Difficulty in concentrating
    Difficulty in speaking, recalling, reading, or writing 
words
    Trouble in understanding speech
3. Emotional and behavioral changes
    Disorganized thinking, hallucinations, paranoia
    Restlessness, agitation, irritability, anxiety, depression
    Sleep disturbance, reversal of the sleep/wake cycle
    Slowed or decreased movement
    Difficulties in maintaining postures
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tearfulness), paranoid thoughts, delusions or hallucinations, decreased movement or 
restlessness, and sleep disturbance [2].

The diagnosis of delirium requires obtaining a current medical history, review of 
medical records, and laboratory and radiologic findings, and is established by sev-
eral diagnostic tools. The most widely used diagnostic tools for delirium are the 
Confusion Assessment Method (CAM) [3] and the Confusion Assessment Method 
for the Intensive Care Unit (CAM-ICU) [4, 5]. The CAM-ICU is modified from the 
CAM for ICU patients who cannot speak due to tracheal intubation. The diagnostic 
criteria for delirium are shown in Appendix 2 [5]. Briefly, delirium is diagnosed if 
the patient (1) has an acute change or fluctuation in mental status, (2) is in a state of 
inattention, and either (3) has an altered level of consciousness or (4) has disorga-
nized thinking. In clinical practice, the level of consciousness is first assessed using 
either the Richmond Agitation-Sedation Scale (RASS, Appendix 3) [6] or other 
validated sedation scales. If the patient is not in a coma or stupor (e.g., RASS −3 to 
+4), the evaluation proceeds to the second step, the CAM (-ICU). The diagnostic 
procedures of the CAM-ICU are clearly shown in an example of a CAM-ICU flow 
sheet (Appendix 4) [7].

The Intensive Care Delirium Screening Checklist (ICDSC) is another widely 
used diagnostic tool for delirium [8]. A score of 0 or 1 is given to each of the 
eight questions concerning (1) altered level of consciousness; (2) inattention; 
(3) disorientation; (4) hallucination, delusion, or psychosis; (5) psychomotor 
agitation or lethargy; (6) inappropriate speech or mood; (7) sleep/wake cycle 
disturbance; and (8) symptom fluctuation. Delirium is diagnosed if the total 
score is four points or more (Appendix 5). The ICDSC can easily be used by 
both clinicians and nurses but its relatively low specificity (64%) may lead to 
false positives [8].

The use of either the CAM (-ICU) or the ICDSC enables ICU nurses and physi-
cians to diagnose delirium easily and as accurately as experts in psychiatric evalua-
tion [5], although baseline dementia, psychosis, and anxiety/depressive disorder can 
sometimes make diagnosis difficult.

There are three types of delirium, including hyperactive (1.6%), hypoactive 
(43.5%), and mixed types (54.9%) [9]. It should be noted that the purely hyperactive 
type is very infrequent. The hypoactive delirium subtype is reportedly associated 
with the poorest outcomes.

Delirium is easily overlooked by intensive care physicians and ICU nurses unless 
some screening tools are used (sensitivity is 28% and 35% for physicians and 
nurses, respectively) [10]. Although the CAM and the CAM-ICU are validated 
instruments for diagnosis of delirium [11], we cannot evaluate delirium severity by 
these tools. Moreover, both tests have lower sensitivity when compared with their 
specificity [11], potentially leading to false negatives and underestimation of the 
incidence of the condition. We should not therefore rely solely on these screening 
tools, but make clinical judgments based on the DSM-5 or on other criteria for 
delirium.

7  Diagnosis of POD and POCD
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7.1.3  �Diagnosis of POD

Patients with POD usually wake up from the anesthesia initially with no problems 
but become delirious after a lucid interval, usually 1–3 days after surgery. These 
patients generally have an initial complete recovery unlike other forms of delirium. 
The diagnosis of POD is established when either organic or identifiable causes of 
delirium other than surgery are excluded.

As POD is reportedly associated with increased morbidity, prolonged hospital 
stay, loss of functional independence, and institutionalization, it is important to 
identify patients with POD and to initiate appropriate treatment as early as possible 
[2]. Routine (daily or during every nursing shift) assessment of postoperative 
patients with high POD risks using screening tools, such as the CAM-ICU, would 
help to diagnose and to initiate treatment of POD patients. It is recommended that 
health care professionals caring for postsurgical patients be trained to recognize and 
to document the signs and symptoms of POD, including the hypoactive type [2].

7.1.4  �Differential Diagnosis for POD

Clinically, POD should be differentiated from dementia, emergence delirium, and 
postoperative cognitive dysfunction (POCD).

Dementia is characterized by chronic and steadily progressive disturbance in cogni-
tive functions, while full consciousness is usually present until the last stages. These 
features are in contrast to the acute and fluctuating nature of POD, which is usually 
accompanied by an altered level of consciousness. Moreover, in contrast to POD, demen-
tia is rarely reversible. However, dementia and POD often overlap in clinical cases.

Emergence delirium is described as a state of confusion and agitation usually 
lasting for 15–30  min immediately after general anesthesia. It is predominantly 
observed in pediatric patients under the age of 5, although young adults (<40 years) 
and older patients (>64 years) are also vulnerable [12].

POD should also be distinguished from postoperative cognitive dysfunction 
(POCD) [13], although they often overlap in clinical situations. POCD is defined 
by a postoperative decline in cognitive functions and, therefore, both pre- and post-
operative cognitive tests are essential for the diagnosis of POCD.  In contrast to 
POD, POCD is not necessarily accompanied by either acute or fluctuating changes 
in mental status. Table 7.2 summarizes the difference between POD and POCD.

7.1.5  �Risk Factors for POD

An understanding of the risk factors of POD would help to foresee and to diagnose 
the occurrence of POD. Preoperative identification of risk factors for POD and man-
agement of the underlying risk factors are the first steps for the prevention and 
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treatment of POD. Risk factors include older age, baseline cognitive impairment, 
severe illness, hearing or vision impairment, infection, alcohol abuse, pain, and 
sleep disturbances (Table 7.3) [2, 14].

Table 7.2  Differences between POD and POCD

POD POCD

Pathophysiology Disturbance in attention and in 
awareness

Decline in cognitive functions

Diagnostic tools CAM, CAM-ICU, ICDSC, etc. Battery of neurocognitive  
tests

Onset/course Acute/fluctuating Subtle/stable
Symptoms Relatively clear (unclear in hypoactive 

cases)
Unclear, often clarified only by 
cognitive tests

Periods Days to weeks, resolves completely Weeks to months (sometimes 
lasting forever)

Risk factors Age, severe illness, baseline dementia, 
infection, dehydration, hearing or visual 
loss, pain, restraint

Age, baseline dementia, 
inflammation

Treatment Possible (pharmacological and 
nonpharmacological)

Unknown at present

Prevention Possible by multimodal interventions Unknown at present

Table 7.3  Risk factors for POD

Age >65
Preoperative cognitive impairment
Severe illness
Previous history of delirium
Hearing or vision impairment
Presence of infection
Inadequately controlled pain
Immobilization or limited mobility
Depression, alcohol abuse, sleep disturbance
Polypharmacy and use of psychotropic medications (benzodiazepines, anticholinergics, 
antihistamines, antipsychotics)
Renal insufficiency
Anemia, poor nutrition, electrolyte and fluid abnormalities
Presence of urinary catheter
Vascular or aortic procedures
Current hip fracture
ICU admission

7  Diagnosis of POD and POCD
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7.2  �Postoperative Cognitive Dysfunction (POCD)

Elderly patients often experience decline in cognitive functions for weeks to months 
after surgery. POCD refers to deterioration in cognitive functions temporally associ-
ated with surgery. Cognitive functions are evaluated using a battery of neuropsycho-
logical tests, although patient complaints or observations by family members 
sometimes provide useful information.

Initially, attention was paid to POCD after cardiac surgery. However, it is now 
known that POCD can occur not only after on-pump cardiac surgery, but also fol-
lowing off-pump cardiac surgery or even following noncardiac surgery [15]. 
Diagnosis of POCD is important because it is known to be associated with a dimin-
ished quality of life and with increased mortality after surgery [16].

7.2.1  �Symptoms of POCD

In contrast to the acute and sometimes obvious onset of POD, POCD usually mani-
fests itself as a subtle decline in cognitive functions, including memory, attention, 
concentration, perception, verbal function, learning, and social activities. Cognitive 
declines are often revealed only by a comparison of pre- and postoperative neuro-
psychological test scores. Therefore, subjective self-reported cognitive symptoms 
do not substitute for an objective cognitive evaluation.

7.2.2  �Diagnosis of POCD

Although patient complaints or family observations sometimes suggest the occur-
rence of POCD, the diagnosis of POCD is established only through comparison of 
pre- and postoperative scores in a battery of neuropsychological tests. Therefore, to 
diagnose POCD correctly, patients need to have been tested using preoperative cog-
nitive examinations, which is not usually the case in clinical practice. At present, 
there is no established consensus concerning the optimum selection of neuropsy-
chological tests, suitable timing of postoperative examinations, or criteria for defin-
ing the “decline” in test scores.

7.2.3  �Neuropsychological Tests

As multiple locations of the brain can be influenced to various extents in POCD, it 
is important to select an efficient combination of neuropsychological tests to evalu-
ate several cognitive domains and to diagnose POCD correctly.
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Although, as yet, there is no standardized neurocognitive test batteries routinely 
used for the diagnosis of POCD, a consensus meeting in 1995 advocated four core 
tests as detailed below (Sects. 7.2.3.1–7.2.3.3) [17].

7.2.3.1  �Rey Auditory Verbal Learning Test for Verbal Memory

The examiner reads aloud a list of 15 words, and then the participant is asked to 
repeat all the words he or she can remember in any order. The procedure is carried 
out five times. Then a second list of 15 words is presented and the participant 
attempts to recall them (only once for this time). Immediately following this, the 
participant is asked to remember as many words as possible from the first list.

7.2.3.2  �Trail-Making A and Trail-Making B for Attention 
and Concentration

These tests consist of 25 circled numbers or letters distributed over a sheet of paper 
(1 to 25 for Test A, 1 to 13 and A to L for Test B). The participant is asked to draw 
lines to connect circles in ascending order as quickly as possible (1-2-3-4- for Test 
A, 1-A-2-B-3-C- for Test B).

7.2.3.3  �Grooved Pegboard Test for Motor Skills

This test involves a pegboard with 25 holes with randomly positioned slots and pegs 
with a key along one side. The participant is asked to pick up a peg, rotate it, and 
insert it to match the hole with one hand. The time to insert all of the 25 pegs cor-
rectly into the holes is measured.

7.2.3.4  �Other Tests

Other cognitive tests often used to diagnose POCD include the Stroop test (the 
word red is printed in blue ink, for example; you are asked to name the color of 
the ink instead of the word itself), the digit span test for short-term memory (how 
many digits of numbers the subject can remember), and the paper and pencil 
memory test for sensorimotor and recall speed. The Mini-Mental Status 
Examination (MMSE) takes only 5 min and is considered to be suitable for pre-
operative identification of subclinical dementia. However, the MMSE is funda-
mentally a screening tool and may not be sensitive enough to detect a subtle 
postoperative decline in cognitive function. Furthermore, the MMSE is not suit-
able for quantitative evaluation of POCD because there is a learning effect caused 
by repeated examinations.

7  Diagnosis of POD and POCD
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Neurocognitive tests should be conducted by trained and qualified examiners to 
reduce variance in scores that cannot be ascribed to the subjects’ ability alone. 
Moreover, anxiety and depression should also be assessed because these conditions 
are known to affect cognitive performance. Lastly, it should be noted that many of 
the neuropsychological tests are not designed to detect the subtle cognitive impair-
ment seen in surgical patients.

7.2.4  �Evaluation of the Neuropsychological Test Scores

Most previous studies on POCD have defined “positive decline” in cognitive tests as 
“more than a 20% decrease in test scores” or “decrease of more than once or twice 
the standard deviation of control patients’ scores” [18]. Recent studies calculate a 
Z-score of a patient’s postoperative score change from the mean and standard devia-
tion of score changes in a control group and assume a Z < −1.96 (or −2) as “positive 
decline.” Making a matched control group can thus be helpful for defining the 
“decline” in neuropsychological tests. It removes the normal variations of test 
scores, learning effects induced by repeated testing, and effects of aging in the same 
patients. However, it should be noted that selected controls do not always match the 
surgical populations well.

In many studies, POCD has been defined as a positive decline in more than two of 
the neuropsychological tests performed. Although it is clear that employing a single 
neuropsychological test is insufficient to diagnose POCD, increasing the number of 
tests can also cause a problem. When POCD was defined as “decline in scores in 
more than two of the neuropsychological tests performed,” increasing the total num-
ber of tests from two to seven increased the incidence of POCD from 3 to 41% even 
in the control group [19]. Increasing the number of tests can thus increase the possi-
bility of “false positives,” and the incidence of POCD can thus be overestimated [20].

7.2.5  �Timing of Examinations

The decline in cognitive function is usually most prominent in the immediate post-
operative period and then recovers gradually. It lasts for weeks or months and some-
times forever. The incidence of POCD is reportedly 26–41% and 10–13% at 1 week 
and at 3 months after surgery, respectively, in patients over age 60 [15, 21]. 
Therefore, to observe the time course of POCD, neuropsychological tests should be 
performed at least once during the stable period, that is, more than 3 months after 
the surgery. There is no rigid consensus concerning the optimum time points of 
examinations. However, it may be difficult to diagnose early POCD (a few days 
postoperatively), because the patient can be in delirium or still under the influence 
of anesthetics, analgesics, pain, or fatigue.
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7.2.6  �Risk Factors of POCD

Although the etiology to POCD is still unknown, recognizing the risk factors of POCD 
would greatly help to foresee, detect, or sometimes prevent the occurrence of 
POCD. The incidence of POCD is independent of the type of either surgery or anes-
thesia [22]. The risk factors for POCD reported in previous studies [21] are shown in 
Table 7.4. Of these risk factors, patient age has been the most consistently mentioned.

�Appendix 1. Definition of Delirium by DSM-5 [1]

	A.	 Disturbance in attention (i.e., reduced ability to direct, focus, sustain, and shift 
attention) and awareness (reduced orientation to the environment).

	B.	 The disturbance develops over a short period of time (usually hours to a few 
days), represents an acute change from baseline attention and awareness, and 
tends to fluctuate in severity during the course of a day.

	C.	 An additional disturbance in cognition (e.g., memory deficit, disorientation, lan-
guage, visuospatial ability, or perception).

	D.	 The disturbances in Criteria A and C are not better explained by a preexisting, 
established, or evolving neurocognitive disorder and do not occur in the context 
of a severely reduced level of arousal such as coma.

	E.	 There is evidence from the history, physical examination, or laboratory findings 
that the disturbance is a direct physiological consequence of another medical 
condition, substance intoxication or withdrawal (i.e., due to a drug of abuse or 
to a medication), or exposure to a toxin, or is due to multiple etiologies. 

		  Reprinted with permission from the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition, (Copyright © 2013). American Psychiatric Association. 
All rights reserved.

Table 7.4  Risk factors for 
POCD

Advanced age
Preoperative mild cognitive impairment
Lower educational level
Previous stroke with no residual damage
Alcohol abuse
Extensive surgical procedure
Preoperative cerebral, cardiac, or vascular disease
Use of multiple medications
Delirium
Depression
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�Appendix 2. The Confusion Assessment Method 
for the Intensive Care Unit (CAM-ICU) [5]  
(Reprinted with permission)

Delirium is diagnosed when both Features 1 and 2 are positive, along with either 
Feature 3 or Feature 4.
Feature 1.

Acute Onset of Mental Status Changes or Fluctuating Course.
Is there evidence of an acute change in mental status from the baseline?
Did the (abnormal) behavior fluctuate during the past 24 h, that is, tend to come and 

go or increase and decrease in severity?
Sources of information: Serial Glasgow Coma Scale or sedation score ratings over 

24 h as well as readily available input from the patient’s bedside critical care 
nurse or family.

Feature 2.
Inattention.

Did the patient have difficulty focusing attention?
Is there a reduced ability to maintain and shift attention?
Sources of information: Attention screening examinations by using either picture 

recognition or Vigilance A random letter test (see Methods and Appendix 2 for 
description of Attention Screening Examinations). Neither of these tests requires 
verbal response, and thus they are ideally suited for mechanically ventilated 
patients.

Feature 3.
Disorganized Thinking.

Was the patient’s thinking disorganized or incoherent, such as rambling or irrelevant 
conversation, unclear or illogical flow of ideas, or unpredictable switching from 
subject to subject?

Was the patient able to follow questions and commands throughout the assessment?

	1.	 “Are you having any unclear thinking?”
	2.	 “Hold up this many fingers.” (examiner holds two fingers in front of the patient)
	3.	 “Now, do the same thing with the other hand.” (not repeating the number of 

fingers)
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Feature 4.

Altered level of consciousness.
Any level of consciousness other than “alert.”
Alert—normal, spontaneously fully aware of environment and interacts 

appropriately.
Vigilant—hyperalert.
Lethargic—drowsy but easily aroused, unaware of some elements in the environ-

ment, or not spontaneously interacting appropriately with the interviewer; 
becomes fully aware and appropriately interactive when prodded minimally.

Stupor—difficult to arouse, unaware of some or all elements in the environment, or 
not spontaneously interacting with the interviewer; becomes incompletely aware 
and inappropriately interactive when prodded strongly.

Coma—unarousable, unaware of all elements in the environment, with no spontane-
ous interaction or awareness of the interviewer, so that the interview is difficult 
or impossible even with maximal prodding.

7  Diagnosis of POD and POCD



116

�Appendix 3. Richmond Agitation Sedation Scale (RASS) [6]

Score Term Description

+4 Combative Overtly combative or violent; immediate danger to staff
+3 Very agitation Pulls on or removes tube(s) or catheter(s) or has aggressive 

behavior toward staff
+2 Agitated Frequent nonpurposeful movement or patient–ventilator 

dyssynchrony
+1 Restless Anxious or apprehensive but movements not aggressive or 

vigorous
0 Alert and calm
−1 Drowsy Not fully alert, but has sustained (more than 10 s) awakening, 

with eye contact, to voice
−2 Light sedation Briefly (less than 10 s) awakens with eye contact to voice
−3 Moderate sedation Any movement (but no eye contact) to voice
−4 Deep sedation No response to voice, but any movement to physical stimulation
−5 Unarousable No response to voice or physical stimulation

Procedure

1. Observe patient. Is patient alert and calm (score 0)?
    Does patient have behavior that is consistent with restlessness or agitation (score +1 to +4 
using the criteria listed above, under DESCRIPTION)?
2. If patient is not alert, in a loud speaking voice state patient’ s name and direct patient to open 
eyes and look at speaker. Repeat once if necessary. Can prompt patient to continue looking at 
speaker.
    Patient has eye opening and eye contact, which is sustained for more than 10 s (score −1).
    Patient has eye opening and eye contact, but this is not sustained for 10 s (score −2).
    Patient has any movement in response to voice, excluding eye contact (score −3).
3. If patient does not respond to voice, physically stimulate patient by shaking shoulder and then 
rubbing sternum if there is no response to shaking shoulder.
    Patient has any movement to physical stimulation (score −4).

    Patient has no response to voice or physical stimulation (score −5). 

Reprinted with permission of the American Thoracic Society. Copyright © 2015 American 
Thoracic Society. Cite: Sessler CN, Gosnell MS, Grap MJ et al (2002) The Richmond 
Agitation-Sedation Scale: Validity and reliability in adult intensive care unit patients. Am J 
Respir Crit Care Med 166(10):1338-44. The American Journal of Respiratory and Critical C 
are Medicine is an official journal of the American Thoracic Society.
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�Appendix 4. An Example of CAM-ICU Flow Sheet [7] 
(Reprinted with permission)

Confusion Assessment Method for the ICU (CAM-ICU) Flowsheet

1. Acute Change or Fluctuating Course of Mental Status:

2. Inattention:

3. Altered Level of Consciousness

4. Disorganized Thinking:

•   Is there an acute change from mental status baseline?

•   “Squeeze my hand when I say the letter ‘A’.”

OR NO
CAM-ICU negative

NO DELIRIUM

CAM-ICU negative
NO DELIRIUM

CAM-ICU negative
NO DELIRIUM

CAM-ICU positive
DELIRIUM Present

0 - 2
Errors

0 - 1
Error

RASS other
than zero

YES

> 2 Errors

> 1 Error

RASS = zero

•   Has the patient’s mental status fluctuated during the past 24 hours?

•   If unable to complete Letters → Pictures

Read the following sequence of letters:

ERRORS: No squeeze with ‘A’ & squeeze on letter other than ‘A’

Command:  “Hold up this many fingers” (Hold up 2 fingers)

OR    “Add one more finger” (If patient unable to move both arms)
“Now do the same thing with the other hand” (Do not demonstrate)

S A V E A H A A R T  or  C A S A B L A N C A  or  A B A D B A D A A Y

Current RASS level

1. Will a stone float on water?
2. Are there fish in the sea?
3. Does one pound weigh more than two?
4. Can you use a hammer to pound a nail?
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�Appendix 5. Intensive Care Delirium Screening Checklist 
(ICDSC) [8] (With permission of Springer)

A score of 0 or 1 is given to each of the eight questions above and delirium is diag-
nosed if the total score is four points or more.

1. Altered level of consciousness:

2. Inattention: Difficulty in following a conversation or instru-
    tions. Easily distracted by external stimuli. Difficulty in shifting
    focuses. Any of these scores 1 point.

3. Disorientation: Any obvious mistake in time, place or person
    scores 1 point.

8. Symptom fluctuation: Fluctuation of the manifestation of any
    item or symptom over 24 h (e.g., from one shift to another)
    scores 1 point.

7. Sleep/wake cycle disturbance: Sleeping less than 4 h or waking
    frequently at night (do not consider wakefulness initiated by
    medical staff or loud environment). Sleeping during most of the
    day. Any of these scores 1 point.

6. Inappropriate speech or mood: Inappropriate, disorganized or
    incoherent speech. Inappropriate display of emotion related to
    events or situation. Any of these scores 1 point.

5. Psychomotor agitation or retardation: Hyperactivity requiring
    the use of additional sedative drugs or restraints in order to
    control potential danger to oneself or others (e.g., pulling out iv
    lines, hitting staff). Hypoactivity or clinically noticeable psy-
    chomotor slowing. Any of these scores 1 point.

4. Hallucination, delusion or psychosis: The unequivocal clinical
   manifestation of hallucination or of behavior probably due to
   hallucination (e.g., trying to catch a non-existent object) or de-
   lusion. Gross impairment in reality testing. Any of these scores
   1 point.

A) No response or B) the need for vigorous stimulation in or-
der to obtain any response signified a serve alteration in the
level of consciousness precluding evaluation. If there is coma
(A) or stupor (B) most of the time period then a dash (-) is en-
tered and there is no further evaluation during that period.
C) Drowsiness or requirement of a mild to moderate stimula-
tion for a response implies an altered level of consciousness
and scores 1 point.
D) Wakefulness or sleeping state that could easily be aroused
is considered normal and scores no point.
E) Hypervigilance is rated as an abnormal level of conscious-
ness and scored 1 point.
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Chapter 8
Prevention and Treatment of Postoperative 
Delirium and Postoperative Cognitive 
Dysfunction

Mitsuru Ida and Masahiko Kawaguchi

Abstract  Postoperative delirium (POD) is a common complication of surgery and 
an acute and fluctuating neurological disorder that is characterized by disturbances 
of consciousness, attention, and perception. Postoperative cognitive dysfunction 
(POCD) is a subtle transient cognitive decline that occurs for weeks or months after 
surgery. POCD may influence isolated cognition domains, such as verbal memory, 
visual memory, attention, and concentration, and is not necessarily accompanied by 
a change in consciousness. Although POD is a transient and curable clinical condi-
tion, it may encompass POCD and increase postoperative mortality. Saczynski et al. 
demonstrated that patients with POD had more severe POCD at 1 week and 1 year 
after surgery and that the longer the POD continued, the worse the cognitive dys-
function. Prevention and treatment of POD may prevent POCD. POCD influences 
both the short-term and long-term prognosis. Patients with POCD at 1 week after 
surgery had greater difficulty returning to work and tended to receive social transfer 
payments, whereas those with POCD at 3 months after surgery were associated with 
increased mortality. In this chapter, we describe POD and POCD and particularly 
focus on their prevention and treatment.

Keywords  Postoperative delirium • Postoperative cognitive dysfunction 
• Drug/Nondrug therapy
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8.1  �Postoperative Delirium

8.1.1  �Incidence

The total incidence of POD is 36.8%, with the incidence varying depending on the 
type of surgery [1]. For example, POD was reported in 16–44% patients undergoing 
hip fracture repair and 29–39% patients undergoing vascular surgery [2]. Delirium 
is classified as hyperactive or hypoactive, with hypoactive delirium being more dif-
ficult to recognize. Therefore, POD incidence may be underestimated.

8.1.2  �Predictors

Table 8.1 shows the risk model of POD in noncardiac surgery [3]. Additional risk 
factors include emergency surgery [4], laboratory abnormalities (sodium, potas-
sium, and glucose) [5], a history of hypertension, and higher acute physiology and 
chronic health evaluation II scores [6].

8.1.3  �Mechanism [7]

While the mechanism underlying POD is unknown, it is thought to involve altered 
neurotransmission, inflammation, and chronic stress. Cholinergic and dopaminergic 
neurotransmitters are involved in POD.  Inflammatory cytokines, such as 

Table 8.1.  The risk model 
for delirium [3]

Predisposing risk factors for delirium Points

Delirium during previous hospitalization 5
Dementia 5
Clock drawing (displaying 10 past 11)
    Small mistakes 1
    Big mistakes, unrecognizable, or no attempt 2
Age
    70–85 years 1
    >85 years 2
Impaired hearing (patient is not able to hear speech) 1
Impaired vision (vision <40%) 1
Problems in activities of daily live
    Domestic help or help with meal preparation 0.5
    Help with physical care 0.5
Use of heroin, methadone, or morphine 2
Daily consumption of four or more alcoholic beverages 2

Patients scoring 5 or more points were considered high risk for 
postoperative delirium
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interleukin-6 and -8 and tumor necrosis factor α, increase the permeability of the 
blood–brain barrier, resulting in changes in neurotransmission. Furthermore, 
chronic surgical stress increases cortisol release, which may have an effect on POD.

8.1.4  �Anesthetics

A meta-analysis that compared the influence of general anesthesia, local anesthesia, 
and a combination of these on POD reported that general anesthesia did not increase 
the incidence of POD (OR 0.88; 95% CI, 0.51–1.51) [8]. A randomized controlled 
trial that compared the effects of propofol and sevoflurane on POD after laparoscopic 
surgery revealed that POD incidence during the first 3 days was comparable; how-
ever, the delirium rating scale, 2 and 3 days after surgery, was significantly higher 
after propofol than after sevoflurane anesthesia [9]. Monitoring of anesthesia via 
electroencephalogram was shown to decrease POD incidence [10, 11], possibly due 
to the use of less anesthetic; however, the exact mechanism is unknown. Some drugs 
used perioperatively, such as atropine, antihistamines, corticosteroids, and benzodi-
azepines, can precipitate delirium; therefore, their use should be minimized [12].

8.1.5  �Prevention

8.1.5.1  �Nondrug Therapy

Environmental change is closely associated with POD, and clinicians should pay 
attention to adjusting environmental factors (Table  8.2) [13]. Two reports have 
shown that proactive geriatric consultation can decrease POD risk. In one study 
[14], 126 patients who underwent hip fracture repair were randomly assigned to 
proactive geriatric consultation or standard treatment. Geriatric consultation 
involved daily patient visits with a geriatrician during hospitalization and interven-
tions based on a structured protocol. POD incidence was lower in patients 

Table 8.2.  Environmental 
coordination to prevent 
postoperative delirium [13]

Keep adequate lighting during the day
Recognize the date, time, and location at least three 
times a day
Provide the clock and calendar
Wear hearing aids and glasses if necessary
Nursing continually
Early ambulation
Reduce noise
Meet with family
Prevent dehydration
Regulate bowel function
Give supplemental oxygen to keep saturation >95%

8  Prevention and Treatment of Postoperative Delirium and Postoperative Cognitive…



124

undergoing geriatric consultation than in controls (32% vs. 50%; P = 0.04) with a 
relative risk of 0.64 (95% CI, 0.37–0.98). The incidence of severe POD was also 
lower in patients undergoing geriatric consultation than in controls (12% vs. 29%; 
P = 0.02) with a relative risk of 0.4 (95% CI, 0.18–0.89). In another study [15], 199 
patients with femoral neck fracture were randomly assigned to postoperative care in 
a specialized geriatric ward or an orthopedic ward. Patients in the geriatric ward had 
a lower incidence of POD (54.9% vs. 75.3%; P = 0.003) and a shorter POD duration 
(5.0 days vs. 10.2 days; P = 0.009).

8.1.5.2  �Drug Therapy [16] (Table 8.3)

Many reports discuss the use of drugs to prevent POD.
Patients who were administered haloperidol (0.1 mg/h for 12 h) after a 0.5 mg 

injection had a significantly lower incidence of POD (5.3% vs. 23.2%; P = 0.031) 
[17]. However, the effectiveness of haloperidol depended on the type of surgery, and 
the reduction was only confirmed in patients who underwent abdominal surgery in 
this study. In another study, patients undergoing cardiac surgery with cardiopulmo-
nary bypass were randomly assigned to sublingually receive either 1 mg risperidone 
or placebo upon regaining consciousness. The incidence of POD was lower in 
patients treated with risperidone than placebo (11.1% vs. 31.7%; P = 0.009; RR, 
0.35; 95% CI, 0.16–0.77) [18]. Olanzapine and risperidone both block dopamine-2 
and serotonin receptors, and their prophylactic use may be effective in preventing 
POD.  Four hundred patients who underwent noncardiac surgery were randomly 
assigned to directly receive either olanzapine (5 mg) or placebo preceding and after 
surgery. The incidence of POD was significantly lower in the olanzapine group 
(14.3% vs. 40.2; P < 0.0001; 95% CI, 17.6–34.2) [19].

Intramuscular injection of diazepam at 8 p.m. each night followed by continuous 
administration of flunitrazepam and pethidine over 8 h was reported to decrease 
POD incidence but increase the incidence of morning lethargy [20]. Midazolam had 
no effect on POD [21].

Table 8.3.  Summary of 
prevention strategies of 
postoperative delirium

Proactive geriatric consultation
Haloperidol injection (0.5 mg) with subsequent 
administration (0.1 mg/h) for 12 h
Risperidone (1 mg) sublingually when they 
regained consciousness
Olanzapine (5 mg) just before and after surgery
Melatonin (5 mg) at sleep time and another 5 mg 
90 min prior to operation
Oral gabapentin (900 mg) administered 1–2 h 
before surgery
Remifentanil or fascia iliaca compartment block
Dexmedetomidine
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Because of the association of Parkinson’s and Alzheimer’s disease with excess 
cholinergic activity, several studies have investigated whether cholinesterase inhibi-
tors decrease POD risk. However, neither donepezil (5 mg) administration 14 days 
before and after surgery [22] nor rivastigmine (1.5  mg) administration for three 
consecutive days starting the evening before surgery decreased POD incidence [23].

The sleep–wake cycle is closely associated with delirium. One study focusing on 
the association between sleep–wake cycle disruptions and plasma melatonin 
revealed that melatonin administration (5 mg) at sleep time and 90 min before sur-
gery decreased POD incidence (9.43% vs. 32.65%) and was helpful for treating 
patients who had developed POD [21].

The oral administration of gabapentin (900  mg) 1–2  h before surgery was 
reported to be safe and was associated with a significantly lower POD incidence and 
pain-level improvement (0% vs. 42%; P = 0.045) [24].

Remifentanil is reportedly associated with a lower POD incidence than fentanyl 
in the recovery room (P = 0.039) and on the first postoperative day (P = 0.005) [25]. 
Furthermore, in patients undergoing surgical hip-fracture repair, administration of a 
fascia iliaca compartment block before initiating surgery until delirium occurred or 
until the patient underwent surgery decreased POD incidence (10.8% vs. 23.8%; 
RR 0.45; 95% CI, 0.23–0.87) [24].

A meta-analysis revealed that dexmedetomidine administration decreased the 
incidence of delirium, agitation, and confusion (19% vs. 23%; P = 0.03; RR, 0.68; 
95% CI, 0.49–0.96) [26].

8.1.6  �Treatment

Prevention is the best approach because treatments for POD are still under investi-
gation. A recent meta-analysis demonstrated that antipsychotics decrease the inci-
dence of postoperative delirium [27]. Several studies have evaluated the effectiveness 
of drugs in treating POD; for example, quetiapine plus haloperidol resulted in faster 
delirium resolution [28]. However most of these studies had small cohorts and were 
unable to determine which drugs are preferable. Rivastigmine did not decrease 
delirium duration over that of haloperidol and showed evidence of increased mortal-
ity [29]. Treatment strategies are shown in Table 8.4.

Table 8.4.  Summary of treatment strategies for postoperative delirium [7]

Search for and correct the causes of delirium
Intravenous or subcutaneous injection of haloperidol (2.5 mg)
Oral haloperidol (1–2 mg) every 4 h
Oral olanzapine (2.5–5 mg) daily
Oral risperidone (0.5–1 mg) daily (for elderly patients, cut dose by 25–50%)
Benzodiazepines (in case of delirium due to benzodiazepine withdrawal, alcohol withdrawal, 
or postseizure delirium)

8  Prevention and Treatment of Postoperative Delirium and Postoperative Cognitive…
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8.2  �Postoperative Cognitive Dysfunction

8.2.1  �Incidence

The International Study of Post-Operative Cognitive Dysfunction 1 evaluated 
the incidence of POCD in 1218 patients aged ≥60 years who underwent abdom-
inal, orthopedic, or thoracic surgery and revealed that POCD was experienced 
by 25.8% of these patients on postoperative day 7 and 9.9% at 3 months after 
surgery [30]. The incidence of POCD in these patients was significantly higher 
than that of healthy controls (P < 0.0001, P = 0.0037). Similarly, among 336 
patients aged ≥60 years, POCD was present in 24.8% at 1 week, 10.3% at 3 
months, and 10.4% at 1–2 years after surgery [31]. POCD occurs not only in 
elderly patients but also in middle-aged and young patients. In a study of 1064 
noncardiac surgery patients aged 18–39, 40–59, and ≥60 years, POCD was 
found in all age groups, and the prevalence of POCD decreased with time after 
surgery [32].

8.2.2  �Predictors

The risk factors of POCD are shown in Tables 8.5, 8.6, and 8.7 [30, 31] accord-
ing to postoperative terms. Age was the most significant predictor of POCD in 
all terms. In addition to the listed factors, cognitive functions are more 

Table 8.5.  Risk factors related to postoperative cognitive function at 1 week after surgery [33]

Risk factor P-value
Odds ratio (95% 
confidence interval)

Age (difference of 10 years) 0.03 1.3 (1.0–1.7)
Anesthesia time (difference of 1 h) 0.01 1.1 (1.0–1.3)
Second surgery in 1 week 0.03 2.7 (1.1–6.5)
Postoperative respiratory complication 0.05 1.6 (1.0–2.6)
Postoperative infectious complication 0.04 1.7 (1.0–2.8)
Education level (high school vs. less than high school) 0.002 0.6 (0.4–0.9)

Table 8.6.  Risk factors related to postoperative cognitive function at 1 week after surgery [33]

Risk factor P-value Odds ratio (95% confidence interval)

Age (difference of 10 years) 0.0001 2.1 (1.4–2.9)
Benzodiazepines before surgery 0.03 0.4 (0.2–1.0)
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profoundly impaired in patients with a history of alcohol abuse [33] or with 
metabolic syndrome [34].

8.2.3  �Mechanism

Various factors are associated with POCD (Fig. 8.1) [35]. Inflammation plays an 
important role in POCD. Inflammatory cytokines induced by surgery affect not only 
the surgical area but also the central nervous system, disrupting the blood–brain 
barrier and resulting in POCD. An animal study comparing the incidence of POCD 
between general anesthesia alone and general anesthesia with surgery revealed that 
systematic inflammation caused by surgical trauma rather than the influence of gen-
eral anesthesia was strongly related to POCD [36].

Table 8.7.  Risk factors related to postoperative cognitive function in 1–2 years after surgery [31]

Risk factor P-value Odds ratio (95% confidence interval)

Age (difference of 10 years) 0.002 2.58 (1.42–4.70)
Postoperative infectious complication 0.045 2.61 (1.02–6.68)
Presence of POCD at 1 week after surgery 0.006 2.84 (1.35–5.96)

POCD postoperative cognitive function

Preoperative factors

age
cognitive dysfunction
complications
low educational level

Hospital associated factors

environmental change
duration of hospital change
sleep disorder

Postoperative cognitive dysfunction

Postoperative factors

inflammation
pain
sleep disorder
opioid

Intervention

minimal invasive surgery
pain management
early discharge
improvement of sleep quality

Fig. 8.1.  Intraoperative factors and interventions for postoperative cognitive dysfunction [35]
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8.2.4  �Anesthetics

In a study investigating the incidence of mental changes in epidural versus gen-
eral anesthesia for total hip arthroplasty in 60 elderly patients, the author con-
cluded that epidural anesthesia should be selected because only 7 of the 31 
patients in the general anesthesia group experienced postoperative mental 
changes [37]. In contrast, a recent prospective observational study suggested 
that neither the surgical procedure nor the type of anesthetic used was associ-
ated with POCD at 3 months after surgery [38]. This study included a control 
group, light sedation for the percutaneous diagnostic procedure group, general 
anesthesia for the total hip joint replacement (THR) surgery group, and general 
anesthesia for the coronary artery bypass graft (CABG) surgery with cardiopul-
monary bypass group. The incidence of POCD at 3 months after surgery for all 
groups was 17% (21% for light sedation, 16% for THR surgery, and 16% for 
CABG surgery), and there was no significant difference between the groups 
(OR 1.21; 95% CI, 0.94–1.55).

8.2.5  �Prevention and Treatment

There is no evidence indicating a clearly effective treatment option for POCD. As 
with POD, the best approach seems to be prevention. The optimal means of 
POCD prevention is unclear. However, there are several strategies that reduce 
POCD (Table 8.8 [39]). Recognizing patients who are susceptible to POCD is 
important. For such patients, the use of benzodiazepines should be limited, and 
the preoperative fasting time should be shortened. Considering the relationship 
between POCD and inflammation, inhibiting inflammation may help to reduce 
POCD. Evidence from studies in animals [40–43] and humans [44, 45] suggests 

Table 8.8.  Prevention strategies for 
postoperative cognitive dysfunction [39]

Maintain homeostasis
Avoid benzodiazepines
Minimal invasive surgery
Short surgery time
Early discharge
Frequent explanation
Pain control
Avoid long-term fasting
Frequent visiting with family or friends
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several drugs that may help for preventing POCD (Table 8.9). In contrast, dexa-
methasone (0.2 mg/kg) may increase the incidence of POCD [46] or have no 
effect [47].

The surgical technique used may affect the risk of POCD. A meta-analysis dem-
onstrated no difference in POCD incidence between off-pump CABG and on-pump 
CABG surgery [48]; however, the occurrence of POCD after cardiac surgeries is 
higher than after noncardiac surgeries [49]. Additional prevention strategies have 
been considered (Table 8.10 [50]).

Table 8.9.  Drugs expected to prevent POCD

First author [Ref] Drug Object Intervention Main result

Tian [40] Vitamin D Mice Partial hepatectomy 
under general 
anesthesia

Useful in the control 
of inflammatory 
diseases

Jin [41] Minocycline Mice 70% partial 
hepatectomy

Improved 
postoperative memory 
impairment
Inhibited astrocytic 
activation induced
Downregulated 
TNF-a, IL-1b, and 
IL-6 mRNA 
expression levels

Zhang [42] Amantadine Rat Right carotid exposure 
under intravenous 
anesthesia

Attenuated surgery-
induced learning and 
memory impairment

Sun [44] Dobutamine Human Total hip arthroplasty 
under epidural 
anesthesia

Prevented surgery-
induced POCD
Reduced anesthesia-
induced TNF-α 
release in patient 
plasma

Ottens [47] Dexamethasone 
(0.1 mg/kg)

Human Cardiac surgery with 
cardiopulmonary 
bypass

Did not reduce the 
risk of POCD

Fang [46] Dexamethasone 
(0.2 mg/kg)

Human Microvascular 
decompression

Increased the 
incidence of POCD

Kawano [43] Ketoprofen Rat Postoperative pain 
model

Prevented the 
development of 
surgery-associated 
memory deficits

Tian [45] Parecoxib Human Orthopedic surgery 
under general 
anesthesia

Reduced the 
incidence of POCD

TNF tumor necrosis factor, IL interleukin, POCD postoperative cognitive function
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Abstract  Postoperative delirium (POD) and postoperative cognitive dysfunction 
(POCD) worsen quality of life in postoperative patients and, moreover, impose huge 
cost on hospitals. Previous clinical reports revealed that POD appears to be a risk for 
high mortality in the elderly and POCD appears to have long-lasting adverse effect 
on learning performance in children. Nevertheless nobody has proposed the effec-
tive way to cure them. We are still struggling in exploring mechanisms underlying 
POD and POCD because of the following reasons: (1) clinical definitions may be 
obscure, (2) underlying mechanisms are multifactorial, (3) less animal models com-
parable with patients are available. Under these difficulties, a considerable number 
of studies have contributed to identify key molecules and neural circuits essential 
for the establishment of these diseases and fortunately some of them appear to pos-
tulate reliable mechanisms. Integrating latest findings, here we discuss about these 
mechanisms underlying POD and POCD.

Keywords  POD • POCD • Acetylcholin • Monoamine • Orexin • Adenosine 
Melatonin • Amyloid beta • Caspase • Chloride transporter • AMPA receptor 
GABA receptor

9.1  �The Pathogenesis Underlying Delirium

The etiology and pathogenesis of delirium are very complex and not entirely under-
stood. The mechanism of general anesthetics is also in the middle of the process of 
elucidation. Currently, delirium is known to be a multifactorial disorder [1], and the 
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physiology of consciousness and wakefulness represents the results of a complex 
neural network and neurotransmitters.

The development of delirium in patients is the result of inter-relationships between 
predisposing factors and precipitating factors. Many mechanisms of delirium have 
been proposed and include neurotransmitter-, inflammation-, physiological stressor-, 
metabolic disorder-, and genetic factor-based mechanisms (Table 9.1) [2, 3].

Table 9.1  Potential pathophysiological contributors to delirium [2]

General medicine
Surgery Intensive 

care unitNoncardiac Cardiac

(a)
Predisposing factors

Dementia 2.3–4.7 2.8 – –
Cognitive impairment 2.1–2.8 3.5–4.2 1.3 –
History of delirium – 3.0 – –
Functional impairment 4.0 2.5–3.5 – –
Visual impairment 2.1–3.5 1.1–3.0 – –
Hearing impairment – 1.3 – –
Comorbidity or severity of illness 1.3–5.6 4.3 – 1.1
Depression 3.2 – 1.2 –
History of transient ischemia or 
stroke

– – 1.6 –

Alcohol misuse 5.7 1.4–3.3 – –
Older age (≥75 years) 4.0 3.3–6.6 – 1.1
Precipitating factors

Drugs
    Several drugs used 2.9 – – –
    Psychoactive drugs 4.5 – – –
    Sedatives or hypnotics – – – 4.5
Use of physical restraints 3.2–4.4 – – –
Use of bladder catheter 2.4 – – –
Physiological
    Increased serum urea 5.1 – – 1.1
    Increased BUN:creatinine ratio 2.0 2.9 – –
    Abnormal serum albumin – – 1.4 –
    Abnormal sodium, glucose, or 
potassium

– 3.4 – –

    Metabolic acidosis – – – 1.4
Infection – – – 3.1
Any iatrogenic event 1.9 – – –
Surgery
    Aortic aneurysm – 8.3 – –
    Noncardiac thoracic – 3.5 – –
    Neurosurgery – – – 4.5
Trauma admission – – – 3.4
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Table 9.1  (continued)

General medicine
Surgery Intensive 

care unitNoncardiac Cardiac

Urgent admission – – – 1.5
Coma – – – 1.8–21.3
Data are relative risks. Some data are reported as ranges. The appendix contains a complete list 
of references
BUN = blood urea nitrogen
Risk factors for delirium from validated predictive models

(b)
Type of data 
available

Review published

Neurotransmitters

Acetylcholine Experimental and 
observational

Yes

Dopamine Experimental and 
observational

Yes

γ-aminobutyric acid Experimental and 
observational

No

Melatonin Experimental and 
observational

Yes

Tryptophan or serotonin Observational Yes
Glutamate Observational No
Epinephrine or norepinephrine Hypothetical No
Proinflammatory markers No
Interferon α or β Experimental Yes
Interleukin6 Observational Yes
Interleukin8 Observational Yes
Interleukin10 Observational No
Tumor necrosis factor α Hypothetical Yes
Interleukin 1β Hypothetical Yes
Prostaglandin E Hypothetical Yes
Physiological stressors No
Cortisol Observational No
S100β Observational No
Neopterin Observational No
Hypoxia Observational No
Metabolic disorders No
Lactic acidosis Experimental and 

observational
No

Hypoglycemia or hyperglycemia Observational No
IGF1 Observational Yes
Hypercapnia Hypothetical Yes

(continued)
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Experimental indicates that controlled data, e.g., data from clinical trials, infer-
ences from unintended side effects in human beings, or both, are available. 
Observational indicates that only observational human data are available. 
Hypothetical indicates that studies in human beings are not yet available to support 
the mechanism. The appendix contains a complete list of references.

Cholinergic deficiency and dopamine excess are thought to be linked to delirium [4] 
because anticholinergic medications and drugs used to treat Parkinson’s disease are 
associated with delirium [5, 6]. However, the cholinesterase inhibitor rivastigmine does 
not decrease the duration of delirium and might increase mortality [7]. Hence, it is dif-
ficult to resolve delirium with any treatment based on a single neurotransmitter. 
Moreover, neurotransmitters have mutual influences on one another. Hatta et al. reported 
that ramelteon, a melatonin receptor agonist, exhibits a preventive effect on delirium [8].

It is also important to understand the basic neurophysiology of awake-sleep 
switching and circadian rhythms. First, we review the architecture and neurophysi-
ology that are essential for understanding the pathophysiology underlying delirium. 
The effect of the cholinergic pathway on delirium has been found to be arrestive, 
which we more intensively discuss here. Second, we review the substances that are 
related to circadian rhythms because the disruption of circadian rhythms is thought 
to increase the incidence of delirium.

9.1.1  �Neurophysiology

9.1.1.1  �Ascending Arousal System

In 1949, Moruzzi and Magoun reported that the basic mechanism of wakefulness 
lies in the reticular activating system. Subsequent studies revealed that the key com-
ponents of wakefulness are not in the reticular formation but in cell groups in the 

Table 9.1  (continued)

General medicine
Surgery Intensive 

care unitNoncardiac Cardiac

Electrolyte disorders No
Sodium, calcium, magnesium Experimental and 

observational
No

Genetic factors

Apolipoprotein E Observational Yes
Glucocorticoid receptor Observational No
Dopamine transporter or receptor Observational Yes
Toll-like receptor 4 Hypothetical No

Experimental means that controlled data—e.g., from clinical trials or inference from unintended 
side effects in human beings, or both—are available
Observational means that only observational data are available in human beings
Hypothetical means that studies in human beings are not yet available to support the mechanism. 
The appendix contains a complete list of references
Potential pathophysiological contributors to delirium

T. Miyazaki et al.



137

mesopontine junction. Currently, these pathways are recognized together as the 
ascending arousal system.

9.1.1.2  �Ascending Arousal System Including Cholinergic Pathways

The ascending arousal system contains two major branches, i.e., the cholinergic 
pathway and other monoaminergic pathways. Acetylcholine-producing cell groups 
in the pedunculopontine tegmentum and laterodorsal tegmentum (PPT/LDT) proj-
ect to a relay and the reticular nuclei of the thalamus [9]. These inputs facilitate 
neural input from the thalamus to the cerebral cortex (thalamocortical transmis-
sion, Fig. 9.1).

Acetylcholine plays crucial roles in the rapid eye movement (REM) sleep state 
in which cortical neurons begin to fire in patterns similar to those of the awake state, 
and the sleep state precedes the onset of wakefulness. Cholinergic neurons located 
in the nucleus basalis of Meynert and the midbrain extend their axons all over the 
cerebral cortex and release acetylcholine locally from their presynaptic terminals 
immediately prior to the initiation of the REM sleep state. Locally released acetyl-
choline can desynchronize the firing patterns of cortical neurons, and the EEGs 
(electroencephalograms) generated by these neurons then increase in frequency and 
decrease in amplitude. These changes ready the cortical neurons for stimuli coming 
from other brain regions and ultimately led to consciousness. Cholinergic activity 
also correlates with cognitive function in laboratory animals [11, 12]. The adminis-
tration of high-dose atropine to animals increases the total serum anticholinergic 
activity in a dose-dependent manner [13]. Biperiden, which is another type of 
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Fig. 9.1  Schematic 
drawing of the ascending 
arousal system [10]
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anticholinergic drug, induces behavioral and polygraphic changes similar to those 
of delirious patients who can be observed on electroencephalography, electroocu-
lography, and electromyography [14]. These findings are also true in delirious 
patients whose serum anticholinergic activities are significantly greater than those 
of nondelirious patients [15]. Moreover, drug-induced dysfunction of the choliner-
gic pathway produces delirium and disorientation [16]. Based on accumulating evi-
dence suggesting the positive effect of acetylcholine on cognitive function, the 
pharmacological regulation of the cholinergic pathway had been intensively studied 
as a therapeutic target in dementia patients. Actually, drugs that increase the acetyl-
choline concentration by inhibiting acetylcholine esterase have been used in clini-
cal settings.

In addition to the enhancing effect of acetylcholine on cognition, an inhibitory 
effect of acetylcholine on attention has recently been identified [17]. As mentioned 
above, acetylcholine works as a neurotransmitter and binds to two types of receptor, 
i.e., muscarinic and nicotinic. While antagonism of the muscarinic receptors reduces 
attention, antagonism of the nicotinic receptors has no effect [18]. By definition, 
delirium includes reduced awareness. Therefore, delirious states result can be 
understood to result from a lack of attention rather than a lack of cognition. In labo-
ratory animals, several behavioral tests are available to elucidate the effects of anes-
thetic agents on attention. The latent inhibition test is a major test of attentional 
ability. In this test, mice are divided into two groups, e.g., a pre-exposed group (the 
mice are exposed to 40 white noise tones of 5 s in duration with an inter-noise inter-
val of 25 s) and a non-pre-exposed group. On the first day, immediately after pre-
exposure to the tone, the mice experience tone–shock pairing. On the day 3, the 
mice are moved to a new space and allowed to explore for 180 sec, followed by 
exposure to the tone for 180 s, and the experimenters then measure the durations of 
freezing behavior in both groups. If a mouse attends to the tone on the first day, 
freezing behavior on day 3 is significantly suppressed and vice versa. A previous 
report demonstrated that mice that are exposed to isoflurane exhibit decreased atten-
tion [19]. In contrast, mice exposed to desflurane exhibit no effect on attention 
(Miyazaki, submitted).

9.1.1.3  �Ascending Arousal System Including the Monoaminergic 
Pathways

The monoaminergic pathways include the tuberomammillary nucleus (TMN), 
which releases histamine (His), the A10 cell group, which releases dopamine 
(DA), the dorsal and median raphe nuclei, which release serotonin (5-HT), and the 
locus coeruleus (LC), which releases noradrenaline (NA) (Fig. 9.1). These neu-
rotransmitters activate neurons in the lateral hypothalamic area and basal fore-
brain. The neurons in these cell groups are most active during wakefulness, 
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exhibited decreased activity during non-REM sleep, and are silent during REM 
sleep [20, 21].

9.1.1.4  �Sleep-Promoting System

Whereas the ascending arousal system is the key region for the maintenance of 
wakeful states, the neurons located in the ventrolateral preoptic nuclei (VLPO) and 
median preoptic nuclei (MnPO) are key to the promotion of sleep states. The VLPO 
provides inhibitory GABAergic and galaninergic outputs to the TMN and other 
regions of the ascending arousal system [22]. γ-aminobutyric acid (GABA) is the 
major inhibitory neurotransmitter. Cell-specific lesions of the VLPO in animals 
reduce NREM and REM sleep by more than 50% [23, 24]. Lesions of the VLPO 
cluster reduce NREM sleep, although lesions of the extended VLPO disrupt REM 
sleep. These findings indicate that GABA release from the VLPO is crucial to driv-
ing sleep states (Fig. 9.2).

Recent studies have revealed that dexmedetomidine reduces the duration of post-
operative delirium compared with propofol [25]. The guidelines suggest that dex-
medetomidine infusions that are administered for sedation may be associated with 
a lower prevalence of delirium compared with benzodiazepine infusions [26]. The 
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postoperative plasma GABA concentration is associated with postoperative delir-
ium in critically ill patients [27].

9.1.1.5  �The Flip-Flop System and Orexin Neurons

Although we spend one-third of our lives asleep, the sleep-wake switching mecha-
nism requires only a few seconds to a minute. Sleep-wake switching is the result of 
a reciprocal relationship between the VLPO and the ascending arousal system. 
Saper et al. suggested that this relationship is like a “flip-flop.” The two halves of the 
flip-flop circuit create a feedback loop that is bistable via mutual inhibition; i.e., 
there are two possible stable firing patterns, and intermediate states tend to be 
avoided [28]. Orexin neurons play an important role in stabilizing this system. A 
single study reported the relationship between general anesthesia and orexin. The 
plasma orexin A level is increased 5 min after extubation compared with the level 
following anesthetic induction [29]. It is unclear how orexin affects postoperative 
delirium and postoperative cognitive dysfunction. Suvorexant, which is a novel dual 
antagonist of the OX1R and OX2R orexin receptors, is receiving attention as the 
novel therapy for insomnia. However, its use should be closely monitored in patients 
who are at risk for delirium [30].

9.1.2  �Circadian Rhythms

It is well known that we have a biological clock. We also know that impaired circa-
dian rhythms lead to characteristics of delirium. The suprachiasmatic nucleus (SCN) 
in the hypothalamus is the most important component of the biological clock 
(Fig. 9.3). The SCN clock generates 24-hour rhythms (e.g., circadian rhythms) that 
influence physiological status and behavior. The master clock in the SCN is com-
posed of numerous clock cells. The intracellular clock mechanism in the mouse 
involves interacting positive and negative transcriptional feedback loops that drive 
recurrent rhythms in the RNA and protein levels of key clock components [31]. The 
SCN neurons do not directly project to the arousal system or VLPO. The subparaven-
tricular zone amplifies the signals from the SCN and dorsomedial nucleus to ulti-
mately convey circadian information to the neurons that control wake-sleep state 
switching [10, 32].

Schematic diagram illustrating the three-stage integrator of circadian rhythms. The 
suprachiasmatic nucleus (SCN) serves as a biological clock but has few outputs to the 
sleep-regulatory systems. Most of the output of this nucleus goes into the region in 
light brown, which includes the ventral (vSPZ) and dorsal (dSPZ) subparaventricular 
zones, and the dorsomedial nucleus of the hypothalamus (DMH). Neurons in the 
vSPZ relay information that is necessary for the organization of the daily cycles of 
wake–sleep, whereas the dSPZ neurons are crucial for rhythms in body temperature. 
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In the DMH, the outputs from the SPZ are integrated with other inputs, and DMH 
neurons drive the circadian cycles of sleep, activity, feeding, and corticosteroid secre-
tion. Cycles in body temperature are maintained by the dSPZ projections back to the 
medial preoptic area (MPO), whereas the DMN is the origin of projections to the 
VLPO that regulate sleep cycles, projections to the corticotropin-releasing hormone 
(CRH) neurons of the paraventricular nucleus (PVH) that regulate corticosteroid 
cycles, and projections to the lateral hypothalamic (LHA) orexin and melanin-concen-
trating hormone neurons that regulate wakefulness and feeding cycles. The integrative 
steps in the SPZ and DMH allow circadian rhythms to adapt to environmental stimuli, 
such as food availability (e.g., the action of leptin and ghrelin via the ventromedial 
(VMH) and arcuate (ARC) nuclei), as well as visceral sensory inputs, cognitive influ-
ences from the prefrontal cortex, and emotional inputs from the limbic system (inset).
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Fig. 9.3  Neural circuit that promotes circadian rhythms [10]
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9.1.3  �Adenosine and Sleep Homeostasis

Homeostatic factors related to sleepiness should accumulate during prolonged 
wakefulness and decrease during sleep. Currently, adenosine is recognized as a 
mediator of sleepiness following prolonged wakefulness. The activated brain 
requires high levels of glucose, but occasionally the glucose supply via blood flow 
does not match the demand for glucose in the brain during learning or exposure to 
new experiences. In such cases, glycogen stored in astrocytes is the most important 
energy resource for these activated brain states. The levels of brain glycogen are 
decreased after prolonged wakefulness, which results in a depletion of ATP. The 
depletion of glycogen causes astrocytes to increase extracellular adenosine levels, 
which inhibits the wakefulness-promoting neurons in the BF [33]. This phenome-
non may suggest that locally elevated adenosine levels function as a sleep indicator 
that monitors homeostatic balance. There are two classes of adenosine receptor in 
the brain. Adenosine activates the A2a receptor-expressing neurons in the VLPO 
and inhibits the adenosine A1 receptors of arousal neurons. Prostaglandin (PG) D2 
is also an endogenous somnogen that increases the extracellular concentration of 
adenosine. Reduced glucose or glycogen levels increase the secretion of adenosine, 
which initiates sleep. Sleep can then restore the glycogen level. Previous animal and 
human studies have reported that sleep deprivation induces multiple psychoses 
including hallucinations and delirium. These phenomena may be caused by the loss 
of glucose that feeds the neurons that regulate consciousness, which subsequently 
results in dysfunctions of sleep homeostasis.

9.1.4  �Melatonin

Melatonin is secreted from the pineal gland at night and is an important hormone for 
the maintenance of circadian rhythm and affects many organs. The secretion of 
melatonin is subject to the control of the SCN [34] and is affected by sunlight. 
Melatonin is also commercially available as a drug that improves insomnia. This 
fact supports the notion that melatonin is a key player in the control of circadian 
rhythms. Interestingly ketamine and pentobarbital affect circadian rhythms in a dif-
ferent manner via the production of phase delays or advances in pineal melatonin 
secretion, and these changes cause abnormal locomotor activity [35].

9.2  �The Pathogenesis Underlying POCD

In contrast to postoperative delirium, the definition of postoperative cognitive dys-
function (POCD) is unclear. Thus, the prevalence of POCD is also currently unclear, 
which prevents us from exploring the mechanism underlying POCD. Therefore, it 
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is difficult to elucidate the direct relationships between exposure to anesthetic 
agents and cognitive dysfunction in clinical settings because a patient is subjected 
to both anesthesia and surgical invasion during an operation. A previous animal 
study demonstrated that surgery with local anesthesia (without general anesthesia) 
induces POCD in elderly but not adult mice via the accumulation of amyloid beta [36], 
which indicates that a surgical insult is sufficient to cause cognitive dysfunction. 
However, accumulating evidence indicates that exposure to anesthetic agents alone 
induces cognitive dysfunction, at least in laboratory animals including mice, rats, 
and monkeys [37, 38]. A considerable number of studies have demonstrated that the 
effects of anesthesia on POCD vary depending on the following factors: (1) the type 
of anesthetic agent, (2) the exposure concentration, (3) the duration of exposure, 
and (4) the number of days between the exposure to anesthesia and cognitive test-
ing. We usually perform multiple tests to comprehensively study cognitive func-
tions in rodents. For example, place memory is coded in the hippocampus [39], and 
emotional memory is partially coded in the amygdala [40]. Our original animal data 
suggest that isoflurane decreases attention [19], whereas sevoflurane exerts an anti-
depressive effect (preliminary data). These effects have also been confirmed at anes-
thetic concentrations above 1 MAC, which indicates dose-dependent effects. 
However, why the effects of different anesthetic agents on behavioral phenotype 
vary widely remains unclear. To some extent, these differences can be accounted for 
by the expression patterns of the target receptors to which the anesthetic agents bind 
(Fig. 9.4) [41]. Regarding the duration of anesthetic exposure, longer exposures can 
elicit worse effects on learning performance. Regarding the duration of these effects, 
the age at which the animals are exposed to the anesthetic agents is crucial; the 
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effects of anesthesia on cognitive function vary widely between neonate, adult, and 
elderly animals. In juveniles and adults, these adverse effects of anesthetic agents 
never seem to last more than a month [42]. Although these adverse effects may 
occasionally be neglected in juveniles and adults, the effects of anesthetic exposure 
on neonates are gradually exacerbated. Among the four above-mentioned factors, 
the effects of age at the time of exposure to anesthetic agents are the worthiest of 
focus. Here, we summarize the effects of anesthesia on POCD in terms of age and 
clarify the factors that cause POCD in each age group.

9.2.1  �Effects in Neonates

The effects of anesthesia on cognitive function in neonates have been the most 
extensively studied thus far. Neonatal animals are susceptible to external factors 
because neural circuits exhibit rapid development during the neonatal period. 
Neonatal neurons are so plastic that exposure to drugs, stress, and other manipula-
tions can easily modify the expressions or functions of key molecules that regulate 
cognition and emotion, and these modifications are long lasting and occasionally 
irreversible [43]. Ikonomidou published the first report to examining the relation-
ship between anesthetic agents and cognitive function. This paper revealed that 
NMDA receptor antagonists function in a manner similar to ketamine to cause 
widespread apoptotic neurodegeneration in neonatal rat brains that is followed by 
learning impairments in the adults [44]. Todorovic et al. also reported that the same 
phenomenon can be induced by volatile anesthetics (i.e., mixed agents including 
isoflurane, nitric oxide, and midazolam) [45]. Depending on the type of anesthetic 
agent, the effects on cognitive function differ; most anesthetic agents elicit adverse 
effects on cognitive functions to some extent, at least in rodents [46]. More recently, 
nonhuman primate studies have reported that neonatal exposure to isoflurane 
induces neuroapoptosis in rhesus macaque brains [38], and ketamine also exerts the 
same effect and causes long-lasting cognitive decline [47]. These rodent and mon-
key studies suggest the possibility that many anesthetics, including ketamine and 
volatile agents, function via the same pathway to induce neuroapoptosis.

9.2.1.1  �The Effects of Caspases on POCD

The primary factor involved in the establishment of neuroapoptosis is caspase 3, 
which is active after transformation from pro-caspase 3, which is triggered by the 
active forms of caspases 8 and 9 [48]. Caspase 8 is a protease that is bound to FADD 
and is activated by the Fas receptor signal via a process that is termed the “extrinsic 
pathway.” Caspase 9 is a protease that is activated by cytochrome c/apaf-1 during 
mitochondrial stress via a process that is termed the “intrinsic pathway.” In the 
recent few years, the regulation of caspase activity has received attention as promis-
ing target for the treatment of POCD.  The administrations of erythropoietin, 
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estradiol, melatonin, and dexmedetomidine have been reported to improve 
anesthesia-induced neuroapoptosis [49–52] via the deactivation of caspase activity. 
Hydrogen gas has also been proven to reduce caspase 3 activity and neuroapoptosis 
and induce a subsequent attenuation of learning impairment in the adult [53]. 
Interestingly, the same group reported that the exposure of female pups to desflu-
rane induces the maltreatment of pups after the exposed animals become mothers, 
and hydrogen gas also rescues this maternal care [54].

9.2.1.2  �The Effect of NKCC1/KCC2 on POCD

The overexcitation of neurons also leads to neuronal death. Koyama and we have 
studied the effects of midazolam and propofol on the function of the chloride trans-
porter in the neonate [55]. NKCC1 is the neonatal subunit of chloride ion trans-
porter and is dominant over KCC2 in the neonate. NKCC1 maintains the intracellular 
chloride ion concentration at a level greater than the extracellular concentration. 
Under this condition, GABAA receptor activators, including midazolam and propo-
fol, open chloride channels, which leads to chloride ion efflux and subsequent neu-
ronal depolarization, which in turn leads to the overexcitation of neurons (Fig. 9.5). 
This process precedes neuroapoptosis, but the induction of neuroapoptosis can be 
rescued via the inactivation of NKCC1. We have also demonstrated that the NKCC1 
blocker bumetanide attenuates anesthetic-induced neuronal hyperexcitability. 
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Fig. 9.5  The effect of chloride ion transporter on neuroapoptosis
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However, bumetanide also functions as a diuretic and is not suitable for clinical use. 
Recently, Gagnon succeeded in producing a KCC2 activator [56] that is fascinating 
in terms of its ability to regulate neuronal excitability.

9.2.2  �Effects in Adults

As described above, neonates are highly plastic and susceptible to external factors. 
Thus, the effects of anesthesia may last for extended periods. Although adult animals 
are believed to have previously established neural circuits that exhibit resistance to 
external factors, some studies have demonstrated anesthesia-induced cognitive dys-
function in adults. There are numerous key molecules that modify neuronal function, 
and most of these molecules ultimately affect excitatory or inhibitory receptors to 
maintain the balance between the excitation and inhibition of neurons. Excitation is 
primarily controlled by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors, and inhibition is primarily controlled by GABAA receptors. The 
disruption of the inhibition-excitation balance weakens synaptic connectivity and neu-
ral circuits, and animals subsequently exhibit deficiencies in learning and memory.

9.2.2.1  �The Effects of AMPA Receptors on POCD

Because the number of AMPA receptors in the synapse is positively correlated with 
memory strength, dysfunction of AMPA receptors leads to memory deficits. Uchimoto 
et al. reported that adult rats that are exposed to isoflurane exhibit cognitive impair-
ments in terms of place information from post-anesthesia days 3 to 7 as demonstrated 
in studies utilizing the inhibitory avoidance task [42]. This task is known to be hip-
pocampus dependent. These authors concluded that isoflurane disturbs the ubiquiti-
nation of AMPA receptors, which leads to the accumulation of excess AMPA 
receptors in the synapses of the hippocampus that code place information. Synapses 
are believed to have limited capacities; thus the excess number of AMPA receptors in 
the synapse could result in the prevention of the learning-driven insertion of addi-
tional new AMPA receptors into the synapse [57]. Additionally, this effect is revers-
ible and never lasts for more than 1 month. This effect also exhibits dose dependency. 
Isoflurane doses of at least 1.3 MAC are required to induce POCD, which indicates 
that the concentration of the anesthetic agent is of crucial importance.

9.2.2.2  �The Effect of GABAA Receptors on POCD

GABAA receptors are the main targets of anesthesia, and a large number of subunits 
belong to the GABAA receptor family. Each subunit has its own diverse functions. 
Saab et al. reported that an exposure to isoflurane of only 1 h impairs short-term 
memory. Interestingly, the administration of an alfa5 GABAA receptor inverse 
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agonist rescues this effect [58]. The same effect is also exerted by etomidate via the 
targeting of the alfa5 GABAA receptor [59]. Although many studies have revealed 
adverse effects of anesthesia on cognitive function in adults, some have demon-
strated the absence of this effect or even the opposite effect. Stratmann et al. reported 
that isoflurane does not affect long-term cognitive function. Additionally, Hauer 
et al. reported that propofol elicits a positive effect on cognitive function 2 days after 
its administration that is mediated by an enhancement of the endogenous cannabi-
noid system [60].

9.2.3  �Effects in the Elderly

Particularly in the elderly, the maintenance of neuronal homeostasis can be difficult. 
To retain cell viability, the maintenance of a stable membrane potential is essential. 
Membrane proteins, including glycoproteins and ion channels, are frequently mobile 
on the surface of the plasma membrane in a manner that is ATP dependent, and these 
proteins play crucial roles in maintaining the membrane potential. Anesthetic agents 
prevent the mobility of these proteins and disturb the stability of the membrane 
potential. For example, an inappropriate membrane potential activates some types of 
calcium channels, which subsequently induces the initiation of calcium toxicity [61]. 
This sequence causes neuronal hyperexcitability and leads to the disruption of neuro-
nal homeostasis and cell viability. Furthermore, excessive influx of calcium increases 
caspase activity, which leads to neuroapoptosis [62]. The functions of membrane 
proteins are directly and indirectly affected by anesthetic agents. The direct effect is 
mediated by the prevention of protein mobility due to the movement of the anesthetic 
compounds into plasma membrane, which increases the volume. The indirect effect 
is mediated by a reduction in blood flow followed by reductions in oxygen and glu-
cose delivery that prevent ATP-dependent membrane protein mobility.

9.2.3.1  �The Effect of Anesthetics on the Synthesis of Amyloid Beta

Amyloid beta has been intensively studied as a key factor in the establishment of 
Alzheimer’s disease. Alzheimer’s disease patients exhibit progressive cognitive 
dysfunction. One of the most evident mechanisms underlying Alzheimer disease is 
the accumulation of amyloid beta in neurons, which prevents new protein synthesis 
that is essential for cell viability. Xie et al. reported that exposure to isoflurane at 
1.4% for 2 h promotes the accumulation of amyloid beta and increases caspase 3 
activity in mice [63]. Lu et al. also reported that exposure to sevoflurane at 3.0% for 
6 h promotes the accumulation of amyloid beta, increases caspase 3 activity, and 
induces neuroapoptosis in neonatal mice [64]. This effect is not observed in mice 
that are exposed to 3% sevoflurane for 2 h, which suggests a time-dependent mecha-
nism. Moreover, the exposure of model mice with amyloid beta to sevoflurane also 
enhances the accumulation of amyloid beta.
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Chapter 10
Mechanism of POD and POCD - Effect 
of Other Than Anesthetics

Shusuke Sekine and Hiroyuki Uchino

Abstract  Postoperative cognitive dysfunction and delirium (POCD and POD) in 
adult patients of all ages and particularly the elderly are at significant risk for long-
term cognitive problems. The mechanisms responsible for POCD/POD are multi-
factorial and the precise pathogenesis is not well known yet. Tissue injury and 
systemic insult associated with surgery initiate a systemic reaction accompanied by 
increased proinflammatory cytokines. These proinflammatory cytokines (e.g., 
IL-1β, IL-6, TNF-α) can induce peripheral and central nervous system (CNS) sen-
sitization and affect hippocampal function, causing abnormal behavior, particularly 
memory and cognitive impairment. The inflammatory response has recently been 
considered a key contributor to POCD/POD.

Microglia play a key role in proinflammatory cytokine production in the 
CNS. The activation of microglia is tightly regulated by anti-inflammatory cyto-
kines (e.g., IL-10, TGFβ, IL-4) to prevent a vicious cycle including microglial acti-
vation and production of proinflammatory cytokines and reactive oxygen species 
(ROS). Aging, chronic systemic inflammation, repetitive stress, and neurodegenera-
tive diseases are linked to microglial priming and make microglia more sensitive to 
secondary challenge or insult and resistant to negative feedback. Once escaped from 
restrictive control, primed microglia cause an exaggerated inflammatory response 
and deleterious effect on the CNS leading to the development of cognitive deficits, 
impaired synaptic plasticity, and accelerated neurodegeneration.
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10.1  �Introduction

Following surgery, patients may experience cognitive decline or delirium in some 
cases. Postoperative delirium (POD) and cognitive dysfunction (POCD) lead to 
decrease in activities of daily living (ADL). They are associated with high morbid-
ity and mortality, increased length of hospital stay, and high rates of institutionaliza-
tion after discharge. It is confirmed that there is an association between delirium and 
long-term cognitive impairment and dementia, even after initial recovery from POD 
and POCD. Also, the mechanisms underlying acutely changed mental states after 
operations are not clear. Novel therapies are being sought that prevent or treat delir-
ium and cognitive impairment.

Findings from animal and human studies suggest a neuroinflammatory patho-
genesis of delirium and long-term brain impairment associated with critical illness 
and operative insult.

Here in this chapter we review research findings in animals and human beings 
and, from these data, formulate a hypothesis that could help to avert long-term 
sequelae of POD and POCD.

10.2  �Risk Factors for POCD

The International Study of Post-Operative Cognitive Dysfunction (ISPOCD) found 
advancing age, duration of general anesthesia, lower educational level, and periop-
erative complications (a second operation, postoperative infections, and respiratory 
complications) were risk factors for early (1 week after surgery) POCD, but only 
age was a risk factor for late (three months after surgery) POCD. On the other hand, 
depth of anesthesia, hypoxia, and hypotension were not significant risk factors at 
any time [1].

Monk et al. found that prolonged POCD identified four independent risk factors, 
namely, advanced age, lower educational level, previous stroke with no residual 
impairment, and POCD at hospital discharge by using multiple logistic regression 
analysis [2]. Mild cognitive impairment (MCI) before an operation and a history of 
alcohol dependence are also suggested as risk factors for POCD in some studies.

In another retrospective cohort analysis, it has been demonstrated that surgery 
may negatively affect the domain of attention/concentration in patients with a pre-
operative diagnosis of MCI [3]. They suggested a correlation between POCD and 
MCI.  In an Alzheimer’s disease (AD) study, it has been demonstrated that MCI 
commonly preceded the onset of AD as an interim phase when there is no signifi-
cant increase in senile plaques. MCI patients exhibit microglial activation and sig-
nificant oxidative imbalance in comparison to age-matched controls, since the 
elevation of overall protein peroxidation and the oxidative modification of specific 
proteins are detected in the brain, including the hippocampus, and a reduction of the 
activity of antioxidant enzymes such as superoxide dismutase, glutathione peroxidase, 
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and glutathione is observed in MCI patients. These facts strongly suggest that the 
oxidative imbalance appears at the very early stage of AD as MCI and oxidative 
imbalance also have a strong relationship with POCD [4].

Hudetz et al. reported that a history of alcohol dependence requiring hospital-
ization for detoxification in patients 55 or more years of age increased the inci-
dence and severity of POCD after cardiac surgery using cardiopulmonary bypass 
(CPB) [5].

Other neuropsychological and imaging studies demonstrated dysfunction in 
mediofrontal and left dorsolateral prefrontal cortex in patients with chronic alcohol 
dependence in the absence of explicit neurological symptoms. Accordingly, neuro-
cognitive functions might be impaired in patients with a history of alcohol depen-
dence after cardiac surgery despite an apparent absence of preoperative neurological 
abnormalities.

Morimoto et al. stated that older age and low preoperative regional cerebral oxy-
gen saturation (rSO2) were important risk factors for postoperative delirium in 
patients older than 65 years of age scheduled for elective abdominal surgery [6].

Ming-hua Chen et al. measured hippocampal volume of elderly patients, who 
were scheduled for gastrointestinal surgery, before the operation by means of mag-
netic resonance imaging (MRI) scans. They showed that the hippocampal volume of 
the POCD group was significantly smaller than that of the non-POCD group. 
Therefore, hippocampal involution may have a relationship with POCD [7].

The etiology of delirium is usually considered to be multifactorial (Table 10.1). 
Many attempts have failed to create “universal” POD risk scales because risk fac-
tors vary widely depending on the type of intervention and the particular patient. 
Furthermore, such scales have been developed in the context of cardiovascular and 
orthopedic surgery, leaving general and emergency surgery largely underrepre-
sented. Ansaloni et al. evaluated the incidence of POD in elderly patients undergo-
ing general surgery and analyzed the risk factors associated with POD [8]. Delirium 
can be seen as the result of a complex interrelationship between predisposing factors 
(cognitive decline, compromised functional status, sensory impairment, pre-existing 
medical conditions, psychoactive drugs) and precipitating factors associated with 
the condition (certain drugs, primary neurological disease, intercurrent illnesses, 
surgery, admission to the ICU, physical restraint, and urinary catheterization) [9].

Table 10.1  Risk factors 
associated with postoperative 
delirium in elderly patients 
undergoing general surgery

Age >75 years
Comorbidity
Preoperative mild cognitive impairment
Preoperative poor functional status
Preoperative poor nutritional status
Psychopathological symptoms
Abnormal glycemic control
Secondary surgical intervention
Suboptimal postoperative care
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10.3  �Mechanism Responsible for POCD

As mentioned above, numerous factors contribute to the occurrence of POCD and 
the etiology of POCD is very complicated. It is impossible to explain the mecha-
nism of POCD based on the type, dosage, and metabolism of specific anesthetic 
agents only. Numerous studies reported not only cardiac surgical procedures but 
also a variety of surgical procedures that have a relationship with POCD.

Postoperative neurologic deterioration is common in cardiac surgical patients, 
especially when cardiopulmonary bypass is used. Reduced perfusion pressure dur-
ing CPB will be due to the lack of oxygen supply, which places patients at risk of 
cerebral ischemia. Embolization of air or particulate matter during aortic cannula-
tion or weaning from CPB, particularly in rapid rewarming, may produce focal 
neurological damage and neuropsychiatric complications. CPB also causes a sys-
temic inflammatory response, which may contribute to the development of neuro-
logic injury. This systemic inflammation may be mediated by surgical trauma, blood 
contact with the extracorporeal bypass circuit, and lung reperfusion injury after 
discontinuation of CPB. The pathogenic mechanisms responsible for POCD remain 
unclear [5]. However, several studies have shown that hippocampal memory func-
tion was significantly more impaired by surgery in aged animals compared to 
younger control animals. This pattern has been found following a variety of surgical 
procedures including exploratory abdominal surgery, stabilized tibial fracture sur-
gery, and partial hepatectomy. It is important that hippocampal memory function 
was demonstrated to be specifically affected by the surgical procedure and accom-
panying neuroinflammatory responses and not simply to the anesthetic agents 
administered during the surgery [10]. Numerous studies have failed to show that the 
mechanism of POCD depends on the type, dosage, and metabolism of specific anes-
thetic agents.

The central nervous system (CNS) has previously been regarded as an immune-
privileged site with the absence of immune cell responses, but this dogma is not 
entirely true. There is a hypothesis that operative and anesthetic stress induces 
inflammation and it is understood that many kinds of proinflammatory cytokines 
(e.g., interleukin-1 beta [IL-1β], IL-6, IL-8, tumor necrotizing factor alpha [TMF-
α]) are released from the surgical site occur as a first step. Cytokines released from 
the surgical site invade into the brain through the cerebrospinal fluid (CSF) and 
activate microglia in the brain. Actually, a clinical study reported that cytokine lev-
els in CSF increased after an operation.

Microglial cells are the main cellular actors of the brain defense network and 
considered as the primary responders to harmful stimuli in the whole brain paren-
chyma. Their responses to adverse stimuli (including inflammation and stress) are 
mainly organized to eliminate pathogens (viruses, bacteria), phagocytizing them 
and cellular debris. Their functions are tissue repair and wound healing to preserve 
brain health [11].

A recent study revealed that microglia are also involved in the shaping of neuro-
nal networks, contributing to neuronal activity and synaptic plasticity by a direct 
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interaction with neurons or through the secretion of active peptides such as cyto-
kines. Synapse formation/elimination is also a dynamic phenomenon linked to the 
learning and memory process. It is of concern that microglia have an active role in 
synapse maintenance or elimination along with directing neurogenesis in the hip-
pocampus during adulthood.

The activation of microglia by insults or stress results in profound morphological 
and secreted molecular profile changes that could affect neuronal plasticity and 
could ultimately alter behavior. This phenomenon occurs even after an operation.

Chronic systemic inflammation also is linked to neuroinflammation by the 
release of proinflammatory mediators, including IL-1β, to activate microglia con-
tinuously. The primed microglia can produce an exaggerated inflammatory response 
in the brain, because age-dependent dysfunctions of lysosomal and mitochondrial 
systems allow for the hypergeneration of reactive oxygen species (ROS). The 
increased intracellular ROS then activates the redox-sensitive transcription factors, 
including nuclear factor-𝜅-light chain enhancer of activated B cell (NF-𝜅B), to pro-
voke exaggerated inflammatory responses. An inflammatory phenotype of microg-
lia corresponded with the development of anxiety-like behavior in the repeated 
social defeat (RSD) model. Furthermore, changes in microglia were associated with 
behavioral deficits as minocycline, imipramine, and IL-1R1 antagonism prevented 
microglia alterations and attenuated depressive-like behavior. Specifically, it was 
reported that IL-1β was implicated as IL-1R1KO mice and mice treated with IL-1R1 
antagonist (IL-1RA) were resistant to stress-induced depressive-like behavior [11]. 
These results support the hypothesis that ROS and inflammatory phenomena con-
tribute to the pathogenic mechanism of POCD [12, 13].

POCD affects a wide variety of cognitive domains, such as memory, information 
processing, and executive function. Learning and memory processes largely rely on 
the hippocampus and this brain region expresses the highest density of IL-1 recep-
tors, making it vulnerable to the adverse consequences of neuroinflammation. A syn-
ergistic interaction between IL-1β and other cytokines, such as TNFα and IL-6, 
enhances this cognitive dysfunction. High levels of CNS IL-6 also inhibit memory 
formation and learning, cause neurodegeneration, and exacerbate sickness behavior.

Similarly, administration of lipopolysaccharide (LPS) or surgical trauma induces 
not only an increase in systemic cytokine level but also cytokine mRNA expression 
and microglial activation in the hippocampus, leading to hippocampal-dependent 
memory impairment. Subsequently hippocampal-dependent memory impairment 
after an operation was also evident in the mouse model [14–17]. In addition, sub-
clinical infection prior to surgery may sensitize the immune system and augment the 
severity of POCD [16]. For example, pulmonary infection before surgery affects 
surgery-induced neuroinflammation and POCD in the aged rat model. Rats that had 
experienced mycoplasma infection before abdominal surgery and jugular vein 
catheterization under general anesthesia (surgery) exhibited a more generalized and 
exacerbated postoperative cognitive impairment compared with healthy surgery 
rats, as well as a prolonged increase in systemic cytokine levels and increased 
microglial activation in the hippocampus. These findings support the hypothesis 
that an infection before surgery under general anesthesia exacerbates POCD [18].
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Furthermore, ketoprofen, a type of nonsteroidal anti-inflammatory drug (NSAID), 
or morphine inhibited an increased laparotomy-induced pain score in the postop-
erative pain scale. Ketoprofen could also reverse laparotomy-induced deteriora-
tion of spatial memory performance without any effect on locomotor activity and 
motivation. These findings indicate that effective postoperative pain management 
and anti-inflammatory effects with ketoprofen may have benefits for preventing the 
development of POCD in elderly patients [19].

10.3.1  �Aging Impact on Blood-Brain Barrier

Disruption of the blood-brain barrier (BBB) is increasingly documented not only in 
brain vascular disease but also in aging, inflammatory conditions, and neurodegen-
erative disorders. To date, such evidence points mainly at an association between 
various dementia forms and disruption of the BBB.

Dysfunction of the BBB in the aging brain is at least in part responsible for 
pathological alterations such as white matter lesions, which in turn correlate with 
progressive cognitive deterioration. In a recent review, Farrall and Wardlaw exten-
sively documented the increase in BBB permeability with aging in healthy indi-
viduals [20]. Different studies demonstrated significantly higher albumin leakage 
through the BBB in old healthy as compared to young healthy individuals, and 
these results were also confirmed by studies using brain imaging (computed 
tomography—CT, magnetic resonance imaging—MRI, or positron emission 
tomography—PET).

In a rodent model of senescence, morphological changes in the BBB and leakage 
of endogenous albumin and IgG to the brain parenchyma were selectively demon-
strated for brain regions involved in cognition, such as the hippocampus. The 
senescence-accelerated prone mouse strain 8 (SAMP8), which shows age-related 
learning and memory deficits, exhibits increased oxidative stress at an early age, 
before other pathological features are reported. Decreased levels of superoxide dis-
mutase and glutathione peroxidase seem to be responsible for this modification. An 
age-related increase in amyloid precursor protein (APP) expression without plaque 
formation was described in the brain of the SAMP8 mice. These results suggest that 
oxidative stress in brain parenchyma can trigger alterations of the BBB, possibly by 
cell death, gliosis, and signaling changes. Moreover, in aged Wistar rats, which 
show impairment in short-term memory, leakage through the BBB was found to be 
associated with microglial activation. The latter is a source of oxidative damage 
possibly not only to neurons, but also to glial and endothelial cells. Leakage of BBB 
can induce microglial activation by letting abnormal molecules pass into the brain 
parenchyma and in turn free radicals released from the microglia may further alter 
the BBB, in a vicious cycle. In addition, passage of neuroimmune factors to the 
brain also changes with senescence.

Furthermore, increased transport of TNF-α has been shown in some brain regions 
of old SAMP8 mice, suggesting that beyond modulating BBB properties, TNF-α is 
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able to cross the BBB more efficiently with age. On the contrary, neurotrophin-like 
peptides are able to reverse this modification, suggesting that protein expression at 
the BBB level could be affected and protected by neurotrophins during aging.

Another effect of brain aging is the accumulation of iron in astrocytes. Iron in 
excess can generate free radicals and harm cells; therefore its increase in the peri-
vascular astrocytes could play a role in alterations seen in BBB with aging, which 
contribute to the increase in BBB permeability [20].

10.3.2  �The Aging Process Appears to Serve as a “Priming” 
Stimulus for Microglia, and upon Secondary 
Stimulation with a Triggering Stimulus

The hippocampus, which has a particularly dense microglial population, is critical 
for contextual and spatial learning and awareness, navigation, and episodic memo-
ries. It has been indicated that the hippocampus has been shown to exhibit higher 
and faster expression of proinflammatory cytokines following a peripheral immune 
challenge compared to other brain regions [10].

The normal aging potentiates neuroinflammatory responses to immune chal-
lenges. The majority of studies have shown that an immune challenge in aged ani-
mals induced exaggerated brain cytokine responses causing impairments in 
long-term memory [10].

Observations made in animals and in human brain tissue indicate that microglia 
become overactivated with advancing age and that aging causes amplified cytokine 
production after subsequent challenges, even if these challenges are not strong. In 
addition, various surgical procedures have been reported to produce an IL-1β 
increase in the hippocampus of aged animals for up to several days compared to age-
matched sham controls. In contrast, young adult animals that underwent the same 
surgical procedure showed no differences in IL-1β expression compared to their 
age-matched sham controls. Effects of peripheral inflammation on the brain are most 
distinct in animals with chronic neurodegeneration and increase with the aging pro-
cess. These results indicate chronic neurodegeneration with the aging process makes 
microglia more sensitive and overactivated to subsequent immune challenge.

Similarly to age effects on microglial cytokine expression profile, there is 
increased expression of inflammatory markers including MHC II and complement 
receptor 3 (CD11b) in the aged brain of humans, rodents, canines, and nonhuman 
primates. Many of these markers are present specifically on microglia in the aged 
brain, including MHC II [17].

Immune challenge in the aged leads to exaggerated proinflammatory cytokine 
production by microglia. For example, pretreatment with minocycline, an anti-
inflammatory agent and reported microglial inhibitor, attenuated the LPS-induced 
amplification of TLR2, IL-1β, IL-6, and the inflammatory associated enzyme 
indoleamine 2,3-dioxygenase (IDO), which reduce serotonin production in the hip-
pocampus of aged mice.
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Proinflammatory cytokines activate IDO. As a result, the amount of serotonin 
production will decrease. Proinflammatory cytokines also activate the serotonin 
transporter leading to lack of serotonin. A paucity of serotonin exacerbates 
depression.

Moreover, a recent study showed that MHC II positive microglia were 
responsible for the robust increase in IL-1β following inter-peritoneal (i.p.) 
injection of LPS. In this study, LPS-treated aged mice had a significant increase 
in MHC II positive microglia expressing IL-1β. Furthermore, additional analy-
sis of microglia from aged mice indicated that 95% of MHC II positive microg-
lia were IL-1β positive. MHC II is considered a marker for primed microglia. 
For this reason, these data support the hypothesis that primed MHC II positive 
microglia are highly responsive to immune challenge and provide a direct con-
nection between heightened neuroinflammation and microglia, particularly in 
the aged population.

CD68 is widely recognized as a marker for microglial activation, similarly to 
MHC II. In a post-mortem case-control study, CD68 expression on microglia was 
increased in elderly patients with sepsis. This increase was accompanied by raised 
numbers of amoeboid-formed microglia in grey matter, indicating an enhanced 
immunological response in human brain tissue during a systemic inflammatory 
reaction. De-ramified morphological alteration is comparable to the activation of 
microglia.

The microglial response is usually tightly regulated to prevent deleterious effects; 
however, this inflammatory response has the potential to become self-amplifying. 
Once microglia escape from strict control, their defensive features might turn neu-
rotoxic. A self-propelling neuroinflammatory reaction in the brain is initiated by 
systemic inflammation that can persist for months. Circulating cytokines released as 
the result of an inflammatory response can cross the BBB and activate resting 
microglia or cause an exaggerated inflammatory response in primed microglia [21]. 
Ultimately, this inflammatory response can become associated with cognitive 
impairments or even dementia. These results indicate that the neuroinflammation is 
both exaggerated and prolonged especially in the aged brain compared to the young 
animal model following central or peripheral stimulation.

Repeated stress exposure causes deregulation of neuroendocrine and neuroim-
mune pathways that increase neuroinflammatory responses negatively affecting 
cognition and behavior. Several models of aging indicate that aging causes changes 
in microglial response. An exaggerated and prolonged cytokine response is associ-
ated with the development of cognitive, behavioral, and physiological complica-
tions that are interpreted to be maladaptive to the host organism [17]. Chronic 
low-grade inflammation was shown to exacerbate postoperative (neuro)inflamma-
tion as well as postoperative cognitive impairment in both rodent models and clini-
cal studies. Aging has a strong relationship with repeated stress exposure (e.g., 
chronic inflammatory disease, many chances to be sensitized to microorganisms, 
and chronic pain). Consistent with prolonged stress exposure leading to increased 
neuroinflammatory signaling, microglia have robust changes in morphology and are 
activated, which may contribute to the neurobiology underlying mood and cognitive 
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disturbances. Neuroinflammation is responsible for mood and cognitive disorder 
also in the postoperative phase.

10.3.3  �Acetylcholine Can Inhibit Release of the 
Proinflammatory Cytokines and Vagus Nerve 
Stimulation Inhibits Systemic Inflammation

Systemic infection and anticholinergic effects of drug treatment are both recognized 
risk factors for delirium. Findings of experimental studies show that chronic low-
dose LPS infusion in rats produces extensive neuroinflammation and a substantial 
reduction in cortical choline acetyltransferase activity as a marker of cholinergic 
integrity. Vagus nerve stimulation inhibits systemic inflammation and acetylcholine 
can inhibit the release of the proinflammatory cytokines TNFα and IL- 1 and 6 in 
human endotoxin-stimulated macrophages. Although the mechanisms underlying 
these anti-inflammatory effects are not known exactly, a major role of the spleen has 
been suggested, because splenectomy has been shown to prevent anti-inflammatory 
effects of vagus nerve stimulation. These experiments have paved the way for the 
idea of a cholinergic anti-inflammatory pathway, by which the brain senses and 
modulates the systemic inflammatory response through the vagus nerve. Analogous 
to what has been noted in peripheral tissues, acetylcholine seems to also have a role 
in control of brain inflammation. Microglia express nicotinic receptors and activa-
tion of these cholinergic receptors attenuates the proinflammatory response in vitro 
[22]. These results suggest that vagus nerve stimulation and acetylcholine may 
inhibit microglial activation and prevent the onset of POCD and POD.

10.3.4  �Noradrenergic Pathways Appear to Affect the Motility 
and Morphology of Microglia During Inflammatory 
Conditions

Microglia express α1, α2, β1, and β2-adrenergic receptors. Moreover, noradrener-
gic neurons originating in the locus coeruleus (LC) project to several brain regions 
that demonstrate microglial activation induced by RSD. Indeed, pretreatment with 
propranolol, a β-adrenergic receptor antagonist, reduced neuronal and microglial 
activation in stress-responsive brain regions and prevented the development of anx-
iety. Other reports revealed that central administration of β-adrenergic receptor 
agonists alone can elicit proinflammatory cytokine production. Furthermore, abla-
tion of noradrenergic LC projections is shown to reduce stress-induced IL-1β pro-
duction. These results indicate that central noradrenergic responses have a 
substantial contribution to neuroinflammatory signaling via stress-induced microg-
lial activation [11].
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10.3.5  �The Concept of “Microglial Aging”

This concept is based on the fact that sensitized microglia are the key contributor 
to the acceleration of cognitive decline, which is the major sign of brain aging. On 
the other hand, long-lasting elevations in proinflammatory cytokines in the hippo-
campus produce memory impairments [10]. Inflammation induces oxidative stress 
and DNA damage, which leads to the overproduction of ROS by numerous types 
of cells, including macrophages and microglia. Oxidative stress-damaged cells 
successively produce larger amounts of inflammatory mediators to promote 
microglial aging.

Microglia, the resident mononuclear phagocytes in the brain, are chronically or 
pathologically activated to affect the neuronal environment. There is increasing evi-
dence that activated microglia produce excessive ROS during aging and hypoxia, 
resulting in the NF-𝜅B dependent excessive production of proinflammatory media-
tors, including IL-1β, TNF-α, and IL-6. Furthermore, activated microglia-mediated 
neuroinflammation is closely associated with the pathogenesis of Alzheimer’s dis-
ease (AD), because activated microglia trigger neuroinflammation to promote neu-
ronal damage and the deposition of amyloid β (Aβ). Cognitive decline is a main 
symptom of AD.  There may be similarities among POD, COPD, and AD.  It is 
already known that the CNS dysfunction attended with AD may increase the risk for 
the development of POCD [23]. Injection of Aβ into the lateral ventricle of the 
mouse brain is known to create an animal model of AD, which has been reported to 
result in learning and memory dysfunction, decline of choline acetyltransferase 
activity, and inhibition of long-term potentiation (LTP) induction. The symptoms of 
AD are classified into core symptoms, such as cognitive dysfunction, and behav-
ioral psychological symptoms of dementia (BPSD), including excitation, aggres-
siveness, hallucination, delusion, apathy, disinterest, anxiety, and depression. 
Cognitive dysfunction and BPSD are thought to be associated with neurofunctional 
and neuropathological abnormalities in the brain. BPSD-like behavior is observed 
in postoperative patients, which is similar to POD symptoms. Moreover, Aβ causes 
not only an increase in the extracellular concentration of glutamate but also inhibi-
tion of glutamate uptake by astrocytes. Proinflammatory mediators such as IL-1β 
also severely impair glutamate transport, further exacerbating disease states. As a 
result, excess of extracellular glutamate concentration causes glutamate excitotox-
icity, which is a final common pathway for neuronal death, and observed in numerous 
pathological processes such as stroke/ischemia and temporal lobe epilepsy. It is 
known that glutamate is toxic to cultured neuronal cells via two different processes, 
both of which result in the production of free radicals. The classical pathway, known 
as excitotoxicity, occurs through the activation of NMDA and non-NMDA glutama-
tergic receptors and subsequent calcium influx into the cells. Kawakami et al. con-
firmed that an increase in the extracellular level of glutamate and degeneration of 
neuronal and astroglial cells were observed in the brain of thiamine-deficient (TD) 
rats, and found that TJ-54, a traditional herbal medicine, inhibited not only the 
TD-induced increase in extracellular level of glutamate but also the degeneration of 
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cerebral neurocytes and astrocytes in the vulnerable brain regions. BPSD-like 
behaviors such as anxiety, depression, muricide, attacking, and startle responses, as 
well as impairment of learning and memory, are observed in TD rats and mice. 
Uncaria rhynchophylla, a constituent herb of TJ-54, was shown to protect against 
NMDA-induced neuronal excitotoxicity in rat hippocampus or to block NMDA-
induced current in cortical neurons. TJ-54 bound strongly to glutamate and glycine 
recognition sites in NMDA receptors and protected against glutamate-induced cell 
death [24].

As the stimulation of NMDA receptors by glutamate induces an intracellular 
Ca2+ overload and activates neuronal NOS, resulting in excessive production of NO 
and formation of ROS and lipid peroxidation to induce neuronal death, so, too, does 
IL-6 exposure substantially increasing intracellular calcium and sensitizing neu-
rons to excitatory stimulation. On the other hand, anti-inflammatory agents improve 
the cognitive functions of AD patients. Besides, it is also well accepted that chronic 
systemic inflammation can alter the neuroinflammation in the brain. A clinical 
study has demonstrated the impact of rheumatoid arthritis (RA) and periodontitis 
on AD, and recent experimental studies have clarified the routes of inflammatory 
signal transduction from chronic systemic inflammation to the brain and microglial 
priming. Aging also has been associated with a chronic low-grade increase in sys-
temic and central inflammatory markers. Hence, these results suggest that immune 
challenges and chronic low-grade inflammation during life cause age-related alter-
ations in the immune environment of the body and brain. Life events, such as 
chronic inflammatory disease, infection, and physical trauma, may thus contribute 
to an exacerbated neuroinflammatory response to surgery and might therefore be 
associated with the susceptibility to POCD. Accordingly, preoperative depression, 
metabolic syndrome, and a secondary surgical intervention increase the risk of 
POCD [8].

10.3.6  �Impaired Regulation of Microglia in the Aged Brain

The cause of this amplified microglial activation with age may be related to impair-
ments in several key regulatory systems that make it more difficult to resolve 
microglial activation. The activation of microglia is tightly regulated by anti-
inflammatory cytokines including IL-10, TGFβ, and IL-4, which decrease in the 
brain with age (Fig. 10.1). Activated microglia from aged brain are refractory to 
anti-inflammatory stimulus.

IL-10 is a potent anti-inflammatory cytokine that should regulate IL-1β produc-
tion and decrease inflammation. However, IL-10 was decreased in the brain of aged 
rodents under homeostatic conditions.

TGFβ increases fractalkine receptor expression and reduces IL-1β mRNA in 
BV2 microglial cell lines stimulated with LPS. BV2 microglial cell lines have been 
established primarily by in vitro models used to study neuroinflammation for more 
than a decade. Fractalkine is important in maintaining functional plasticity of 
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microglia. Decreases in either the ligand or receptor can lead microglia to be acti-
vated. In adult mice, TGFβ mRNA increased in the brain 24 h after LPS injection; 
however, this increase was not detected in aged mice. This lack of TGFβ mRNA 
induction following inflammatory challenge can therefore be a possible link to the 
prolonged microglial activation reported in aged mice.

IL-4 is another anti-inflammatory cytokine that is affected by age. It has been 
indicated that there are reductions in IL-4 with age; there are also reductions in 
IL-4 sensitivity with age in the animal model. Following IL-4 challenge, microg-
lia from adult mice shifted in phenotype toward an alternatively activated M2 
state, in which microglia play roles in anti-neuroinflammation. On the other 
hand, microglia from aged mice retained a classically activated M1 phenotype 
that contributes to inflammation, even in the presence of IL-4. Induction of hip-
pocampal IL-4 successfully restored LTP in the aged rats suggesting an important 
role for IL-4 to modulate the CNS environment and retain LTP by lowering CNS 
inflammation. Either reduced levels of IL-4 or a reduced sensitivity to IL-4 in the 
aged brain impairs the ability to lower inflammation in the brain. This is poten-
tially important because IL-4 has a role in maintaining memory and learning, 
reparative processes after traumatic CNS injury, and also affects the regulation of 
microglial activity.

Taken together, deficits in IL-10, TGFβ, and IL-4 signaling pathways with age 
may lead to a reduced ability to regulate and shut off microglia, which contributes 
to lower inflammation, modulates the CNS environment, and maintains the learning 
and memory function [17].

Resting
microglial cell 

Primed
microglial cell

Activated
microglial cell

Stress
infection
surgical intervention
traumatic brain injury
anticholinergic drug effects
other stressors

aging
chronic stress
chronic inflammation  

Proinflammatory cytokine ↑ 

IL-1β↑
ROS ↑ 
glutamate ↑ 
Arc ↓ 
synaptic plasticity
impairment 

Long-lasting memory deficits 
(particular to hippocampus)

Resolve the main problem

anti-inflammatory cytokines
(IL-10, TGFβ, IL-4)
neuronally derived proteins
(BDNF)

Return to homeostasis
(Resting microglial cell)

TNF-α ↑
IL-6 ↑

Sickness Behaviour
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anorexia
depression

fatigue
lethargy
insomnia

anti-inflammatory cytokines ↓
(IL-10, TGFβ, IL-4) 
neuronally derived proteins ↓
(BDNF) 

Fig. 10.1  Microglia hypothesis of POCD. Primed microglia cause exaggerated and prolonged 
neuroinflammatory responses, which correlate with long-lasting memory deficit. This amplified 
response is particular to the hippocampus. Stress events and life events stimulate resting microglia 
and can increase the primed microglial population. Primed microglia prepare for subsequent 
inflammatory challenge. Microglial activity can be modulated and shut off by anti-inflammatory 
cytokines and neuronally derived proteins, which are reduced in the aged brain
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10.4  �Mitochondrial Dysfunction Effect on Neuronal 
Impairment

Mitochondrial dysfunction leads to impaired bioenergetics, decrease in adenosine-
5′-triphosphate (ATP) production, impaired calcium homeostasis, increased pro-
duction of free radicals, and oxidative stress. It is also involved in neuronal 
development, synaptogenesis, synaptic development, and plasticity. In microglia, 
mitochondrial dysfunction leads to the excess production of ROS, which promotes 
the redox imbalance and stimulates proinflammatory gene transcription and the 
release of cytokines, such as IL-1, IL-6, and TNF-α, thereby inducing neuroinflam-
mation. ROS are part of the neuroinflammatory cascade and can play a prominent 
role in the development of age-related declines in LTP, cognition, sickness behav-
iors, and other neuronal functions. On the other hand, several studies suggest that 
dietary supplements high in antioxidants may be an effective treatment in buffering 
against age-related neuroinflammatory-induced cognitive impairment. It is impor-
tant to maintain antioxidant levels and control ROS activity. For example, neuroin-
flammatory prolonged oxidative stress leads to the accumulation of Aβ and tau 
phosphorylation and then induces neurotoxicity and cognitive impairment in AD 
patients. The inflammatory cell-mediated overproduction of TNF-α is thought to be 
the main contributor to the increased release of ROS in RA patients, because TNF-α 
not only causes cell damage but also inhibits antioxidants, such as superoxide dis-
mutase 1 (SOD1) and SOD3 [4]. Numerous studies have indicated excess ROS 
levels and the depletion of antioxidant levels in the gingival crevicular fluid. There 
is further evidence of higher levels of lipid peroxidation, hydrogen peroxides, and 
oxidative DNA damage in animal models. Therefore, ROS promote oxidative dam-
age, modulate the intracellular and extracellular redox status, and interfere with the 
activation of proteolytic enzymes in the systemic inflammatory environment, lead-
ing to neurotoxicity and cognitive impairment.

Stress, including systemic insult or genetic defects, can cause mitochondrial dys-
function, which leads to increased oxidative stress and/or altered calcium homeosta-
sis. An excess of glutamate in the synapse leads to an excess of cytosolic calcium, 
which produces overactivity of calcium-dependent enzymes and an overload of 
mitochondria by calcium; it leads to cytoskeletal degradation, protein malforma-
tion, decrease in ATP production, and increase in oxygen radical generation. 
Different stimuli, such as hypoxia/ischemia, seizure, and hypoglycemia, all activate 
this pathway. These processes can lead to atrophy or death of neurons, which are 
related to neuroinflammatory-induced cognitive impairment.

10.5  �POCD Prevention

As mentioned above, neuroinflammation is involved in POCD and it is supposed 
that modulating inflammation contributes to prevention and treatment of POCD.
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Administration of IL-1 receptor antagonist (IL-1RA) prior to a peripheral 
E. coli infection or abdominal surgery prevented the E. coli and surgery-induced 
suppression of activity-dependent cytoskeletal-associated protein (Arc), 
increases in IL-6, hippocampal IL-1β increases, and long-lasting long-term 
memory (LTM) impairments. These results suggest that preventing the cascade 
of neuroinflammatory sequelae especially in the aged brain may protect against 
the deleterious effects of the otherwise unrestrained inflammatory response fol-
lowing a challenge.

Chapman et al. also examined the effects of IL-1RA. They found that a single 
central administration of IL-1RA, at the time of a peripheral E. coli injection, abro-
gated the aging-associated, infection-induced impairment of theta-burst late phase-
LTP in hippocampal area 1. Theta waves are observed in the hippocampus of 
unanesthetized awake animals [10]. Consistent with these findings, Abraham and 
Johnson reported that central administration of IL-1RA blocks LPS-induced sick-
ness behaviors in aged mice [10]. These studies provide evidence that alterations to 
hippocampal microglial phenotype and an exaggerated proinflammatory cytokine 
response play an important role in their cognitive health following an immune chal-
lenge in aged animals.

Therefore, pharmacological interventions that control microglial activation 
states hold considerable promise with regard to neuroinflammatory-induced mem-
ory impairments in the aged and postoperative population.

Minocycline, a second-generation semi-synthetic tetracycline derivative, has 
been recognized as an anti-inflammatory, neuroprotective, and anti-apoptotic 
agent in several animal models such as stroke, traumatic brain injury, and spinal 
cord injury, as well as several animal models of neurodegenerative disease. 
Moreover, it has also been reported that minocycline reduced microglial activation 
and spatial learning and memory impairment after hypoglycemic brain injury as 
well as attenuated the age-related increase in hippocampal IL-1β, while partially 
restoring deficits in LTP. Pretreating aged animals with minocycline reduced the 
hippocampal proinflammatory response to LPS.  Furthermore, minocycline was 
also demonstrated to be effective at improving surgery-induced and isoflurane-
induced memory impairments in aged rodents. Therefore, these effects are thought 
to arise through the inhibition of microglial activation and modulation of cytokine 
expression [25].

Amantadine has been found to have significant neuroprotective effects. One of 
the mechanisms for these effects is to enhance the production of glial cell line-
derived neurotrophic factor (GDNF) as shown in cell culture studies. GDNF, a 
cloned member of the transforming growth factor-beta (TGFβ) superfamily, can 
inhibit microglial activation and neuroinflammation. Deficits in TGFβ and IL-10 
signaling pathways with age may lead to a reduced ability to shut off microglia [17]. 
Amantadine attenuated surgery-induced learning and memory impairment. GDNF 
blocks surgery-induced cognitive impairment. In several studies it has been shown 
to induce IL-1β levels in the hippocampus and has also been shown to robustly 
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decrease brain-delivered neurotrophic factor (BDNF), a member of the neurotrophin 
family of growth factors, mRNA in the hippocampus, and resulted in hippocampal-
dependent memory deficits. On the contrary, intrahippocampal administration of 
IL-1RA prevented both the BDNF mRNA downregulation and the memory impair-
ments produced by the immune challenge [10].

Amantadine inhibited the expression of ionized calcium binding adapter mole-
cule 1 (Iba-1), a microglial marker, IL-1β, and IL-6 in the hippocampus, and the 
translocation of p65, a NF-κB component, into nuclei of the microglia in the hip-
pocampus; all of them were induced by surgery. On the contrary, anti-GDNF anti-
body inhibited amantadine-induced attenuation of learning and memory 
impairment after surgery. Surgery induces neuroinflammation and amantadine 
increases GDNF in the brain and reduces these surgical effects. GDNF reduces 
inflammatory cytokine production from microglia and antagonizing GDNF 
reverses the effects of amantadine on surgery-induced cognitive dysfunction. 
Consequently, it is supposed that amantadine attenuates the surgery-induced neu-
roinflammation and cognitive impairment by means of increasing GDNF and mod-
ulating neuroinflammation in the animal model, which contributes to preventing 
POD and POCD [26].

Recently, many studies in aged animals have reported robust effects of physical 
exercise on hippocampal neurogenesis and hippocampal memory performance. 
Running restored presynaptic density and neurogenesis in the hippocampus opti-
mized intrahippocampal neuronal connectivity and reversed the aging-associated 
memory deficits in the hippocampal-dependent task of place recognition. Physical 
exercise has been extensively shown to strongly increase BDNF mRNA and pro-
tein levels in the hippocampus and decreased IL-1β production. Given the promi-
nent role of BDNF in learning and memory processes, the effects of exercise-induced 
BDNF in aged animals are of great interest. Moreover, small amounts of volun-
tary exercise in aged rats were an effective therapeutic intervention to prevent 
E.  coli-induced BDNF blunting, neuroinflammatory responses, and long-term 
memory impairments. With important implications for reducing the neuroinflam-
matory response, exercise has also been demonstrated to modulate the activation 
state of microglia and to prevent hippocampal microglial priming, with recent 
evidence suggesting that this protection may occur through the exercise-induced 
downregulation of glucocorticoid receptors (GRs) in the hippocampus. 
Furthermore, in an AD mouse model, increased levels of BDNF and markers for 
neuroprotection and plasticity were exhibited after 6 months of voluntary wheel 
running. This amount of exercise was also associated with activated antioxidant 
signaling pathways and protected against cognitive decline and dementia-like 
behaviors. There is a tremendous amount of evidence to support the beneficial 
effects of exercise for hippocampal function and thus cognitive health in the aged 
population with chronic neuroinflammation. Physical exercise is the only way to 
prevent delirium even in the critical care setting. This mechanism applies equally 
to the postoperative phase.
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