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Abstract
Postoperative cognitive dysfunction (POCD) is a serious complication of anesthesia and surgery, and the major risk factor 
of POCD is aging. Although the exact pathophysiology of POCD remains unknown, two possible and reliable mechanisms 
have been proposed: neuroinflammation and neurodegeneration, i.e., amyloid β accumulation and/or tau protein phosphoryla-
tion, by surgery and/or general anesthetics. White matter lesions (WML) are produced by chronic cerebral hypoperfusion, 
frequently observed in elderly people, and closely related to cognitive decline. As recent studies have revealed that WML are 
a significant risk factor for POCD in humans, and we previously also demonstrated that persistent hypocapnea or hypotension 
caused neuronal damage in the caudoputamen or the hippocampus in a rat model of chronic cerebral hypoperfusion, which 
features global cerebral WML without neuronal damage and is recognized as a good model of human vascular dementia 
especially in elderly people, we hypothesize that in addition to those two previously proposed mechanisms, perioperative 
vital sign changes that cause reductions in cerebral blood flow might contribute to POCD in patients with WML, whose 
cerebral blood flow is already considerably decreased.
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Postoperative cognitive dysfunction

Postoperative cognitive dysfunction (POCD) is a serious 
complication of anesthesia and surgery. It occurs in > 10% 
of non-cardiac surgical patients over the age of 60 years 
[1], can sometimes last for months or longer [1, 2], and is 
associated with increased mortality [2, 3]. Various risk fac-
tors for POCD have been identified, but aging is the most 
reliable, and hence is considered to be a major risk factor 
for POCD [1–3]. Although the exact pathophysiology of 
POCD remains unknown, some possible mechanisms have 
been proposed: General anesthetics, such as isoflurane and 
sevoflurane, and surgery were reported to increase ß-amyloid 
protein (βAP) production and tau protein phosphorylation 
in the brain in preclinical studies [4–7]. In human studies, it 
was found that the amount of βAP in the cerebrospinal fluid 
was increased in patients who underwent sevoflurane- or 

isoflurane-based anesthesia, but not in those subjected to 
desflurane-based anesthesia [8, 9]. βAP accumulation and 
intraneuronal neurofibrillary tangles, which are composed 
of aberrantly phosphorylated tau proteins, are considered 
to be two major etiologies for Alzheimer’s disease (AD). 
On the other hand, the majority of researchers consider that 
neuroinflammation is the major causative factor responsi-
ble for POCD. Neuroinflammation can be induced not only 
by inhalational anesthetics [10], but also by surgery itself 
[11, 12], because preclinical studies have demonstrated that 
even non-neurological surgery can disrupt the blood–brain 
barrier and facilitate the migration of macrophages into 
the brain through the activation of the tumor necrosis fac-
tor α (TNF-α)/nuclear factor kB signaling pathway. Valen-
tin et al. demonstrated that dexamethasone decreased the 
risk of POCD and the serum S100 protein level in elderly 
patients (60–87 years old) who underwent non-cardiac and 
non-neurological surgery [13]. However, these hypotheses 
cannot fully explain why aging is the only obvious risk fac-
tor for POCD in spite of the findings of preclinical studies 
that during normal aging microglia develop a more inflam-
matory phenotype, which is known as “microglial priming” 
[14, 15], and surprising results that the incidence of POCD 
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was not different between general anesthesia and regional 
anesthesia [16] and POCD was independent of type of sur-
gery and anesthetic [17].

We hypothesize that the reduction in cerebral blood flow 
(CBF) that occurs during anesthesia and surgery might also 
be involved in the pathophysiology of POCD, especially in 
elderly patients, whose CBF is already generally decreased, 
even in the absence of cerebral infarctions. Therefore, we 
have investigated the effects of changes of vital signs that 
cause reductions in CBF on the risk of POCD, using a rat 
chronic cerebral hypoperfusion (CCH) model.

Brain white matter lesions 
and postoperative cognitive dysfunction

WML are produced by CCH, even in the absence of cer-
ebral infarctions, and develop with age, particularly in 
patients with arterial hypertension, diabetes mellitus (DM), 
or cardiovascular disease [18]. WML are found in 27–87% 
of > 65-year-old brains and have been demonstrated to be 
closely correlated with cognitive decline [19]. These lesions 
are associated with diseases that affect cerebral small blood 
vessels, such as radiological lacunar infarctions, and are 
frequently observed in stroke patients, and considered to 
be one of the most common causes of vascular cognitive 
impairment and dementia [20–24]. In fact, WML are the 
core pathology in Binswanger’s disease, a form of vascular 
dementia, and are partly responsible for AD [18, 20–24]. 
Interestingly, several reports suggested that some form of 
brain vascular pathology existed in up to 80% of sporadic 
late-onset AD [24].

WML exhibit hyperintensity on T2-weighted and fluid-
attenuated inversion recovery (FLAIR) magnetic resonance 
imaging. Diffusion-weighted imaging and diffusion tensor 
imaging are also useful for detecting WML [18, 25]. The 
WM was once believed to be less vulnerable to ischemia 
than gray matter, but it has since been demonstrated that 
WM, especially oligodendrocytes and myelinated axons, is 
also vulnerable to ischemia [26, 27]. In addition, the patho-
physiology of ischemic damage in the WM is quite different 
from that of ischemic damage in the gray matter [27, 28], 
and WM can be independently damaged in addition to Wal-
lerian degeneration secondary to neuronal damage. Based on 
these findings, some researchers emphasize the importance 
of “total brain protection”, in which both gray matter and 
WM are protected from acute brain ischemia [27, 29].

Recent studies have shown that preoperative WML are a 
serious and significant risk factor for postoperative delirium 
and POCD in humans [30–32]. Interestingly, DM and pre-
existing cerebral, cardiac, or vascular disease are common 
risk factors for both WML [18] and POCD [33, 34].

A rodent model of chronic cerebral 
hypoperfusion

Unlike the gray matter, which is composed of neuronal cell 
bodies and glial cells, the WM is composed of axons and 
glial cells, especially myelinated oligodendrocytes, and 
in humans the WM comprises about half of the volume of 
the central nervous system, which is about a three–four-
fold greater proportion than that found in rodents [28]. 
Therefore, some researchers have suspected that old rodent 
brains do not necessarily reflect the brains of elderly peo-
ple [18]. A rodent model of CCH, which can be induced 
in rat or mouse brains by permanent occlusion of both 
common carotid arteries, is characterized by cognitive 
impairment and global cerebral WML with little gray 
matter damage; i.e., neuronal damage or cerebral infarc-
tions, and it is considered to be a well-established model 
of human vascular dementia [18, 20, 22, 35–37]. In such 
a model, CBF decreases to 40–82% of normal levels over 
a prolonged period without cerebral infarctions, which 
typically occur when CBF is reduced to < 20% of normal 
levels. There is ample evidence to suggest that oxidative 
stress and inflammatory responses play pivotal roles in 
WML [38]. Hypoperfusion-induced inflammatory events 
cause peripheral leukocyte recruitment; the activation of 
microglia and astrocytes; and upregulated expression of 
inflammatory mediators, such as TNF-α and interleukin 
1β [38, 39]. WML can be ameliorated by various agents, 
such as nimesulide (a cyclooxygenase-2 inhibitor) [40], 
cyclosporine A [41] and FK 506 (immunosuppressants) 
[42], and edaravone (an antioxidant) [43].

A rodent model of chronic cerebral 
perfusion and postoperative cognitive 
dysfunction

We previously demonstrated that the neurons of the cau-
doputamen, which play an essential role in the acquisi-
tion of motor, perceptual, and cognitive skills, as well as 
in spatial working memory, were damaged by long-term 
hypocapnia (PaCO2 was maintained at 20–25 mmHg for 
2 h) during mechanical ventilation in a rat model of CCH 
[36], and the damage was prevented by pre-administering 
ketamine [37]. In these studies, the CCH per se induced 
marked microglial activation and axonal damage in some 
brain regions, such as the caudoputamen, optic tract, 
corpus callosum, and cerebral cortex, without causing 
neuronal damage. In addition, no neuronal damage was 
seen in the control rat group (the normal cerebral perfu-
sion group) subjected to hypocapnea or the CCH group 
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maintained under normocapnia (PaCO2 at 35–45 mmHg 
for 2 h). Interestingly, it was once believed that there were 
no N-methyl-d aspartate (NMDA) glutamate receptors 
in myelinated oligodendrocytes, but recent studies have 
revealed that an unusual type of NMDA glutamate recep-
tor is expressed in these cells. Normal NMDA receptors, 
which are expressed in neurons, are usually composed of 
NR1 and NR2A-NR2C subunits, but the unusual NMDA 
receptors are composed of NR1, NR2, and NR3A subu-
nits [44, 45]. The NR1/NR3 subunit-based NMDA recep-
tors are less sensitive to Mg2+ block, and they exhibit a 
substantial current even at the resting potential and are 
more sensitive to glycine than glutamate. Interestingly, in 
accordance with the result of our animal study, a recent 
systemic review and meta-analysis has revealed that intra-
operative ketamine administration has some protection 
towards POCD in humans [46].

Moreover, we have recently shown that 2 h of isoflurane-
induced hypotension (mean arterial pressure: < 60 mmHg) 
caused hippocampal CA1 neuronal damage in CCH rats 
[47]. As the hippocampus plays a crucial role in long-term 
episodic memory [48], these findings suggest that even anes-
thetic-induced persistent hypotension can cause cognitive 
dysfunction in patients with pre-existing low CBF levels. 
Our results seem quite natural because patients with WML 
and pre-existing reductions in CBF are quite vulnerable to 
further reductions in CBF, even if they have not suffered any 
apparent cerebral infarctions. Such changes in CBF can lead 
to neuronal damage, i.e., cerebral infarctions. Our results 
may also explain why aging is the most obvious risk factor 
for POCD because WML develop with age, and most elderly 
people have WML.

As far as we know, there have been few preclinical and 
some clinical reports, which investigate the effect of intra-
operative hypotension and/or hypocapnea on POCD, both 
of which can decrease the cerebral blood flow [49], but 

unfortunately most of these clinical reports are old and 
unconvincing: As for the effect of intraoperative hypocap-
nea, Wollman and Orkin found that extreme hypocapnea 
(PaCO2: 12–38 mmHg, mostly below 24 mmHg) during 
anesthesia caused prolonged cognitive dysfunction even 
in young or middle-aged patients (19–56 years) [50], but 
most of other studies were unable to find any significant 
effect of hypocapnea on postoperative cognitive function 
[51, 52]. As for the effect of intraoperative hypotension, 
Thompson et al. reported that intraoperative deliberate 
hypotension, where the mean arterial pressure (MAP) 
was reduced to 50 mmHg for around 1.5 h, did not affect 
postoperative cerebral function [53], but the sample size 
was small and the patients were not so old (58 ± 4 years). 
Niazi found a significant decline in Mini Mental State 
Examination scores of patients (21–50 years) when their 
MAPs were kept around 50 mmHg for about 1 h during 
operations [54]. A recent randomized controlled pilot trial 
has revealed that intraoperative hypotension is not asso-
ciated with POCD in elderly patients [55]. In this study, 
however, although the intraoperative average MAP in the 
target group (92 ± 9 mmHg) was significantly higher than 
that in the No-target group (hypotensive group), the aver-
age MAP in the No-target group was 85 ± 11 mmHg, and 
thus the cerebral blood flow even in the No-target group 
would have been well preserved. Unfortunately, none of 
these studies checked pre-existing patients’ WML.

In conclusion, our experimental results and the find-
ing that preoperative WML are a significant risk factor for 
POCD suggest that in addition to βAP production in the 
brain and cerebral inflammation induced by anesthesia/
surgery, perioperative vital changes that cause reductions 
in CBF, such as persistent hypotension and/or hypocapnea, 
might contribute to the development of POCD, especially 
in patients whose CBF is already reduced, such as elderly 
patients (Fig. 1).

Fig. 1   shows a putative mecha-
nism for postoperative cognitive 
dysfunction (POCD). Patients 
with preoperative white matter 
lesions, such as elderly patients, 
are at risk of developing 
POCD. In addition to neuronal 
inflammation and/or neurode-
generation, such as anesthetic/
surgery-induced β-amyloid 
protein (βAP) accumulation or 
tau protein phosphorylation, 
perioperative vital changes that 
cause reductions in CBF might 
contribute to the development 
of POCD
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