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Perioperative Neurocognitive disorders, including delirium and long-term
cognitive dysfunction following surgery, are an ever-increasing focus of
investigation for anesthesiologists and researchers. The desire to bring patients
safely through the perioperative period with an absolute minimum impact of the
anesthetic, surgery, and post-operative period on the patient’s functional status
has brought a high level of scrutiny to entities that most impact patients.
Perioperative neurocognitive disorders (PND) have the potential to vastly alter
patient functional status after surgery and anesthesiologists are often the first
physician asked about the effects this may have on the patient during the
informed consent process. While the underlying mechanisms of PND are not
well understood, more tools are being brought to bear with non-invasive
imaging shedding light on the pathophysiology of PND. In this narrative mini-
review, we discuss the current investigation into PND with a focus on non-
invasive imaging and preventative strategies that are being employed to better
protect patients.
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Introduction

“Is this surgery or anesthetic going to harm my family member”s brain? Will my family
member lose some of their cognitive function after surgery?” These are questions that many
anesthesiologists are faced with during the informed consent process. With the many
advances in the fields of anesthesiology and surgery, patients are more focused on
returning to their baseline or an improved level of function, not just survival through the
immediate perioperative period. There are over 300 million surgical procedures performed
worldwide every year with over 100 million more needed (1) and as the surgical
population ages, perioperative neurocognitive disorders (PND) are significantly impact
patient outcomes. Patients with poor neurocognitive function are likely to have
experienced post operative delirium (POD), delayed cognitive recovery, increased time
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requiring mechanical ventilation, increased ICU length of stay,
increased hospital stay, dramatically increased healthcare costs,
and higher risk of dementia (2-5).

In this mini-review we focus on the non-invasive imaging
modalities of MRI and PET imaging. MRI imaging is likely the
most promising modality to be used in future studies as it is
non-invasive, exposes patients to no ionizing radiation exposure,
and is frequently ordered on patients across the healthcare
spectrum. PET imaging, while including exposure to some
ionizing radiation, provides additional metabolic information not
easily obtained elsewhere and is briefly discussed as well. We
utilized a systematic approach to identifying the studies discussed
utilizing PubMed database searches with the following keywords:
“MRI,”
“Cognitive Dysfunction,” and “Delirium.” Given the mini-review

“Imaging,” “Perioperative Neurocognitive Disorder,”
format, we focused on work with good methodological quality,
clearly defined cases and controls, and a focus on specifically
investigating POD/PND in their scope.

Nomenclature

Given the severe impacts that PND can have on patient
outcomes, significant work has been done to better describe and
classify them (6). The most recent consensus PND terminology
describes cognitive impairment in the perioperative period:
preoperative neurocognitive disorders in the period leading up to
surgery, delirium occurring up to 7 days after surgery, cognitive
impairment up to 30 days post-operatively (termed delayed
neurocognitive recovery), and cognitive impairment up to 12
months post-operatively (post-operative neurocognitive disorders)
(Figure 1). The utilization of standardized nomenclature will
better support the investigation of specific pathology seen in
different time frames of the continuum of disease that is PND.

Susceptibility and precipitating factors

PND likely stem from a multifaceted interaction between a
patient’s underlying comorbid susceptibilities and factors related
to their surgical course (7, 8). Multiple risk factors have been
proposed, including aging, however, the exact mechanisms
underlying the development of PND remain poorly understood
(9-15). Advanced age (16-18) and prior cognitive impairment
(18-20) remain the most highly correlated risk factors with PND,
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but additional factors such as educational level, cardiopulmonary
disease, and malnutrition appear to play significant roles as well.
One crucial area which almost certainly plays an important role
in the development of PND is that of surgical-stress induced
neuro-inflammatory processes (7, 21-28). Many risk factors have
been identified and both surgery and anesthesia can increase
neuro-inflammation leading to serious exacerbation of underlying
preoperative neuro-inflammation (21, 23).

Neuroinflammation

Large amounts of evidence have been produced demonstrating
that surgical stress leads to a systemic inflammatory response
host
neuroinflammation, blood brain barrier (BBB) disruption (26),

which  produces of downstream effects, including
and neuroimmune responses including microglia activation (7,
29). High hippocampal levels of interleukin (IL)13, TNFe, and
IL6 are associated with cognitive decline after surgery in rodents
(29, 30). In human patients undergoing surgery, a strong neuro-
inflammatory response leads to detectable inflammatory markers
found in the cerebrospinal fluid (CSF) and blood (IL-1B, ILlra,
IL2, IL6, IL8, IL10) within 12 h of surgery (23, 31-34). These
pro-inflammatory cytokines lead to the disruption of the BBB
integrity and further induces neuro-inflammation (26, 35-37).
Through a permeable BBB, bone marrow-derived macrophages
(BM-DM) are attracted into the brain parenchyma by trauma-
induced expression of chemokine MCP-1 (29, 35). Within the
hippocampus and other areas, BM-DM synthesize and release a
variety of pro-inflammatory cytokines that interfere with brain
processes required for cognition, including learning and memory
(35). In this setting, there is a transient yet profound
downregulation of the human brain immune system, measured
as a decrease in glial activity within the early postoperative
period. These studies provide insights into the possible molecular
underpinnings of PND and there are ongoing efforts to correlate
them with specific cognitive domain changes and tissue changes
in the brain.

Imaging techniques

While excellent ongoing work is occurring in mouse models of
PND and biomarker studies, these methods require invasive access
which is challenging when applied to patients. This is especially

Preoperative
Neurocognitive
Disorders

Delayed Neurocognitive Recovery
0 - 30 days

Delirium <7 days

Surgery

FIGURE 1

Postoperative Neurocognitive Disorders

Timeline and nomenclature for perioperative neurocognitive disorders (PND) classification.

30 days — 12 months
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true when this access is needed for obtaining CSF, serum, or brain
tissue sampling to investigate the underlying pathophysiology.
However, one of the most exciting areas of investigation has been
utilizing non-invasive imaging technology to shed light on the
pathophysiology of PND. To date there are a paucity of studies,
however, the potential is vast for meaningful insights these studies
may provide. Magnetic resonance imaging (MRI) based diffusion
tensor imaging (DTI) can be used to examine regional neuro-
inflammatory-induced brain tissue changes (38-42). Using DTI,
several quantitative indices, including mean diffusivity (MD), can
be calculated and used to evaluate brain tissue injury (43, 44). MD
of water within tissue is influenced by the presence of tissue
barriers (45), and extra-cellular/extra-axonal fluid. In acute neuro-
inflammation and tissue changes, neuronal and axonal swelling
increase tissue barriers, reduce extracellular volume, and escalate
cytotoxic edema; all factors contributing to reduced MD values
(38, 40, 46, 47). Other methods including relative relaxivity (RR),
(ICV),
hyperintensity (WMH), hippocampal volume, cerebral blood flow

BBB disruption, intracranial volume white matter
mapping (CBF), cortical thickness, and overall gray matter volume
(GMYV) changes can be correlated with incidence of delirium or

PND in the 7 day to 12 month postoperative period and beyond.

Imaging in postoperative delirium

Despite the challenges of imaging patients with POD, multiple
groups have endeavored to correlate some of these imaging
techniques with POD. These groups have utilized data from the
Successful Aging after Elective Surgery (SAGES) study which
collected large amounts of clinical data from patients 70 and
older with daily assessments during hospitalization including
biomarker, neuroimaging, and cognitive reserve markers.
Saczynski and colleagues utilized this mixed surgical population
(TKA/THA and colectomy) which had MRI scans performed on
a subset of the patients, however, they were not able to discover
a correlation between cortical atrophy and POD with multiple
additional analysis of this image data set by other groups also
failing to find correlations except for WMH (48). Cavallari and
colleagues utilized preoperative DTI imaging in their 2016 study
which interestingly revealed that decreased fractional anisotropy
and increased axial, mean, and radial diffusivity in the basal
forebrain, thalamus, cerebellum, and hippocampus were
associated with delirium incidence and severity (49). Their
follow-up study showed that in the case of DTI measurements
done one year after surgery, POD was associated with a decrease
in fractional anisotropy, and an increase in MD in the frontal,
parietal, and temporal lobes (50). They also found that cognitive
dysfunction was correlated with a decrease in FA and increase in
MD in the white matter of parietal, posterior temporal, and
occipital lobes. Hshieh and colleagues also utilize the SAGES
data set to assess cerebral blood flow (CBF) but did not show a
significant association between global CBF and POD but did
show a correlation with test results from trails B and digit
symbol substitution test (51). Racine and colleagues utilized

cortical thickness in brain regions that have been associated with
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Alzheimer’s disease but did not find an association with the risk
of delirium but that in specifically the superior parietal region,
cortical thickness was smaller in patients with POD (52).

Root and colleagues performed a separate case-control study
utilizing patients undergoing pneumonectomy/lobectomy for
NSCLC and showed that delirium was associated with a higher
degree of white matter hyperintensity compared to age and sex
matched controls without delirium. However, there was no
association between cortical atrophy and delirium which is
consistent with prior studies. Fislage and colleagues utilized the
BioCog study to perform a prospective observational cohort
investigation associating preoperative thalamic MD values with
POD (53). They were able to demonstrate that MD changes in
bilateral hemispheres, pulvinar nuclei, mediodorsal nuclei, and the
left anterior nucleus were associated with POD (53). These studies
appear to show that overall cortical atrophy and CBF may not be
a correlate of POD, however, specific brain regions are likely
implicated and further work tying the MD changes and WMH in
areas such as the thalamus and hippocampus are likely to be helpful.

MRI in delayed neurocognitive
recovery and neurocognitive disorders
after surgery

Several groups have focused on neurocognitive impairment in the
period after 7 days postoperatively to beyond one year. This would
include delayed neurocognitive recovery to major/minor long term
neurocognitive disorders. Chen and colleagues performed a cross-
sectional study in abdominal surgical patients and found
hippocampal volume loss was more highly present in the patient
population with cognitive impairment after surgery (54). This is in
contrast to a study performed by Price and colleagues in which a
total knee arthroplasty patient population (case-control study)
exhibited cognitive impairment >20% in the first 3 months and 9%
at 1 year correlated with 2 week MRI scans which ultimately
showed no difference in hippocampal volume (55). They did
demonstrate an increase in volumes of leukoaraiosis and lacunae
which they correlated with impairment in memory at 3 weeks and
1 year post-operatively and correlated total brain volume reduction
with a decline in executive function (55). Sato and colleagues
utilized a prospective study in breast surgery patients with baseline
and post-op day 5 MRI scans coupled with a cognition battery of
tests to study associations between the changes in GMV and
changes to patient cognition scores (56). They correlated a
reduction in thalamic volume with cognitive decline as they defined
it at 5 days post operatively. Vandiver et al. performed a
retrospective analysis of the UCLA lung transplant database to
identify patients who received MRI scan pre and post-operatively
but were not diagnosed with CVA and showed that these patients
have high levels of cognitive impairment associated with decreased
gray matter volumes in the frontal, prefrontal, parietal, temporal,
anterior cingulate, putamen, and cerebella cortices (57). Studying a
different mechanism entirely, Lascola and colleagues utilized
delayed contrast extravasation subtraction to determine BBB
permeability and found that nearly half of patients had increases in
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post-operative BBB  permeability with regional variations in
permeability associated with lower cognitive performance suggesting

that this mechanism may also play a role in PND (58).

Functional MRI and connectivity in
PND

Additional
perioperative period, utilizing functional MRI to assess functional

groups have investigated cognition in the
connectivity. Browndyke and colleagues assessed a small number
of patients undergoing cardiac surgery vs. non-surgical controls
and showed significant differences in resting-state functional
connectivity (RSFC) and global cognitive change suggesting that
RSFC may be tied to cognitive changes 6 weeks after cardiac
surgery and could be used as a diagnostic marker of PND (59).
Nir and colleagues utilized a similar technique in patients that
only underwent anesthesia (and not surgery) to assess RSFC
trajectory in the post-anesthesia recovery period (60). They
showed a transient global reduction in anticorrelated activity
after emergence from anesthesia which did return to baseline by
the following day which may suggest that without the additional
inflammatory insult of surgical stress that the anesthetics may
contribute to but might not be adequate to induce PND.
However, they did not perform cognitive testing in these patients
making definitive conclusion difficult to draw. Yang and
colleagues have also utilized RSFC focused fMRI to assess
functional connectivity density (FCD) in patients in the first 7
days after surgery. They were able to correlate changes in FCD
with the results of a battery of cognitive tests. They demonstrated
post-operative declines in FCD present in the supplementary
motor area (SMA) were correlated with declines in cognition
measured by Warrington’s recognition memory test (60).

PET imaging in PND

Additional imaging technologies such as positron emission
tomography (PET) have also been utilized in the investigation of
PND. Forsberg and colleagues utilized [''C]PBR28 brain PET
imaging to evaluate brain immune activation in the perioperative
period in patients undergoing abdominal surgery. They were able
to show a global downregulation of gray matter at 3-4 days
postoperatively (compared to baseline) correlated with changes in
the Stroop Color-Word Test performance which suggests likely
post-surgical impairment of cognitive function (21). These types
of changes may also be seen in other neuroinflammatory
conditions such as multiple sclerosis as well as general immune
activation in the brain such as the microglial activation of the
brain after LPS administration.

Brain region changes and cognition

Tying specific brain areas to cognitive impairment is complex
and there is significant interplay between regions that mediate
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cognitive function. However, multiple brain areas, including the

prefrontal cortex, caudate, and hippocampus have been
implicated in cognition. Injury in the prefrontal cortex, which
receives input and reciprocal connections to limbic sites, has
adverse implications in planning complex cognitive behavior,
personality expression, decision making, and moderating social
behavior (61). Procedural and associative learning are linked to
the caudate nuclei, which are an integral part of the cortico-basal
ganglia-thalamic loop and are well recognized for involvement in
cognition (62-64). The hippocampus has extensive connections
with the prefrontal cortex, including direct reciprocal connections
between the medial prefrontal cortex and the medial temporal
lobe, unidirectional projections from the hippocampus to the
ventral medial prefrontal cortex, and bidirectional connections
from the subiculum and neocortical medial temporal regions
(65). The fornix is constituted from fibers of the hippocampus
and projects to the mammillary bodies, which serve vital roles in
learning and memory (66). Although the role of particular brain
sites in PNCD is unclear, the studies discussed above appear to
strongly suggest that compromised global gray matter volume,
hippocampal volume reduction, white matter hyperintensity
changes, and changes in resting-state functional connectivity are
present in the postoperative period in patients that develop
cognitive deficits. Additional brain regions showed impaired
perfusion in patients with delirium, including the inferior frontal,
parietal, caudate, thalami, and occipital sites that improved after

delirium resolution (53, 67).

Addressing PND

As we learn more about the underlying mechanisms of PND,
more tools will become available for identification of those most
at risk, prevention strategies, and interventions to address PND
in the post-operative period. These have mainly focused on
preoperative measures starting with risk factor identification,
associated with POD
benzodiazepines and anticholinergics (68), avoidance of long

avoidance of medications including
fasting duration (69), and cognitive prehabilitation (70) when
possible. Intraoperative interventions such as increased utilization
of neuraxial and regional anesthetics, close monitoring of
anesthetic depth, use of total intravenous anesthesia (TIVA), and
the addition of dexmedetomidine all have an evidential basis
suggesting some benefit in high-risk patients and perhaps in the
general population as well (71-73). However, the efficacy of these
interventions is still controversial for many intraoperative
Other
intraoperative hypotension, hypothermia, hypercarbia, acidosis,

modifications. interventions such as avoidance of
and close monitoring of cerebral oxygen oximetry are all
intuitively useful for the avoidance of neurologic hypoperfusion,
hypoxia, and neuronal injury, but investigation has not shown
consistent reduction in PND despite controlling these factors.

A multitude of investigations have been performed looking at
ways to both prevent and treat POD and delayed neurocognitive
recovery in the immediate post operative period and several

strategies appear to be efficacious. Appropriate sleep promotion
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is key as sleep disturbance is associated with increased risk of
surgery (74). While
pharmacologic therapies may be controversial, dexmedetomidine

cognitive impairment after specific
and melatonin do appear to have some benefit. In fact, Zhang
and colleagues presented evidence that dexmedetomidine may
improve long term neurologic outcomes in patients undergoing
non-cardiac surgery up to 3 years later (75). Other preventative
post-operative interventions such as avoidance of known
delirium associated medications, use of NSAIDS, and early
recovery after surgery (ERAS) programs appear to have also
improved neurologic outcomes in some studies (68, 76).
Pharmacologic treatment of active POD is controversial, and the
current recommendations are to treat hyperactive delirium where
patient safety is threatened (77). There is evidence that
dexmedetomidine may reduce delirium duration (78), but routine
use of other agents such as antipsychotic administration for
hypoactive and normoactive delirium has not meaningfully

reduced delirium in most trials (79).

Summary

Perioperative neurocognitive disorders are both common and
high impact disruptions to patient outcomes in the post-
operative setting. While we have significantly advanced our
understanding of risk factors, likely precipitating factors, and
possible prevention strategies, there is much to be done in the
understanding of pathophysiologic mechanisms. This review has
focused on the current use of imaging technologies to investigate
multiple mechanisms implicated in PND and the major findings
that have thus far been elucidated. Much more work needs to be
done to understand this important entity in clinical care and to
tie our improved understanding of PND with prevention and
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