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 CURRENT
OPINION Cerebral monitoring in surgical ICU patients

Dario Massari, Ilonka N. de Keijzer, and Thomas W.L. Scheeren

Purpose of review

To give an overview of cerebral monitoring techniques for surgical ICU patients.

Recent findings

As the burden of postsurgical neurological and neurocognitive complications becomes increasingly
recognized, cerebral monitoring in the surgical ICU might gain a relevant role in detecting and possibly
preventing adverse outcomes. However, identifying neurological alterations in surgical ICU patients, who
are often sedated and mechanically ventilated, can be challenging. Various noninvasive and invasive
techniques are available for cerebral monitoring, providing an assessment of cortical electrical activity,
cerebral oxygenation, blood flow autoregulation, intracranial pressure, and cerebral metabolism. These
techniques can be used for the diagnosis of subclinical seizures, the assessment of sedation depth and
delirium, the detection of an impaired cerebral blood flow, and the diagnosis of neurosurgical
complications.

Summary

Cerebral monitoring can be a valuable tool in the early detection of adverse outcomes in surgical ICU
patients, but the evidence is limited, and clear clinical indications are still lacking.

Keywords

cerebral autoregulation, cerebral monitoring, cerebral oxygenation, electroencephalography, intracranial
pressure

INTRODUCTION

The purpose of monitoring vital signs in critically ill
patients is to timely detect signs of deterioration in
organ functions and take appropriate corrective
interventions to guarantee the best outcome. Many
intensive care providers will recognize that moni-
toring in the ICU is focused on respiratory and
cardiovascular functions, whereas cerebral monitor-
ing is not consistently applied as a standard of care
[1

&

]. This discrepancy is probably even wider in the
surgical ICU setting, where patients are often admit-
ted only for a few hours after surgery to ensure stable
vital signs before discharge to the normal ward. The
postoperative course can be complicated by neuro-
cognitive alterations, but these disorders go often
underdiagnosed, especially when presenting with
subtle signs such as hypoactivity or somnolence.
Perioperative neurocognitive disorders include post-
operative delirium (POD), manifesting within a few
days after surgery, and postoperative neurocognitive
disorders, persisting for 1 up to 12 months after
surgery [2]. The incidence of POD can exceed 30%
in elderly patients, and postoperative neurocogni-
tive disorders can be detected in up to 30% of elderly
patients 3 months after surgery [3]. Are we as clini-
cians doing enough to monitor the brain? The

answer would probably be yes in most instances
as the clinical assessment of consciousness and
the neurologic examination represent the most
immediate and arguably the most important tools
for an adequate cerebral monitoring. However, as
ICU patients are often sedated and mechanically
ventilated after surgery, the neurological examina-
tion might be impaired and neurological findings
might be masked. Furthermore, subtle alterations in
brain function may go undetected to the clinical
assessment [e.g., subclinical seizures, or an altered
cerebral blood flow (CBF) autoregulation], but still
have a negative impact on the outcome [4

&

,5
&

].
Under these circumstances, various monitoring
techniques allow a more focused cerebral monitor-
ing, providing an assessment of cortical electrical
activity, cerebral oxygenation, and blood flow
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autoregulation or – mainly in the neurosurgical
setting – intracranial pressure (ICP) and cerebral
metabolism. An overview can be found in Fig. 1.
The aim of this review is to summarize the latest
evidence about the role of cerebral monitoring in

the surgical ICU patient. We sought to present the
main monitoring techniques and to provide an
overview of the key advantages they can offer when
applied in the appropriate clinical context.

Cortical electrical brain activity

Monitoring of cortical electrical brain activity is tra-
ditionally performed by raw electroencephalography
(EEG), usually requiring an experienced clinician for
the interpretation of EEG readings. Processed EEG
devices provide aneasier interpretation of thecortical
electrical activity with the main purpose of monitor-
ing the depth of sedation or anesthesia.

Raw electroencephalography

Recording of raw EEG signals is the gold standard to
detect and diagnose (nonconvulsive) seizures. Seiz-
ures can complicate the postoperative course of
patients undergoing neurosurgery [6] and cardiac
surgery [7], in both cases with an association with
adverse outcome. The raw EEG is an intermittent
diagnostic technique and covers a limited time
frame (usually around 30 min), with the drawback
of missing many episodes of nonconvulsive seizures.
Conversely, continuous EEG monitoring has a
higher sensitivity in critically ill patients, in whom
nonconvulsive seizures are frequent and are often
detected after hours of monitoring [8].

KEY POINTS

� Continuous electroencephalography monitoring can
promptly diagnose subclinical seizures, but it is
resource-consuming and should be targeted to patients
at high risk for postsurgical seizures.

� Processed electroencephalography monitoring can be
used to optimize sedation and pain assessment in
surgical ICU patients, in particular during deep
sedation and invasive ventilation.

� The evidence for monitoring cerebral oxygenation
postoperatively is limited and has yet to be proven to
improve postoperative (neurological) outcomes.

� Bedside monitoring of cerebral autoregulation is
feasible, although it still needs to be assessed if
individualized blood pressure targets will improve
neurological outcomes postoperatively.

� The methods for monitoring intracranial pressure and
cerebral metabolism remain very invasive so that their
use should be limited to neurosurgical patients with
high risk of complications.
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Cortical electrical activity

Cerebral oxygenation

Cerebral metabolism

Intracranial pressure

Cerebral blood flow
and its autoregulation

cEEG

Near-infrared spectroscopy

Transcranial Doppler / ultrasonography

Thermal diffusion flowmetry
Laser Doppler flowmetry

Cerebral microdialysis

Non-invasive methods

External ventricular catheter
Intraparenchymal probe

Seizures

Postoperative delirium

Sedation optimization
Pain assessment

Cerebral ischemia

Neurosurgical complications

Cerebral monitoring Technique Outcome

Tissue oximetry index

Processed EEG

FIGURE 1. Cerebral monitoring techniques and associated outcomes. Bold lines indicate an established association with the
respective outcome, solid lines indicate that there is evidence for an association, dashed lines indicate that there is limited
evidence for an association with the outcome. cEEG, continuous electroencephalography.
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The incidence of postneurosurgical seizures is
thought to be highest in the immediate postopera-
tive period when sedative medication may interfere
with the interpretation of neurological signs. In
patients admitted to the ICU after neurosurgery, a
29% incidence of clinical or electrographic seizures
was found by continuous EEG monitoring within
72 h after surgery, without any clinical signs in over
two thirds of cases (subclinical seizures) [9

&

]. The
mortality at discharge was similar in patients with
and without seizures, but outcomes in a longer time-
frame were not investigated [9

&

]. Another prospec-
tive study found a lower incidence (10%) of electro-
graphic seizures in neurosurgical patients with
clinical suspicion of nonconvulsive status epilepti-
cus [10], even though the incidence was likely
underestimated as antiepileptic medications had
already been started in one third of patients. Factors
associated with a higher risk of seizures after neuro-
surgery include a history of epilepsy, subdural hema-
toma, perioperative subarachnoid hemorrhage, and
lobar tumor [9

&

,11].
After cardiac surgery, continuous subhairline

EEG started at ICU admission evidenced a 3% inci-
dence of seizures [12], but when considering patients
undergoing open-heartvalve surgerywitha complete
continuous EEG monitoring the seizure incidence
increased to 9%, with abnormal EEG patterns in as
much as 33% of patients [13

&&

]. Electrographic seiz-
ures were also associated with POD on the first post-
operative day [13

&&

]. Significantly, POD is also
characterized by alterations in functional neural
interactions [14] and other typical EEG features
(e.g., a shift of EEG power to lower frequencies)
[15] – some of which have been associated with
mortality in delirious critically ill patients [16] –
makingcontinuousEEGmonitoringapromising tool
to assess POD development and severity [15]. An
ongoing study aims to determine whether perioper-
ative (from 2 days before surgery until up to 7 days
after) EEG patterns during sleep and wakefulness can
predict POD in cardiac surgery patients [17]. These
findings elucidate the organic cause of POD in surgi-
cal ICU patients and should stimulate its diagnosis
and prevention to improve the outcome.

Finally, in surgical ICU patients undergoing
continuous EEG for an altered mental status the
incidence of nonconvulsive seizures was 16%, with
a strong association with a composite poor outcome
(death, vegetative state, or severe disability) [18].
Moreover, periodic epileptiform discharges were
identified in 29% of patients [18]. The cost-effective-
ness of continuous EEG monitoring in surgical ICU
patients remains to be determined. First, its applica-
tion should be targeted to patients with identifiable
risk factors for subclinical seizures such as a history

of epilepsy or neurosurgery for a lobar tumor. Sec-
ond, some drawbacks regarding its usefulness
should be considered, including the high demand
in terms of human and technical resources and
the artifacts in continuous EEG readings that are
frequently generated in the ICU environment [19].

Processed electroencephalography

Processed EEG devices are commonly used in the
operating room for monitoring the depth of anes-
thesia. There is also increasing evidence for its role
in the ICU, where monitoring of sedation is a rele-
vant issue, especially in light of the association
between (too) deep sedation and adverse outcomes
[20]. Commonly, clinical scales are applied in the
ICU to assess the level of sedation. In postsurgical
ICU patients, some studies found a good correlation
between Bispectral index (BIS) [21,22], entropy [21]
or Narcotrend index [23] values and the Richmond
Agitation Sedation Scale, and between BIS [24,25] or
patient state index (PSI) [26] values and the Ramsay
sedation scale [24,25]. However, other studies found
a poor correlation between BIS or PSI values and the
Ramsay sedation scale [27], and between BIS values
and the Riker Agitation Sedation Scale [28]. The
majority of the studies concluded that processed
EEG devices do not perform adequately enough to
substitute clinical scales, but they might be a useful
adjunct to clinical assessment. Guidelines suggest
that BIS monitoring might be best suited for titrat-
ing sedation during deep sedation or neuromuscular
blockade, when clinical assessment is less sensitive
[29]. In addition, sedation scales are commonly
evaluated intermittently and the patient has to be
stimulated to assess the level of sedation, whereas
processed EEG monitoring is continuous and does
not require a modification of the sedation state [30].
Furthermore, as already mentioned for continuous
EEG, processed EEG devices might also have a role in
the diagnostic workup of perioperative neurocogni-
tive disorders: on the first postoperative day after
cardiac surgery, low BIS values showed high speci-
ficity but low sensitivity in identifying delirious
patients [31].

Besides sedation assessment, BIS monitoring has
also been implemented in closed-loop target-con-
trolled infusion systems for sedation in the surgical
ICU providing a tight and reliable sedation control
[32

&

], even though the choice of the sedation level
should always take into account adverse hemody-
namic effects [33

&

].
Finally, an interesting application of BIS moni-

toring involves the assessment of pain in patients
undergoing invasive ventilation. BIS values were
positively correlated with critical-care pain observa-
tion tool after cardiac surgery [34], and appeared to

Cerebral monitoring in surgical ICU patients Massari et al.
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be more suitable for pain assessment in unconscious
patients after neurosurgery compared with critical-
care pain observation tool [35]. Furthermore, BIS
was more sensitive than hemodynamic changes in
assessing pain [34].

In conclusion, processed EEG devices can help
optimizing the sedation and the assessment of pain
in surgical ICU patients, in particular during deep
sedation and invasive ventilation.

Cerebral oxygenation monitoring

Cerebral oxygenation (ScO2) can be continuously
and noninvasively monitored by means of near-
infrared spectroscopy (NIRS), a monitoring tech-
nique that is widely used in the intraoperative care
of cardiac surgery patients. In this population,
intraoperative cerebral desaturations occur fre-
quently and are associated with adverse outcomes
such as postoperative neurocognitive disorders,
prolonged hospital stay and increased mortality
[36

&

]. Current guidelines recommend pre- and
intraoperative cerebral oximetry monitoring to
identify patients at increased risk of such adverse
outcomes [37

&&

]. Notably, cerebral desaturations
continue to occur during the postoperative ICU
stay in a large subset of patients [38,39]. A recent
study showed prolonged postoperative cerebral
desaturation after cardiac surgery with cardiopul-
monary bypass (CPB), but not after noncardiac
surgery [40]. Therefore, there is a need and growing
interest in extending the monitoring of ScO2 to the
postoperative phase, even though the evidence is
still limited [41] and insufficient to recommend
postoperative monitoring [37

&&

]. However, some
recent studies provided interesting insights into
the relationship between postoperative NIRS mon-
itoring and outcomes. In cardiac surgery ICU
patients with POD, low ScO2 values were associated
with the severity of delirium, and started to increase
as delirium resorbed [42]. In addition, in older
patients undergoing cardiac surgery, ScO2 values
were lower in patients who developed POD, and
larger postoperative decreases in ScO2 were associ-
ated with POD independently of other confounding
factors such as advanced age and high EuroSCORE II
[43

&

]. However, a perioperative therapy aimed at
reversing cerebral desaturations either during sur-
gery or within the first 24 postoperative hours had
no effect in preventing POD in a cohort of 249
cardiac surgery patients [44].

A cerebrovascular accident (e.g. ischemic stroke)
is a devastating complication after cardiac surgery.
There was no difference in the incidence of postop-
erative cerebrovascular events in patients with and
without carotid stenosis undergoing coronary artery

bypass grafting, and no difference in cerebral oxy-
genation was found [45

&

]. However, patients with
carotid stenosis had higher mean arterial pressure
(MAP), which might have guaranteed an adequate
cerebral perfusion in this group of patients. This
raises the hypothesis that cerebral oxygenation
monitoring might have a role in the prevention
of cerebrovascular events by optimization of MAP
and CBF (for more details see below paragraph).

Cerebral blood flow and its autoregulation

CBF is regulated by complex myogenic, neurogenic,
metabolic, and endothelial mechanisms [46

&&

]. CBF
can be monitored invasively using thermal diffusion
flowmetry and noninvasively by transcranial Dopp-
ler (TCD) or laser Doppler flowmetry [47

&

,48]. Ther-
mal diffusion flowmetry uses the temperature
difference between a thermistor and a detector to
estimate CBF, TCD uses ultrasound to assess blood
flow, and with laser Doppler flowmetry erythrocyte
flux is assessed directly [47

&

,48]. TCD is the primary
(noninvasive) tool for monitoring CBF [47

&

,48].
Improvements in the TCD led to the development
of transcranial color-coded duplex ultrasonography
which has a color Doppler mode that can be used to
easily detect vessels and assess flow [49]. The use of
thermal diffusion flowmetry is recommended for
patients at risk for focal cerebral ischemia [50],
although the applicability of this tool in a surgical
ICU might be limited due to the invasiveness of the
method. TCD and transcranial color-coded duplex
ultrasonography might be used in patients at risk of
postoperative cerebral ischemia in a surgical ICU,
although no official recommendation has been
made regarding surgical ICU patients.

Cerebral autoregulation means that despite var-
iations in cerebral perfusion pressure, CBF will be
kept constant by automatic adjustment of the diam-
eter of the arteries and veins [51], although this is
limited to a certain blood pressure (BP) range (the
autoregulation range) (Fig. 2). Cerebral perfusion
pressure is determined by the MAP minus the ICP.
CBF is the resultant when cerebral perfusion pres-
sure is dived by cerebral vascular resistance. For a
long time it was thought that a MAP between 50 and
150 mmHg was the range in which autoregulation
could ensure constant CBF [52]. However, some
studies found individual lower limits ranging from
40 to 91 mmHg [53–56] and increased lower limits
of autoregulation within hypertensive or elderly
patients (Fig. 2) [51]. In addition, BPs exceeding
the upper limits of autoregulation during CPB were
associated with POD as was shown in 491 cardiac
surgery patients [57]. It was also shown in patients
having surgery with CPB that interindividual

The surgical patient
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variability was high and could not be predicted by
demographic and disease specific factors [56]. There-
fore, it is important to assess the autoregulation
limits on an individual basis. The autoregulation
system is not able to compensate for MAP excursions
outside of the individual autoregulation range,
resulting in increased or decreased CBF, possibly
causing cerebral ischemia or edema and neurologi-
cal complications. Cerebral autoregulation can be
assessed by the following factors: an estimate of CBF,
measurement of (changes in) cerebral perfusion
pressure, and assessment of the relation between
cerebral perfusion pressure and CBF [58

&&

].
So far, assessing cerebral autoregulation has

been limited to specific fields with high incidence
of cerebral injury, for example during cardiac and
noncardiac surgery, in neonatology, septic shock,
out of hospital cardiac arrest, and in the neurocrit-
ical care [58

&&

]. There is a paucity of data regarding
the monitoring of CBF and autoregulation in
patients admitted postoperatively on a routine basis
to the surgical ICU, with studies only conducted in
patients after cardiac surgery measuring tissue

oximetry index [4
&

]. This is a NIRS-derived variable
that can range from�1 to 1, with values between�1
and 0 indicating intact autoregulation and values
from 0 to 1 indicating impaired autoregulation.
Patients with POD compared with those without
POD had a higher mean tissue oximetry index
(0.270�0.199 vs. 0.180�0.142, P¼0.044) on post-
operative day 0 and tissue oximetry index was inde-
pendently associated with POD on day 0 [odds ratio
(OR) 1.05, 95% confidence interval 1.01–1.10,
P¼0.043]. Another study assessed cerebral autore-
gulation in 67 patients scheduled for cardiac surgery
with CPB [59]. Impaired cerebral autoregulation was
found in 55% of patients 24 h postoperatively and in
20% of patients 7 days postoperatively. In addition,
a lower autoregulation index preoperatively and
24 h postoperatively predicted POD. The last study
consisted of 134 cardiac surgery patients, in whom
cerebral oxygenation and arterial BP were moni-
tored from the start of surgery until the next morn-
ing in the ICU [5

&

]. The prevalence of impaired
autoregulation was higher in the OR than in the
ICU (40 vs. 13%, P<0.001) and in an exploratory

FIGURE 2. Autoregulation of cerebral blood flow. Cerebral blood flow is kept constant when the mean arterial pressure is
within the upper and lower limits of cerebral autoregulation. Such limits are classically assumed within the range of 50–
150 mmHg, but can differ in both directions on an individual basis (as indicated by the arrows), for example due to chronic
hypertension. The normal cerebral autoregulation curve is represented by the continuous curve. If the curve is left-shifted (A–A’
dashed curve), a mean arterial pressure close to the ‘classical’ upper limit of cerebral autoregulation will result in an increased
cerebral blood flow (B circle). If the cerebral autoregulation curve is right-shifted (C–C’ dashed curve), for example in a
hypertensive patient, a mean arterial pressure close to the ‘classical’ lower limit of cerebral autoregulation will be insufficient
to provide an adequate cerebral blood flow (D circle).

Cerebral monitoring in surgical ICU patients Massari et al.
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analysis it was found that impaired autoregulation
in the ICU was associated with POD [5

&

]. In conclu-
sion, the field of assessing cerebral autoregulation in
postsurgical ICU patients is slowly expanding. In
patients with traumatic brain injury or subarach-
noidal hemorrhage, bedside assessment of cerebral
autoregulation seemed feasible [60]. However,
before monitoring cerebral autoregulation becomes
routine clinical practice, it first needs to be assessed
if individualized BP targets will actually improve
postoperative neurological outcomes.

Intracranial pressure monitoring

Monitoring ICP is limited to patients with cerebral
disease affecting ICP and to certain neurosurgical
patients [50]. The external ventricular catheter is
currently the gold standard and can even be used
for therapeutic intervention in patients with hydro-
cephalus [48,61]. The intraparenchymal pressure
monitor can be used in patients without hydroceph-
alus, where no drainage is needed [48]. Other inva-
sive methods, for example subdural, epidural, and
subarachnoidal bolts are less accurate [48]. Hemor-
rhage, infection, and local lesions in the brain tissue
are risks of invasive ICP monitoring, and thus its use
should be restricted to a very select patient popula-
tion [48]. A multitude of noninvasive methods is
available, although none of them is currently accu-
rate enough for clinical use [48,61]. The noninvasive
methods are all based on measuring a variable that is
related to ICP, the broad categories are flow, otic,
ophthalmic, electrophysiologic, and others, an
overview can be found here [61]. An improvement
in accuracy of noninvasive methods will allow ICP
monitoring in a broader patient population at risk
for increased ICP.

Cerebral metabolism monitoring

For cerebral microdialysis, a microdialysis catheter is
placed near the cerebral region of interest and dial-
ysate samples can be taken to evaluate concentra-
tions of metabolites. Cerebral microdialysis is
recommended in patients at risk for oxygen or
energy deprivation [50]. Commonly studied metab-
olites are lactate and pyruvate for cerebral ischemia,
glutamate for excitotoxicity, glycerol for cell death,
and glucose [48,62]. A microdialysis catheter is very
small and flexible and these properties make its use
relatively safe, yet it remains a very invasive method.
No infection or hemorrhage was associated with
placement of microdialysis catheters during open
craniotomy in a cohort of 174 patients [63]. How-
ever, a major limitation is that monitoring is limited
to a very specific area of the brain. Other limitations

of cerebral microdialysis are that it is time consum-
ing, can only be performed intermittently, and that
clinical reference values for different disease states
are lacking [48]. Therefore, it is recommended to
combine cerebral microdialysis with other monitor-
ing tools for prognostic purposes and guiding treat-
ment [50]. An overview of treatment considerations
can be found here [62].

CONCLUSION

There is a paucity of data regarding cerebral moni-
toring in a postsurgical ICU. Subclinical seizures,
cerebral desaturations, and alterations of the cere-
bral autoregulation and metabolism can only be
detected with the appropriate monitoring tech-
nique. Hence, cerebral monitoring in the ICU can
contribute to the prompt identification of patients
at risk for adverse outcomes. Invasive cerebral mon-
itoring is mainly indicated after neurosurgery. Non-
invasive monitoring techniques such as continuous
(processed) EEG, NIRS, and TCD can be applied to a
broad subset of surgical ICU patients, but the cost-
effectiveness and the most appropriate target pop-
ulations have yet to be determined. Future studies
will also elucidate if cerebral monitoring in the ICU
might have a role in improving the neurological
outcome of surgical patients.
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29. Devlin JW, Skrobik Y, Gélinas C, et al. Clinical practice guidelines for the
prevention and management of pain, agitation/sedation, delirium, immobility,
and sleep disruption in adult patients in the ICU. Crit Care Med 2018;
46:e825–e873.

30. Romagnoli S, Franchi F, Ricci Z. Processed EEG monitoring for anesthesia
and intensive care practice. Minerva Anestesiol 2019; 85:1219–1230.

31. Plaschke K, Fichtenkamm P, Schramm C, et al. Early postoperative delirium
after open-heart cardiac surgery is associated with decreased bispectral EEG
and increased cortisol and interleukin-6. Intensive Care Med 2010;
36:2081–2089.

32.
&

Neckebroek M, Ionescu CM, van Amsterdam K, et al. A comparison of
propofol-to-BIS postoperative intensive care sedation by means of target
controlled infusion, Bayesian-based and predictive control methods: an
observational, open-label pilot study. J Clin Monit Comput 2019;
33:675–686.

This study shows that bispectral index (BIS) monitoring can be reliably imple-
mented in a computer-controlled strategy for a propofol-based sedation in the
surgical ICU.
33.
&

Squara P, Chazot T, Auboin G, et al. Behavior of a dual closed-loop controller
of propofol and remifentanil guided by the bispectral index for postoperative
sedation of adult cardiac surgery patients: a preliminary open study. J Clin
Monit Comput 2020; 34:779–786.

This is the first (preliminary) study to describe the implementation of BIS monitoring
in a dual-loop controller providing an automated titration of propofol and remi-
fentanil in ICU patients after cardiac surgery.
34. Faritous Z, Barzanji A, Azarfarin R, et al. Comparison of bispectral index

monitoring with the critical-care pain observation tool in the pain assessment
of intubated adult patients after cardiac surgery. Anesthesiol Pain Med 2016;
6:e38334.

35. Shan K, Cao W, Yuan Y, et al. Use of the critical-care pain observation tool
and the bispectral index for the detection of pain in brain-injured patients
undergoing mechanical ventilation. Medicine (Baltimore) 2018; 97:22.

36.
&

Scheeren TWL, Kuizenga MH, Maurer H, et al. Electroencephalography and
brain oxygenation monitoring in the perioperative period. Anesth Analg 2019;
128:265–277.

This review article provides a comprehensive overview of the two cerebral
monitoring methods that are most widely used in the perioperative period.
37.
&&

Thiele RH, Shaw AD, Bartels K, et al. American Society for Enhanced
Recovery and Perioperative quality initiative joint consensus statement on
the role of neuromonitoring in perioperative outcomes: cerebral near-infrared
spectroscopy. Anesth Analg 2020; 131:1444–1455.

In this review, a panel of experts provides a consensus statement about the role of
nearinfrared spectroscopy for cerebral oximetry monitoring in the perioperative
period.
38. Deschamps A, Hall R, Grocott H, et al. Cerebral oximetry monitoring to

maintain normal cerebral oxygen saturation during high-risk cardiac surgery a
randomized controlled feasibility trial. Anesthesiology 2016; 124:826–836.

39. Greenberg SB, Murphy G, Alexander J, et al. Cerebral desaturation events in
the intensive care unit following cardiac surgery. J Crit Care 2013;
28:270–276.

40. Cioccari L, Bitker L, Toh L, et al. Prolonged postoperative cerebral oxygen
desaturation after cardiac surgery: a prospective observational study. Eur J
Anaesthesiol 2021; 38:966–974.

41. Yu Y, Zhang K, Zhang L, et al. Cerebral near-infrared spectroscopy (NIRS) for
perioperative monitoring of brain oxygenation in children and adults. Co-
chrane Database Syst Rev 2018; CD010947.

42. Mailhot T, Cossette S, Lambert J, et al. Cerebral oximetry as a biomarker of
postoperative delirium in cardiac surgery patients. J Crit Care 2016;
34:17–23.

43.
&

Eertmans W, De Deyne C, Genbrugge C, et al. Association between post-
operative delirium and postoperative cerebral oxygen desaturation in older
patients after cardiac surgery. Br J Anaesth 2020; 124:146–153.

This is the first study aiming to investigate the association between not only
intraoperative, but also postoperative cerebral desaturations and POD after
cardiac surgery.
44. Lei L, Katznelson R, Fedorko L, et al. Cerebral oximetry and postoperative

delirium after cardiac surgery: a randomised, controlled trial. Anaesthesia
2017; 72:1456–1466.

45.
&

Coskun C, Borulu F, Emir I, et al. Investigation of the relationship between
cerebral near-infrared spectroscopy measurements and cerebrovascular
event in coronary artery bypass grafting operation in patients without carotid
stenosis and patients with carotid stenosis below surgical margin. Braz J
Cardiovasc Surg 2020; 35:465–470.

This is the first study aiming to determine the role of intraoperative cerebral
oxygenation monitoring in patients with carotid stenosis undergoing cardiac
surgery.
46.
&&

Claassen JAHR, Thijssen DHJ, Panerai RB, Faraci FM. Regulation of cerebral
blood flow in humans: physiology and clinical implications of autoregulation.
Physiol Rev 2021; 101:1487–1559.

This article is an in-depth review of the physiology and clinical implications of CBF
autoregulation.

Cerebral monitoring in surgical ICU patients Massari et al.

1070-5295 Copyright � 2021 Wolters Kluwer Health, Inc. All rights reserved. www.co-criticalcare.com 707



 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

47.
&

Yang MT. Multimodal neurocritical monitoring. Biomed J 2020; 43:226–230.

This narrative review gives an overview of available monitoring tools in the
neurocritical care.
48. Rivera Lara L, P€uttgen HA. Multimodality monitoring in the neurocritical care

unit. Continuum (Minneap Minn) 2018; 24:1776–1788.
49. Bertuetti R, Gritti P, Pelosi P, Robba C. How to use cerebral ultrasound in the

ICU? Minerva Anestesiol 2020; 86:327–340.
50. Le Roux P, Menon D, Citerio G, et al. The international multidisciplinary

consensus conference on multimodality monitoring in neurocritical care: a list
of recommendations and additional conclusions. Neurocrit Care 2014;
21:S282–S296.

51. Scheeren TWL, Saugel B. Journal of clinical monitoring and computing 2016
end of year summary: monitoring cerebral oxygenation and autoregulation. J
Clin Monit Comput 2017; 31:241–246.

52. Lassen NA. Cerebral blood flow and oxygen consumption in man. Physiol Rev
1959; 39:183–238.

53. Moyer J, Morris G, Smith C. Cerebral hemodynamics during controlled
hypotension induced by the continuous infusion of ganglionic blocking agents
(hexamethonium, pendiomide and arfonad). J Clin Invest 1954;
33:1081–1088.

54. McCall M. Cerebral circulation and metabolism in toxemia of pregnancy.
Observations on the effects of Veratrum viride and apresoline (1-hydrazi-
nophthalazine). Am J Obstet Gynecol 1953; 66:1015–1030.

55. Larsen F, Olsen KS, Hansen BA, et al. Transcranial Doppler is valid for
determination of the lower limit of cerebral blood flow autoregulation. Stroke
1994; 25:1985–1988.

56. Joshi B, Ono M, Brown C, et al. Predicting the limits of cerebral autoregulation
during cardiopulmonary bypass. Anesth Analg 2012; 114:503–510.

57. Hori D, Brown C, Ono M, et al. Arterial pressure above the upper cerebral
autoregulation limit during cardiopulmonary bypass is associated with post-
operative delirium. Br J Anaesth 2014; 113:1009–1017.

58.
&&

Moerman A, De Hert S. Why and how to assess cerebral autoregulation? Best
Pract Res Clin Anaesthesiol 2019; 33:211–220.

This exploratory article describes the methodology of assessing cerebral auto-
regulation.
59. Caldas JR, Panerai RB, Bor-Seng-Shu E, et al.Dynamic cerebral autoregulation:

a marker of postoperative delirium? Clin Neurophysiol 2019; 130:101–108.
60. Rivera-Lara L, Zorrilla-Vaca A, Geocadin RG, et al. Cerebral autoregulation-

oriented therapy at the bedside a comprehensive review. Anesthesiology
2017; 126:1187–1199.

61. Zhang X, Medow JE, Iskandar BJ, et al. Invasive and noninvasive means of
measuring intracranial pressure: a review. Physiol Meas 2017; 38:R143.

62. Young B, Kalanuria A, Kumar M, et al. Cerebral microdialysis. Crit Care Nurs
Clin North Am 2016; 28:109–124.

63. Chen JW, Rogers SL, Gombart ZJ, et al. Implementation of cerebral micro-
dialysis at a community-based hospital: a 5-year retrospective analysis. Surg
Neurol Int 2012; 3:57.

The surgical patient

708 www.co-criticalcare.com Volume 27 � Number 6 � December 2021


