
NEUROLOGY OF SYSTEMIC DISEASES (J. BILLER, SECTION EDITOR)

Perioperative Stroke

Megan C. Leary1,2 & Preet Varade1,2

Published online: 27 April 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Purpose of Review This review overviews perioperative stroke as it pertains to specific surgical procedures.
Recent Findings As awareness of perioperative stroke increases, so does the opportunity to potentially improve outcomes for
these patients by early stroke recognition and intervention.
Summary Perioperative stroke is defined to be any stroke that occurs within 30 days of the initial surgical procedure. The
incidence of perioperative stroke varies and is dependent on the specific type of surgery performed. This chapter overviews
the risks, mechanisms, and acute evaluation andmanagement of perioperative stroke in four surgical populations: cardiac surgery,
carotid endarterectomy, neurosurgery, and non-cardiac/non-carotid/non-neurological surgeries.
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Introduction

Perioperative stroke is defined as a stroke occurring within
30 days of the initial surgical procedure. The incidence of peri-
operative stroke varies and is dependent on the type of surgery
performed. This chapter will overview perioperative stroke after
cardiac surgery, carotid endarterectomy, neurosurgery, as well as
non-cardiac/non-carotid/non-neurological surgeries.

Cerebrovascular Complications of Cardiac
Surgery

Background

The field of heart surgery has undergone extraordinary chang-
es over the past 70 years. Many operations that were once

considered to be experimental are now thought routine, with
thousands of open-heart procedures performed annually with-
in the USA. Stroke is a well-known cardiac surgery compli-
cation, and is associated with longer hospital stay, higher cost,
and elevated morbidity and mortality. Although refinements
in technique over the years has reduced the incidence of neu-
rological complications, the sheer number of elderly patients
undergoing cardiac surgery has increased, and thus cerebro-
vascular complications continue to occur in this population [1,
2].

A prospective study of 16,184 consecutive heart surgery
patients estimates that the overall incidence of stroke is gen-
erally 4.6%. However, the risk of ischemic stroke varies de-
pending on the specific cardiac surgery procedure: Coronary
artery bypass grafting (CABG) 3.8%; beating-heart CABG
1.9%; aortic valve surgery 4.8%; mitral valve surgery 8.8%;
double or triple valve surgery 9.7%; CABG and valve surgery
7.4% [1, 3, 4•, 5]. With regard to patients undergoing com-
bined CABG and a left-sided cardiac procedure (such as mi-
tral or aortic valve replacement), it has been estimated that
15.8% of them have neurologic complications, which is fur-
ther subdivided into 8.5%with stroke/TIA and 7.3%with new
intellectual deterioration [6]. It seems apparent that combined
procedures are associated with an elevated stroke risk com-
pared with an isolated CABG. The clinical incidence of stroke
does vary depending on the particular study, and there are
certain reasons for this. For example, one study by Messé
and colleagues, the Determining Neurologic Outcomes from
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Valve Operations Study, determined that the clinical incidence
of stroke after surgical aortic valve replacement was 17%; the
highest reported in the literature [7]. However, it has been
postulated that the likely reason for the escalated stroke rate
was that a neurologist assessed the patients preoperatively and
then performed serial postoperative exams. Many of the other
published studies did not include serial assessment by a neu-
rologist to screen for the development of stroke in the cardiac
surgery population. In that same group of patients assessed by
Messé and colleagues, the incidence of stroke reported by the
surgeon to the Society of Thoracic Surgery (STS) database
was 7%. Furthermore, 54% of the patients who did not have
a clinical stroke did have evidence of silent cerebral emboli
found with diffusion-weighted magnetic resonance imaging
(DWI) [7, 8]. So clearly there are reasons for fluctuations in
stroke rates in the current literature. As noted by Dr. Michael
Mack, “it is evident that the harder you look, the more you will
find” [8].

Perioperative stroke comprised 2 distinct phenomena:
early/intraoperative and late/delayed/postoperative stroke.
Early stroke is typically defined as a stroke that is identified
when patients first wake from anesthesia or after they are
extubated [9]. Patients with late or delayed strokes are defined
as those who are normal neurologically when emerging from
anesthesia, but later develop symptoms either during the hos-
pital course or after discharge but within 30 days post-surgery.
This distinction is important because early and delayed stroke
after heart surgery each have unique risk factors and impacts
on operative mortality as well as on long-term survival. A
previous history of stroke is associated with delayed postop-
erative stroke, whereas off-pump CABG is inversely associ-
ated with early perioperative stroke. A 2019 meta-analysis of
36 studies found the pooled rate of perioperative stroke in
cardiac surgery to be 2.03%, with the rates of early and late
stroke being similar at ≈1% each [9]. Both early and delayed
perioperative stroke are associated with a significant increase
in both operative and late mortality, with the impact on oper-
ative mortality being significantly higher for early versus de-
layed stroke. For patients with perioperative stroke, the total
operative mortality was 21.3% with 28.8% mortality for pa-
tients with early stroke and 17.9% mortality for patients with
delayed stroke [9].

Both patient characteristics as well as intraoperative factors
have been associated with a higher risk of both early and late
stroke after heart surgery. Whitlock et al. analyzed 108,711
cardiac surgery patients and found that the strongest predictors
of both early and late ischemic stroke were advanced age (>
65 years), a history of prior stroke or TIA, peripheral vascular
disease, combined CABG and valve surgery, and valve sur-
gery alone. Preoperative need for dialysis and new-onset atrial
fibrillation were predictors for early stroke only [10]. Carotid
artery stenosis is also a significant risk factor for perioperative
strokes after cardiac operations [1, 4]. Other factors

independently associated with ischemic stroke include arterial
hypertension, emergent operative status, prolonged cardiopul-
monary bypass duration, and intraoperative hypotension [11].
Lastly, use of intraoperative tranexamic acid is associated with
postoperative stroke in patients undergoing cardiac surgery,
especially in those undergoing valve surgery alone [12].
Regarding hemorrhagic strokes, the length of cardiopulmo-
nary bypass time and lowered hematocrit are predictors for
new cerebral microhemorrhages after heart surgery [13].

Various scoring metrics have also been assessed as predic-
tors for the development of postoperative ischemic stroke. The
Society of Thoracic Surgeons (STS) score is the preferred
method to estimate preoperative risk in patients undergoing
cardiothoracic surgery. However, calculating this score is
time-consuming and requires the use of a computer-based
calculator; thus, other scoring tools have also been assessed
as predictors. In Whitlock’s 2014 analysis mentioned above, a
CHADS2 score of 2 or higher was also linked to an increased
risk of stroke or death among all patient groups analyzed (in-
cluding patients with known preexisting atrial fibrillation, pa-
tients with new-onset postoperative atrial fibrillation, and pa-
tients without any atrial fibrillation) [10]. Separate studies
have also demonstrated that the STS, R2CHADS2, CADS2,
and CHA2DS2VASc score also are significant predictors of
postoperative outcome, including the development of stroke
in heart surgery patients independent of the presence of atrial
fibrillation. The STS and R2CHADS2 scores had the best
overall accuracy [14••, 15].

Cardiac Surgery Procedures and Stroke

Coronary Artery Bypass Graft Surgery

The most common major cardiac surgical procedure per-
formed is CABG. There are certain preoperative factors that
specifically escalate the risk of the perioperative stroke post-
CABG including older age, diabetes mellitus type II, previous
stroke, smoking, hypertension, mild renal impairment, left
main coronary disease, female gender, and a preoperative in-
crease in C-reactive protein. Both prior TIA and previous
preoperative stroke also increase risk of mortality in-hospital
[1].

It was suggested in earlier studies that postoperative stroke
rates were decreased in off-pump CABG patients compared
with patients that underwent the operation in the more tradi-
tional on-pump method. This was attributed to the off-pump
surgery potentially having less direct intraoperative aortic ma-
nipulation, although further data is needed [1]. One single-
center 2009 study enrolling 2516 patients demonstrated that
off-pump CABG decreased the incidence of early periopera-
tive stroke. However, the risk of delayed stroke was not dif-
ferent when on- and off-pump CABG patients were compared
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[1, 16]. In a similar trial, the 2013 CORONARY study exam-
ined 4752 patients undergoing on-pump versus off-pump
CABG and found that the stroke rates at 30 days and 1 year
were not different [17]. The potential ischemic stroke mecha-
nisms in the heart surgery population are explored later in this
review.

Valve Surgery: Aortic Valve Replacement and Mitral
Valve Replacement

While the ischemic stroke rates in valve patients were men-
tioned previously, the stroke risk with these procedures is
variable, depending in part on the age of the specific patient
as well as which valve is intervened upon.

Aortic valve replacement (AVR): Patients in the 50–69-
year age range who undergo mechanical aortic heart valve
implantation have a similar stroke risk compared with those
patients who received a bioprosthetic aortic heart valve, with
the specific perioperative ischemic stroke risk being estimated
to be between 2.3 and 4.8% [3, 18, 19].

Mitral valve replacement (MVR): One systematic meta-
analysis of octogenarians undergoing MVR or mitral valve
repair (MVRpr) identified 16 retrospective studies for further
analysis. When data was pooled, the proportion of postopera-
tive stroke after MVR was 4% and 3% in those patients who
underwent MVRpr [20].

Carotid artery disease is also an independent risk factor that
specifically escalates the perioperative stroke risk in both mi-
tral valve and aortic valve surgery patients [21, 22].

Minimally Invasive Cardiac Surgical
Procedures

Minimally Invasive Direct Coronary Artery Bypass

Further data is needed to determine whether minimally
invasive direct coronary artery bypass (MIDCAB) proce-
dures have a lessened stroke risk. One study suggested
that the MIDCAB procedure could potentially lessen the
periprocedural stroke risk compared with traditional off-
pump CABG [23]. However, since this data was pub-
lished, this particular operation has generally fallen out
of favor, particularly when compared with off-pump tech-
niques or with the robotic approach.

Minimally Invasive Mitral Valve Surgery

With regard to minimally invasive mitral valve surgery
(MIMVS) and stroke, the data is also unclear. One single-
center study assessing direct-access, minimally invasive mi-
tral valve surgery identified a low rate of stroke/TIA, with
only 0.28% of all patients experiencing stroke/TIA symptoms

[24]. One meta-analysis of minimally invasive mitral valve
surgery by Modi et al. could not identify a difference in neu-
rological events when comparing MIMVS and sternotomy
groups [25, 26]. In contradiction, a 2010 Society of Thoracic
Surgeons (STS) Database analysis revealed ischemic stroke
was more common among minimally invasive mitral valve
surgery patients compared with the traditional sternotomy
technique [25, 27]. This increased stroke risk was thought to
be linked to possible inadequate de-airing, fibrillating-heart
techniques, and prolonged timing of CPB/cross-clamping
[25].

Minimally Invasive Aortic Valve Replacement

The majority of studies have not demonstrated a difference in
morbidity or mortality between minimally invasive aortic
valve replacement (MIAVR) and conventional AVR [25].

Percutaneous Cardiac Surgical Procedures

Thoracic Endovascular Aortic Repair

The early 1990s heralded the development of thoracic
endovascular aortic repair (TEVAR), a minimally invasive
aortic procedure. Since that time, the popularity for this inter-
vention has been growing, particularly for the treatment of
descending thoracic aortic disease. One 2010 TEVAR meta-
analysis assessing intervention in the descending thoracic aor-
ta demonstrated a reduction in 30-day mortality and paraple-
gia as well as similar stroke rates in comparison with tradi-
tional open repair [25, 28]. Using TEVAR for ascending aorta
repairs is also developing, despite the fact that aortic arch
interventions require branched grafts and enhanced technical
expertise to ensure optimal head vessel perfusion [25]. Further
data is required to clarify the exact stroke rate in this popula-
tion as well.

Transcatheter Aortic Valve Replacement (TAVR)

Transcatheter aortic valve replacement (TAVR) is a minimally
invasive catheter-based surgery that is increasing in popularity
for those patients with severe symptomatic aortic valve steno-
sis that are either high-risk or inoperable candidates for tradi-
tional open-heart surgery. TAVR is rapidly becoming a com-
mon cardiac procedure in the USA with annual volumes in-
creasing from 4627 procedures at 198 sites in 2012 to >
50,000 procedures at 582 sites in 2017 [29, 30].

When the results were initially presented, the 2012
Placement of Aortic Transcatheter Valves (PARTNER) trial
demonstrated that the 1-year symptomatic stroke rate in
TAVR patients was twice the rate for patients whowere treated
with just medical therapy. The PARTNER trial reported 30-

Curr Neurol Neurosci Rep (2020) 20: 12 Page 3 of 18 12



day perioperative stroke rates of 3.8% and 5.5% for TAVR in
high-risk and intermediate-risk cohorts, respectively, with pro-
cedural events being predominantly in the 1st postoperative
week [31–33]. In 2015, additional data from that same trial
showed that the stroke/TIA risk was relatively the same in the
patients randomized to TAVR compared with the group ran-
domized to surgical aortic valve replacement (AVR): 15.9% in
the TAVR group compared with 14% in the surgical AVR
group [1, 34, 35]. In 2018, additional follow-up data from
the PARTNER trial was reported: Kapadia et al. (2018) ana-
lyzed risk of major stroke within 30 days and found that while
the overall risk of stroke within a month was similar between
surgical and transcatheter patients, the major perioperative
stroke risk was lower in the TAVR patients compared with
the surgical patients [36]. Of note, over the years, the symp-
tomatic stroke incidence after TAVR has improved signifi-
cantly and has been attributed to improved procedural experi-
ence as well as optimized delivery technology/valve design.

A subsequent meta-analysis did not identify a significant
difference between TAVR and AVR in mortality, including
stroke. The stroke incidence was not significantly different
when comparing TAVR and AVR groups periprocedurally
(2.6% vs. 2.3%). However, one subgroup analysis of the ran-
domized controlled trials did identify a higher combined inci-
dence of stroke/TIA in the TAVR patients when compared
with the AVR patients [1, 19]. The Society of Thoracic
Surgeons/American College of Cardiology Transcatheter
Valve Therapy (STS/ACC TVT) 2013 registry of 7710
TAVR patients demonstrated the rate of ischemic stroke to
be roughly 2% [37]. In comparison, the 2013 stroke rates in
STS surgical valve replacement patients were between 1.1 and
7% [38, 39]. Another published large registry in 2015 identi-
fied the 1-year stroke rate at 4.1% [40].

Regarding factors that affect the ischemic stroke risk in
TAVR patients, bilateral carotid artery disease is associated
with an increased risk for perioperative strokes, with patients
having a 5-fold greater stroke risk. In contrast, unilateral ca-
rotid artery stenosis was not a significant predictor. African
American patients were also at a higher risk for cerebral in-
farction post-procedure [41]. Notably in this study, patients of
female gender were found to have an increased risk of carotid
disease [41]. Preoperative screening with carotid Doppler ap-
pears to be warranted in this population.

TAVR-Related Stroke: Specific Valves

In TAVR procedures, those valves typically are heavily calci-
fied and can require balloon valvuloplasty prior to device
placement. Edwards Lifesciences Sapien™ valve placement
additionally necessitates a second balloon to be inflated spe-
cifically to expand the valve’s stent support structure. In com-
parison, the self-expanding Medtronic CoreValve™ is

deployed directly into position from the catheter. Regardless
of the specific valve selected, both valvuloplasty and valve
deployment/implantation can potentially cause an
atheroembolic shower of debris that can flow directly up the
carotid arteries to the vasculature in the brain, causing an
ischemic stroke [42]. TAVR stroke rates in CoreValve trials
range from 2 to 5.8%, and in trials for Edwards Lifesciences
Sapien™ valve, the stroke rate ranges from 5 to 7.8% [21, 39,
43].The CoreValve US Pivotal Trial High Risk Study identi-
fied the periprocedural rate of stroke to be 3.9% for CoreValve
patients and 3.1% for those who underwent open surgery, with
the respective rates of stroke in these groups escalating to 5.8
and 7% by 1 year [39]. Despite the fact that these stroke rates
were higher than previously reported rates in some other ear-
lier trials, these percentages were still comparable statistically
between the surgical and TAVR groups.

Mechanism of TAVR-Induced Stroke

Irrespective of the specific heart valve used, both the
valvuloplasty and valve deployment/implantation can poten-
tially cause a shower of atheroemboli, which can flow directly
up the carotid arteries to the brain, resulting in stroke [42].
Several TCD studies have visualized embolic phenomena dur-
ing manipulation of catheters across the aortic valve and dur-
ing valve implantation, verifying that embolism is a likely
cause [41, 44]. Additionally, periprocedural hypotension
may play a role as well [31, 41].

TAVR Embolic Protection Systems

Looking forward, factors that can decrease the TAVR stroke
risk could potentially include improvement of risk prediction,
optimization of valve system technology/technique, peri-
surgical medications, and using embolism protection systems
[42]. A variety of embolic protection devices are currently
being developed and assessed with active clinical trials.
Further evaluation of neurologic outcomes and interventions
with prospective study data is still needed, in addition to long-
term clinical outcomes.

Mechanism of Stroke in Cardiac Surgery

Thromboembolic stroke occurs twice as often in the posterior
cerebral circulation in heart surgery patients when compared
with ischemic strokes that occur in the general population,
likely because the cause of the strokes in the surgical popula-
tion is cardioembolic in nature [45]. As mentioned previously,
it is important to recognize that strokes in cardiac surgery
patients can occur early/intraoperatively or delayed/postoper-
at ively. These 2 types of s t rokes have different
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pathophysiologic mechanisms: early/intraoperative stroke oc-
curs primarily from aortic manipulation and subsequent
atheroembolism, although intraoperative hypoperfusion can
also play a role. Ulcerative aortic atherosclerotic lesions also
can play a role in postoperative embolic stroke events as well,
although delayed/postoperative stroke is typically linked to
postoperative arrhythmias such as atrial fibrillation, hyperco-
agulability, or intracranial atherosclerotic disease [1]. It is im-
portant to grasp the conceptual framework of early and de-
layed stroke, as this facilitates implementing and evaluating
tailored preventative strategies for both [9].

Early Stroke: Atherothrombotic, Hemodynamically
Mediated Brain Infarcts: Hypoperfusion Stroke

There is an association between the severity and duration of
intraoperative hypotension and postoperative stroke in pa-
tients undergoing cardiac surgery. A recent retrospective co-
hort study analyzed 7457 patients who underwent cardiac sur-
gery requiring cardiopulmonary bypass at a tertiary center. A
total of 1.5% of the patients experienced perioperative stroke,
and stroke was strongly associated with sustained mean arte-
rial pressure of less than 64 mmHg during cardiopulmonary
bypass. As hypotension is a potentially modifiable risk factor
for perioperative stroke, maintaining a mean arterial pressure
> 64 mmHg may be an important intraoperative hemodynam-
ic target to reduce the incidence of stroke in this population
[11].

Additionally, other factors can contribute to hypoperfusion
or watershed stroke. Carotid artery atherosclerotic disease has
been identified as a cause for approximately one-third of
CABG-related ischemic strokes [1, 4]. This knowledge has
contributed to the concept that potentially the hemodynamic
stress itself of the heart surgery plus the already stenotic or
occluded extracranial carotid arteries results in ischemic
stroke from brain hypoperfusion (Fig. 1). There is data to
support this theory, as indeed, the risk of perioperative ische-
mic stroke from hypoperfusion does correlate with increasing-
ly severe carotid atherosclerotic disease [1, 4]. CABG patients
without significant carotid disease have a < 2% perioperative
stroke risk, while those with a unilateral 50–99% stenosis
have an escalating stroke risk to 3%. Additionally, CABG
patients with bilateral 50–99% stenosis have an even higher
perioperative stroke risk up to 5%, and those with carotid
occlusion carry the highest risk at 7–11% [4]. This is the
reason behind the decision to perform preoperative neck aus-
cultation for bruits, carotid ultrasound, and other preoperative
tests prior to performing CABG.

When concomitant coronary artery disease and severe ca-
rotid atherosclerosis are present, the optimal management
strategy remains unclear. Although there is a paucity of ran-
domized data, the current American College of Cardiology/
American Heart Association (ACC/AHA) guidelines do

recommend that for patients with symptomatic carotid steno-
sis or in asymptomatic patients with internal carotid disease of
greater than 80% (unilateral or bilateral) that carotid endarter-
ectomy (CEA) be performed either prior to or in combination
with CABG. However, while both pre-CABG-CEA and com-
bined CABG-CEA are both surgical options, there is not a
clear consensus which of these two specific approaches is
the superior route [1, 46]. Additionally, in surgically high-
risk patients, carotid artery stenting is also an alternative ca-
rotid revascularization option, but whether pre-CABG carotid
stenting should be performed also remains unclear at this time
point.

Early Stroke: Cerebral Embolism

Potential hypoperfusion is not the sole early strokemechanism
in the heart surgery patient population, nor is it even the most
common cause. Embolism can also be a cause of strokes in-
traoperatively, arising from cholesterol and/or calcific plaque
atherosclerotic debris that is liberated during ascending aortic
cross-clamping and/or aortotomy [1] (Fig. 2). Early perioper-
ative strokes also tend to occur in right hemispheric locations,
consistent with the direction of the aortic cannula jet flow [9,
47, 48]. As ascending aortic arch atherosclerotic disease can
pose a significant perioperative stroke risk, it has been pro-
posed that there could be an improvement in postoperative
neurological outcomes by avoiding direct manipulation of this
region. As a result, epiaortic ultrasound scanning was intro-
duced as an option. Epiaortic ultrasound is currently viewed as
superior to manual palpation of the ascending aortic arch as
well as superior to transesophageal ECHO (TEE) in the detec-
tion of atherosclerotic disease, particularly in identifying non-

a b

Fig. 1 a Diffusion-weighted magnetic resonance imaging (DWI) of
unilateral watershed infarction that occurred in the setting of carotid
stenosis. The red arrow indicates the area of acute ischemic injury
positive on DWI. b Magnetic resonance angiography (MRA) in the
same patient, with absence of flow in the ipsilateral intracranial carotid
artery. The red arrow indicates the area of absent flow
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calcified plaques. This resulted in intraoperative adjustment in
CABG patient management, including modifying the
clamping process, cannulating, temperature control, and anas-
tomosis techniques. Alternative surgical techniques (e.g.,
using in situ bilateral internal thoracic arteries and/or off-
pump CABG) are also considered depending on epiaortic ul-
trasound scanning results [1, 49]. As a result, heart surgery
patients who undergo intraoperative epiaortic ultrasound have
an overall lowered stroke risk compared with other cardiac
surgery patients [1, 49, 50].

Other intraoperative procedures to minimize brain injury
during cardiac surgical procedures are also being assessed.
For example, in both surgical and transcatheter aortic valve
replacement procedures, there is strong interest in the potential
use of cerebral embolic protection devices to minimize stroke
risk. In general, there are two categories of cerebral embolic
protection devices: embolic capture and embolic deflection,
and randomized clinical trials are currently underway [8].
Additionally, left atrial appendage surgical occlusion is also
associated with reduced risk of postoperative stroke and all-
cause mortality in heart surgery patients. Further research in
this area, however, is warranted [51].

Late Stroke: Postoperative Emboli
or Hypercoagulable State

If the stroke mechanism in cardiac surgery patients was he-
modynamic from suboptimal brain perfusion or embolism
from cross-clamping, these infarcts would be intraoperative
with deficits noted when the patient awakened from anesthe-
sia. If patients are neurologically normal after recovering from
anesthesia, typically, then there is an alternate cause. The ma-
jority of perioperative cardiac surgery strokes do tend to occur
more often after full recovery from anesthesia, and these
strokes typically are embolic from causes other than cross-
clamping [1]. Postoperative emboli that cause late/delayed
strokes can result from postoperative arrhythmias (such as
atrial fibrillation), from preexisting cardiac pathology (e.g.,

dilated atria, hypofunctioning ventricles, unstable aortic ath-
eroma), or from activating coagulation factors postoperatively.
When it occurs, thromboembolic infarction typically happens
during the days post-surgery when holding anticoagulation is
necessary. However, optimal management of late stroke, in-
cluding when or if to start anticoagulation, can be tricky. For
example, in the setting of the development of postoperative
atrial fibrillation, despite the plethora of blood thinning thera-
pies available, there is little data regarding whether treatment
improves clinical outcomes including stroke. Further research
is warranted in this population.

Acute Ischemic Stroke Treatment in Cardiac
Surgery Patients

Unfortunately, when an acute embolic stroke occurs in a car-
diac surgical patient, given the recent surgery, intravenous
tissue plasminogen activator (t-PA) is not a treatment option
for this population. However, interventional neuroradiology
procedures, including mechanical thrombectomy, can still po-
tentially provide acute stroke treatment options for heart sur-
gery patients; thus, rapid neurological assessment and vascu-
lar imaging should still be pursued for this reason [1].

Other Cerebrovascular Complications
and Stroke Mimics

Postoperative Intracranial Hemorrhage

Rarely after cardiac surgery, intracerebral and/or subarachnoid
hemorrhages have been reported, typically in cardiac trans-
plantation patients or children that have undergone surgical
repair of congenital heart disease [52, 53]. It has been theo-
rized that these hemorrhages arise from an abrupt increase in
blood flow to the brain causing rupture of small intracranial
arteries that were unprepared for the new escalation of

Fig. 2 Axial diffusion-weighted images demonstrate scattered foci of
high signal in the subcortical and deep white matter bilaterally in a
patient with a known cardiac source for embolization. Image
reproduced with permission from Vinodkumar Velayudhan, DO, State

University of New York Downstate Medical Center, published by
Medscape Drugs & Diseases (https://emedicine.medscape.com/), Stroke
Imaging, 2018, available at: https://emedicine.medscape.com/article/
338385-overview
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vascular volume. Usually in these patients prior to their heart
surgery, there is a prolonged period when cardiac output is
low, and once the surgery has been completed, cardiac output
is significantly and suddenly increased. Intracerebral hemor-
rhage has also been associated with abrupt increases in either
brain blood flow or blood pressure in other situations [1].

Stroke Mimics: Postoperative Peripheral Nerve
Complications and Other Issues

Other stroke mimics can develop after cardiac surgery as well.
Brachial plexus and peripheral nerve injuries are common
after heart surgery and are often confused with CNS compli-
cations. For example, a unilateral brachial plexopathy caused
by either sternal retraction or arm/shoulder surgical position-
ing can present as shoulder pain, weakness, and numbness of
one hand. Other common, positioning-related stroke mimics
include ulnar, peroneal, and saphenous nerve injuries.
Additionally, local effects (from compression or swelling)
during heart surgery on the recurrent laryngeal and phrenic
nerves can result in diaphragmatic and vocal cord paralysis.
Sympathetic chain manipulation can also result in a postoper-
ative Horner’s syndrome; however, when a Horner’s syn-
drome is detected, carotid artery dissection (particularly in
surgical patients undergoing aortic dissection repair) must first
be excluded before this finding can be attributed to direct
manipulation [1]. Finally, both neuroleptic malignant syn-
drome and serotonin syndrome have been identified after heart
surgery and can be related to the periprocedural administration
in cardiac surgery patients who were taking antidepressants
prior to surgery.

Perioperative Stroke Following Carotid
Endarterectomy

Background

Perioperative stroke is the second most common cause of
death after carotid endarterectomy (CEA). When considering
whether CEA is indicated for a patient, the long-term benefit
of future stroke reduction needs to be balanced against the risk
of perioperative complications. To justify performing CEA,
the overall morbidity and mortality rates associated should
be low (< 6% in symptomatic patients, < 3% in asymptomatic
patients) [54–56]. Of note, the morbidity and mortality rates
used by the American Heart Association to formulate recom-
mendations for undergoing CEA are more than 10 years old
and based upon even older data. Two large randomized trials
likely more accurately reflect the contemporary risk of peri-
operative stroke or death following CEA:

& The International Carotid Stenting Study (ICSS) randomly
assigned 857 patients to receive carotid endarterectomy or
carotid stenting for treatment of symptomatic carotid ste-
nosis. The 120-day all-cause mortality for the symptom-
atic patients in the endarterectomy group was 0.8%. The
120-day combined with any stroke or procedural death
rate was 4.2% [54, 57].

& The Carotid Revascularization Endarterectomy versus
Stenting Trial (CREST) reported combined results for
both symptomatic and asymptomatic patients. Of the
1240 patients assigned to endarterectomy (of which
roughly half were asymptomatic), the 30-day death rate
was 0.3%, and the rate of any periprocedural (30 day)
stroke or death or post-procedural ipsilateral stroke was
2.3% [54, 58].

Stroke rates associatedwith CEA in other large randomized
controlled trials are generally < 3% for asymptomatic patients
and < 5% for symptomatic patients, with the rates ranging
from less than 0.25 to greater than 3% depending upon the
indication for CEA and other factors, including the experience
of the surgeon [54, 59–66]. A recent 2019 meta-analysis
reviewing 26 studies comparing CEA to carotid artery
stenting in patients with symptomatic carotid near occlusion
found that there was no significant difference between the
groups in perioperative (defined as within 30 days) or long-
term risk of stroke or death. Perioperative risk in the CEA
cohort was noted to be 4.82% [67]. A 2017 meta-analysis of
randomized controlled trials in patients with asymptomatic
carotid stenosis undergoing intervention found that there was
moderate-quality evidence to suggest CEA had significantly
lower 30-day stroke and mortality rates compared with pa-
tients that underwent stenting, although cranial nerve injuries
were higher in the surgical group. The 30-day stroke rate in the
asymptomatic surgical group was 1.82% [68].

Risk Factors for Perioperative Stroke in CEA
Patients

Multiple factors can contribute to postoperative stroke risk in
patients who have undergone CEA. Symptomatic status, im-
peded cerebral hemodynamics, and increased inflammatory
markers are associated with increased susceptibility to the
development of acute ischemic lesions (silent stroke) on
diffusion-weighted magnetic resonance imaging (DWI) post-
procedure [69]. In asymptomatic patients with silent infarcts
found on post-CEA DWI, risk factors were the use of a shunt
and the presence of vertebral artery stenosis [70].

Other circumstances that escalate the risk of stroke and
death include addition of a proximal intervention to CEA or
re-operative carotid surgery [71, 72]. Severe contralateral ca-
rotid stenosis or occlusion is another risk for overall
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subsequent stroke and/or death, but not for an ipsilateral stroke
on the side of the endarterectomy [73]. In men with symptom-
atic carotid stenosis, the presence of hypercholesterolemia
significantly increased the risk of perioperative stroke or death
[74]. The Asymptomatic Carotid Surgery Trial (ACST-I) iden-
tified diastolic hypertension to be a risk for stroke and death,
with most strokes occurring during the CEA procedure itself
[75]. In asymptomatic dialysis patients, predictors of periop-
erative stroke were symptomatic status, black race, and
Hispanic ethnicity [76]. Additional factors include plaque em-
boli, platelet aggregates, improper flushing, suboptimal cere-
bral protection, and relative hypotension [54].

Contralateral stroke after CEA is rare, affecting only 0.5%
of patients. Traditional risk reduction medications such as an-
tiplatelet do not affect the occurrence of contralateral stroke.
However, the urgency of the operation, the length of the sur-
gery, and the performance of any concomitant ipsilateral
endovascular procedure do predict the development of a con-
tralateral stroke with CEA. Contralateral stroke affects long-
term survival similar to ipsilateral stroke after CE [77].

While certain factors escalate stroke risk during or post-
CEA, other elements can contribute to improve outcomes.
High operator volumes and high hospital volumes reduce
the risk of stroke and death in CEA patients, indicating that
aiming for high volumes may reduce periprocedural compli-
cations [78]. There is also a significant weekend effect in CEA
patients with higher rates of stroke and death as well as
prolonged length of stay in those that undergo weekend carot-
id operations. Thus, weekend CEA should be avoided except
in the case of expedited revascularization after transient ische-
mic attack [79]. Additionally, preoperative administration of
statins before CEA is associated with lower rates of perioper-
ative stroke and improved overall survival [80, 81]. High in-
tensity statin use did not show a greater outcome of stroke
compared with standard use [81].

Evaluation and Treatment of Acute Ischemic
Perioperative Stroke

During CEA, EEG monitoring can be useful in predicting the
occurrence of a periprocedural stroke. In one cohort of 8765
patients, the perioperative stroke rate was 1.75% overall with
pooled sensitivity and specificity of EEG changes in
predicting these strokes at 52% and 84% respectively. CEA
patients with perioperative stroke in this study had six times
greater odds of experiencing an EEG change during their
CEA, and continuous EEG monitoring was highly specific
in predicting the development of a perioperative stroke [82].
Somatosensory evoked potentials (SSEPs) and transcranial
Doppler (TCD) can also function as biomarkers for acute ce-
rebral hypoperfusion from embolization, similar to EEG
[83–85]. Additionally, TCD can adequately identify patients

at risk for cerebral hypoperfusion syndrome [84]. In the
ACST-1 trial mentioned earlier in this paper, most strokes
(60%) occurred on the date of the actual procedure and were
caused by thrombosis or thrombotic occlusion of the ipsilat-
eral carotid artery [86].

There is variation in the evaluation and treatment of new
neurologic deficits that occur immediately following CEA.
Given that postoperative neurological changes need to be first
presumed to be related to the endarterectomy site, rapid as-
sessment of the operative site is the first priority, followed by
imaging to rule out intracranial hemorrhage and identify other
treatable causes of acute cerebral ischemia (such as large in-
tracranial artery occlusion from embolism). How this is ac-
complished depends largely upon on the availability of re-
sources, surgeon experience, and preferences. Surgeons with
access to high-quality duplex ultrasound may prefer to obtain
a study in the recovery room or in the operating room, while
others immediately return the patient to the operating room to
explore the wound and directly inspect the endarterectomy
site. If the ultrasound shows good flow throughout the carotid
artery with no thrombosis or intimal flaps, a head computed
tomography (CT) scan should be obtained to rule out intracra-
nial bleeding and, if possible, a CT angiogram (CTA) done to
exclude intracranial large vessel occlusion. Head CT per-
formed immediately after an embolic event is often normal;
however, a follow-up head CT after 24–48 h may reveal sub-
sequent ischemic injury. For surgeons who have access to a
hybrid operating room, another approach may be to obtain a
head CT first and, if no bleeding is identified, proceed with
intraoperative arteriography to identify any correctable lesions
[54].

Any technical issues found at the endarterectomy site
should be corrected. Carotid artery stenting may also be con-
sidered for managing perioperative stroke after CEA, particu-
larly if the cause is a flow-limiting dissection. A small 2001
study evaluated 13 patients with major or minor neurologic
complications after CEA who underwent emergency carotid
arteriography and stent placement [54, 87]. The angiographic
success was 100%, and 11 patients had complete resolution of
neurologic symptoms. In contrast, only one of five patients
undergoing surgical re-exploration had neurologic recovery.
Notably, stenting is not standard for treatment of acute com-
plications of carotid endarterectomy.

Similar to interventional treatment of cardiac surgery pa-
tients with an acute embolic stroke, given their recent surgery,
CEA patients are not candidates to receive intravenous t-PA.
However, these patients may still be candidates for mechani-
cal endovascular acute stroke treatment; thus, rapid neurolog-
ical assessment, consultation with neurointerventional radiol-
ogy, and vascular imaging should be considered for this rea-
son [1].

The final task is to decide on best medical therapy to pre-
vent stroke going forwards. If tolerated, statin therapy is
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recommended. For patients with ischemic strokes, antiplatelet
or anticoagulation medications may be considered. Various
factors come into play in choosing an antiplatelet versus an
anticoagulant, including confirming stroke etiology, size of
stroke, presence of hemorrhagic transformation, and other
acute medical issues. The decision to heparinize the postoper-
ative patient with new neurologic symptoms is controversial
[54, 88].

Cerebral Hyperperfusion Syndrome

Cerebral hyperperfusion syndrome occurs in only a small per-
centage of patients after carotid revascularization (ranging
from < 1 to as high as 3%) [89–92]. It is likely the cause of
most postoperative intracerebral hemorrhages and seizures
within the first 2 weeks after CEA.

Mechanism and risk factors

The mechanism of cerebral hyperperfusion syndrome is
related to changes that occur in the ischemic or low-flow
carotid vascular bed. To maintain sufficient cerebral
blood flow when a tight carotid stenosis is present, small
vessels in the brain compensate with chronic maximal
dilatation. After surgical correction of the carotid artery
stenosis, blood flow is restored to a normal or elevated
perfusion pressure within the previously hypoperfused
hemisphere. Unfortunately, the dilated cerebral blood
vessels are thought to be unable to vasoconstrict suffi-
ciently to protect the capillary bed because of a loss of
cerebral blood flow autoregulation. Breakthrough perfu-
sion pressure then causes edema and hemorrhage, which
in turn results in the clinical symptomatology [54].

Arterial hypertension is a frequent predecessor of the syn-
drome, underscoring the importance of optimizing periopera-
tive blood pressure control. Additional risks for hyperperfu-
sion syndrome include revascularization of a high-grade (80%
or greater stenosis) carotid lesion and recent preoperative ce-
rebral infarction [54, 93–96]. In an attempt to predict the oc-
currence of hyperperfusion syndrome, TCD techniques have
been used to monitor flow velocities of the middle cerebral
artery (MCA), but the utility of TCD for this indication is not
clearly established [54, 93, 97–99].

Clinical Features and Work-Up

The cerebral hyperperfusion syndrome after CEA is charac-
terized by the following clinical features [54, 100]:

(1.) A unilateral headache ipsilateral to the revascularized
internal carotid typically improved in upright posture,

and worsened when lying flat. Headache may precede
the other symptomatology.

(2.) Focal motor seizures involving the face and limbs con-
tralateral to the revascularized carotid artery. Seizures
may be followed by the development of a postictal
Todd’s paralysis mimicking post-endarterectomy stroke.

(3.) Intracerebral hemorrhage with or without persistent fo-
cal neurological deficits is the most feared complication.
Perioperative ICH occurs in an estimated 0.6% of pa-
tients after CEA, usually within 2 weeks of the surgical
procedure.

Neuroimaging studies are typically performed for work-up
and may include head CT and/or magnetic resonance (MR)
imaging, as well as EEG. CT and MRI studies typically show
cerebral edema, petechial hemorrhages, or frank intracerebral
hemorrhage [54].

Treatment

The best management for cerebral hyperperfusion syndrome
is prevention. Strict control of postoperative blood pressure is
important. Systolic blood pressure should be maintained at or
below 150 mmHg. We would recommend labetalol, and if
unsuccessful, starting a nicardipine drip. Optimizing blood
pressure control should begin in the operating room at the time
of restoration of internal carotid flow and be maintained
throughout the hospital stay as well as for the first weeks
post-procedure. Postoperative blood pressure tends to be most
labile in the first 24 h [54].

Any patient complaining of severe headache following
CEA should be rapidly neurologically evaluated, undergo
head CT, and be admitted for observation and blood pressure
control as necessary. Seizures related to hyperperfusion are
usually successfully treated with standard antiepileptic medi-
cation [54, 101]. In addition to controlling blood pressure,
antithrombotic therapies should also be discontinued.

Stroke Mimics after CEA

Nerve injuries occur in an estimated 5% of patients fol-
lowing CEA. The majority of cranial nerve injuries re-
solve after surgery, and the risk of permanent cranial
nerve deficit is low. Hypoglossal nerve injury is the most
commonly reported injury, followed by the facial nerve
(marginal mandibular branch) and recurrent laryngeal
nerve. Risk factors for nerve injury include prolonged
procedure duration, urgent procedure, the need for re-
exploration (immediate or delayed), and perioperative
stroke [54, 102, 103].
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Perioperative Stroke Following Neurologic
Surgery

Background

Perioperative neurosurgical complications can be caused by a
variety of factors in the post-surgical period. Brain edema,
elevated intracranial pressures, seizures, ischemic stroke, in-
tracranial hemorrhage, and cranial nerve palsies are some of
the more common complications [104–106]. Most strokes in
neurosurgical patients are ischemic in origin. However, peri-
operative cerebral infarction in neurosurgical patients can be
either arterial or venous in nature, which is a difference in this
population compared with other surgical patient populations.
Primary hemorrhagic strokes associated with neurological
surgery are rarer.

A 2016 analysis of 94,546 patients in the American
College of Surgeons National Surgical Quality Improvement
Program database showed that rates of post-neurosurgical
stroke have significantly decreased over time from 1.2% in
2006 to 0.5% in 2013 [107]. Despite the fact that signifi-
cant ischemic and hemorrhagic strokes are both generally
uncommon after craniotomies, when they do occur, the
associated mortality and morbidity rates are high.
Postoperative ischemic stroke with a significant, persistent
neurological deficit occurs in 2% of craniotomy cases
overall [105]. Between 20 and 50% of neurosurgical pa-
tients may develop early postoperative complications (in-
cluding 5.7% neurological complications) and about 25%
will have more than one complication [106].

Risk Factors for Perioperative Stroke
in Neurosurgery Patients

Significant risk factors for the development of post-
neurosurgical stroke and coma include inpatient status,
age, history of diabetes mellitus, ventilator dependence,
impaired sensorium, coma > 24 h, hemiparesis, recent
stroke with or without neurological deficit, and central
nervous system tumor [107]. Additionally, hematological
risk factors such as medications (antiplatelets, anticoagu-
lants, neoadjuvant chemotherapy), thrombocytopenia (less
than 100 K), and the nature of surgery also significantly
affect risk [105, 106, 108]. For example, the rate of stroke
in cerebrovascular neurosurgery patients is higher at 7.3%
[109].

Perioperative Predictors of Stroke Risk with Surgical
Aneurysm Clipping

Patient-specific independent predictors of perioperative stroke
in patients undergoing neurosurgical aneurysm clipping have

also been investigated. One retrospective study in this popu-
lation noted that 8% of aneurysm clipping patients develop
stroke symptoms within 24 h of their neurosurgical procedure.
Those patients that had intraoperative monitoring with so-
matosensory evoked potentials (SSEPs), and those patients
with intraoperative SSEP changes were 7.33 times more likely
to subsequently develop perioperative stroke. The odds of
perioperative stroke were also significantly escalated in the
subgroup of aneurysm patients with Hunt/Hess grade 5.
Thus, in addition to intraoperative SSEP changes, the severity
of the patient’s preoperative subarachnoid hemorrhage is also
a significant predictor of perioperative stroke [110]. A second
systematic review of 14 articles confirms the utility of intra-
operative SSEP monitoring in a sample population of 2015
patients, identifying that patients with postoperative neurolog-
ical deficits were 7 times more likely to have intraoperative
SSEP changes [111]. SSEP changes may assist in designing
prevention strategies to reduce stroke rates after cerebral an-
eurysm clipping.

Etiology of Perioperative Stroke
in Neurosurgery Patients

Ischemic stroke can result from thrombosis of a manipulat-
ed artery or vein, especially if a major venous sinus is
disrupted by the craniotomy or from compromised cerebral
perfusion. Arterial infarcts can occur with either traumatic
laceration or sacrifice of an artery for hemostasis. This can
occur in traumatic brain injuries, tumor surgery with en
passant vessels and epilepsy surgery (i.e., anterior choroi-
dal artery in temporal lobectomy). Hemorrhagic infarction
from venous sinus thrombosis must also be considered in
any patient suffering delayed neurological decline after a
craniotomy. Venous occlusion and infarcts can occur when
a bleeding vein must be coagulated during the operation
itself or when massive postoperative cerebral edema leads
to compressive occlusion of venous outflow. One should
also be attentive to possible venous injuries in particular
after meningioma or central nervous system (CNS) tumor
surgery located near venous sinuses (tentorial, parasagittal,
convexity, and parafalcine locations). The selection of an
appropriate operative approach with the highest likelihood
of preserving venous drainage structures is recommended
[112]. Most often, this syndrome presents with bilateral
strokes in non-vascular territories or bilateral hemorrhages.
This complication is more likely following resection of a
brain tumor abutting the posterior two-thirds of the supe-
rior sagittal sinus. Regarding other etiologies, periopera-
tive stroke due to cerebral hypoperfusion is rare, but when
it occurs, postoperative volume loss or dehydration can be
playing a role [113].
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Peri- and Postoperative Evaluation
and Management

Following a neurosurgical procedure, the patient remains vul-
nerable to secondary cerebrovascular injury because of path-
ological changes associated with the disease, the nuances to
the procedure itself, and the physiological changes associated
with management [105]. The most important parameter to
regularly monitor after elective neurosurgery is the clinical
neurological exam. Additionally, in certain subpopulations
such as those patients with aneurysmal subarachnoid hemor-
rhage, regular daily TCD monitoring is also important. TCD
evidence of vasospasm is highly accurate in predicting the
development of delayed cerebral ischemia [114].

When acute changes are identified, stat neuroimaging with
head CT, CTA, and /or MRI should be considered. Similar to
interventional treatment of cardiac and vascular surgery pa-
tients with an acute ischemic stroke, given their recent surgery,
neurosurgery patients are also not candidates to receive intra-
venous t-PA. However, these patients too may still be candi-
dates for mechanical endovascular acute stroke treatment;
thus, rapid neurological assessment, consultation with
neurointerventional radiology, and vascular imaging should
be considered for this reason [1].

Neurosurgical Re-Operation: Postoperative
Hematomas

Approximately 2% of patients who undergo a cranial proce-
dure will develop a postoperative hematoma with 0.8% devel-
oping a hemorrhage that requires surgical evacuation [115].
The postoperative presentations in these patients can vary,
with the most common of these being elevated intracranial
pressures (if being monitored), occurring in about 90% of
patients with postoperative hemorrhage. By contrast, in the
absence of postoperative hematoma, only 10% of patients
have elevated intracranial pressures postoperatively. About
60% of patients with postoperative hematoma present with
decreased level of consciousness while 33% present with focal
neurological deficits [106]. Clinically significant intracranial
hemorrhage usually occurs within the first 24 to 48 h postop-
eratively, complicating 0.5 to 6.9% of craniotomies [116,
117]. Most patients will have a clinical change within 6-h
post-surgery, although approximately 20% may develop these
clinical changes after 24 h. The patients that are at particular
risk for delayed hematoma are those who underwent posterior
fossa surgery or emergency craniotomies. Risk factors for
postoperative hematoma include meningioma surgery, intra-
operative or immediate (within 12 h) postoperative hyperten-
sion, intraoperative blood loss (greater than 500 mL), age
greater than 70, hypoxia, coughing and/or hiccups, and coag-
ulopathies (elevated PTT, decreased fibrinogen or platelets)

[116–118]. Remote hemorrhages may also be noted on later
imaging in postoperative neurosurgical patients (Fig. 3).

Etiologies and risk factors for postoperative hematomas
include reperfusion hemorrhage releasing tamponade effect
of a contralateral hemorrhage with debunking of a mass le-
sion, cerebrospinal fluid (CSF) drainage or hyperosmolar ther-
apy causing a shift of parenchyma (especially in the cerebel-
lum), and coagulopathic states.

Cerebral Hyperperfusion Syndrome

Cerebral hyperperfusion syndrome has also been reported af-
ter cerebrovascular neurosurgical procedures, particularly in
patients with Moyamoya disease but has also been reported in
patients with intracranial dissection that underwent arterial
bypass surgery [119–122]. The presentation, etiology, and
management are the same as in the vascular surgery CEA
population: please note the prior section under CEA for
details.

In summary, perioperative complications, especially in-
cluding ischemic and hemorrhagic strokes, can occur follow-
ing different types of neurosurgeries justifying an ICU post-
operative stay for regular neurological monitoring and early
symptom detection.

Perioperative Stroke Following Non-Cardiac,
Non-Neurologic Surgery

Background

Although the incidence of clinically recognized perioperative
stroke is very low after non-cardiac, non-carotid, and non-
neurologic surgery, stroke remains a potentially devastating
postoperative complication and an important source of peri-
operative mortality and morbidity [123–126]. Additionally,
high surgical volumes result in thousands of these patients
experiencing neurological deficits [127]. Outcome after peri-
operative stroke is often devastating, as perioperative stroke is
associated with high rates of morbidity and mortality and in-
creased length of hospital stay. Reported 30-day mortality
after perioperative stroke related to non-cardiac, non-
neurosurgical procedures is as high as 46% after general sur-
gery, and as high as 87% in patients with a prior stroke
[123–126, 128–131].

Incidence and Risk Factors

The incidence of stroke after non-cardiac, non-neurologic sur-
gery is reported to be between 0.1 and 0.8% in registry and
database studies, with the incidence of unrecognized stroke
potentially being even higher [123, 124, 126, 128, 129,
132]. Perioperative stroke is significantly more common in
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certain surgical patient populations, even within the realm of
non-cardiac, non-carotid, non-neurologic procedures. The in-
cidence of clinically unrecognized or silent stroke after non-
cardiac, non-carotid, non-neurologic surgeries is potentially as
high as 7% in patients over the age of 65 [123, 133]. Risk of
ischemic stroke and transient ischemic attack is increased up
to 90 days after non-carotid and non-cardiac surgery [134].

Patient risk factors for perioperative stroke include atrial
fibrillation, prior stroke or transient ischemic attack (TIA),
age greater than 62 years, cardiovascular disease, renal dis-
ease, diabetes, chronic obstructive pulmonary disease, and
female sex. Active tobacco use, obesity, and carotid artery
stenosis also possibly pose risk but data is conflicting [123,
124–126, 129, 134, 135••]. Additionally, certain medications
such as preoperative and intraoperative administration of beta
blockers, particularly metoprolol, may increase the risk of
perioperative stroke [123, 124–126, 128, 129, 132, 136–140].

History of Recent Stroke

A history of recent stroke has consistently been identified as a
risk factor for perioperative stroke [123,124–126, 128, 129].
The exact time course of elevated risk of perioperative stroke
after a prior stroke is uncertain, but risk is thought to be in-
creased for at least 3 months. In part, this is based on the fact
that the risk of recurrent stroke is typically high in the first few
months after a TIA or ischemic stroke even without surgery
and then declines over time [123, 141]. Data from a non-
cardiac surgery patient registry also bears this out: a retrospec-
tive cohort study of > 480,000 patients who underwent non-
cardiac surgery from the Danish National Patient Register
found a 67-fold increase in the risk of perioperative ischemic
stroke in patients who had surgery within 3 months of an
ischemic stroke, compared with patients without prior stroke
[123, 128]. The perioperative stroke incidence was 12% in
patients who had surgery within 3 months of an acute stroke.

This risk of perioperative stroke decreased over time after
stroke and leveled off at 9 months but did remain elevated
thereafter compared with patients without history of stroke
[123, 128].

The authors recommend that in patients with a history of
ischemic stroke, the risks of recurrent perioperative stroke
should be reviewed with both the patient and the surgeon,
along with the risks associated with delaying surgery. In pa-
tients with recent ischemic stroke (particularly within a 3-
month period), the possibility of non-surgical treatment op-
tions or delaying elective surgery should at minimum be
entertained. For urgent or emergent surgery, the risk of stroke
should be part of the preoperative shared decision-making,
with risks and benefits being carefully weighed and discussed.

Risks with Specific Surgical Procedures

Certain non-cardiac, non-carotid, non-neurologic surgeries
have a higher risk of perioperative stroke than others
(Table 1). In general, major intra-abdominal procedures (such
as colectomy, hepatobiliary surgery, abdominal exploration),
pulmonary resection, transplant surgery, and arthroplasty are
higher-risk procedures, as is shoulder surgery in the beach
chair position because of the potential for low perfusion pres-
sures to the brain. Studies of the risk for stroke associated with
non-carotid head and neck surgery are conflicting [123–126,
128, 129, 132, 142–144].

Mechanisms of Perioperative Stroke

Perioperative strokes in this surgical patient population are
typically ischemic, rather than hemorrhagic. These ischemic
strokes can be embolic, thrombotic, or hemodynamic (i.e.,
hypoperfusion of watershed areas). Cardioembolic stroke in
particular is a short-term risk for perioperative stroke,

Fig. 3 Remote perioperative hemorrhage. a Immediate postoperative CT
showing left remote cerebellar hemorrhage after resection of a
supratentorial glioblastoma multiforme. Three-month follow-up MR
T2-weighted (b) and FLAIR (c) images show a hemosiderin ring
surrounding the resolving hematoma. Republished with permission of

American Society of Neuroradiology, from “Remote cerebellar
hemorrhage,” Amini A, Osborn AG, McCall TD, Am J Neuroradiol.
2006, 27: 387–90; permission conveyed through Copyright Clearance
Center, Inc.
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particularly when cessation of antiplatelet or antithrombotic
medication occurs [134]. Aside from patients who clearly
have an embolic stroke related to atrial fibrillation, fat embo-
lism, or air embolism, the mechanisms for postoperative cere-
bral embolism or thrombosis can be unclear. Additional mech-
anisms for perioperative stroke may include hypercoagulabil-
ity after surgery and surgery-induced inflammatory responses,
but currently, there is no supporting evidence for these theo-
ries [123–126, 130, 137, 145–147]. Hypotension particularly
critically reduced blood pressure also could be a source of
stroke; however, the exact role of hypotension in the etiology
of perioperative stroke is unclear [123, 137, 148–150].

Strategies for Stroke Risk Reduction

The most important strategies for reducing the risk of periop-
erative stroke in non-cardiac patients at risk for stroke include
the following [123–126, 128, 129, 137, 141]:

(1.) Delaying elective surgery for at least 3 months, and if
possible, up to 9 months, after an acute ischemic stroke.

(2.) Avoidance of hypotension and maintaining blood pres-
sure within 20% of baseline blood pressure for patients
at risk for perioperative stroke.

(3.) If beta-blockade is required, using cardioselective beta
blockers such as esmolol or labetalol intraoperatively
rather than metoprolol when possible.

(4.) Appropriate management of anticoagulation for patients
with atrial fibrillation, mechanical heart valves, and oth-
er conditions that predispose them to thromboembolic
stroke. The decision to continue or stop ongoing anti-
platelet or anticoagulant medication in the perioperative
period is a balance between reducing the risk of ische-
mic stroke and increasing the risk of surgical bleeding
during and post-procedure. Bleeding may be catastroph-
ic during and after intracranial and neuraxial surgery,

and discontinuation of antiplatelet and anticoagulant
medications is usually warranted for these procedures.
For other surgical procedures, medication management
must be individualized. There may be a subset of pa-
tients at particular risk for perioperative stroke (recent
ischemic stroke and/or transient ischemic attack [TIA],
or existing intracranial stents) who warrant consider-
ation for ongoing antiplatelet therapy perioperatively
when the surgical procedure permits.

(5.) Postoperatively, if anticoagulation or antiplatelets are
held, a date should be agreed on with the surgeon when
to restart these medications, again weighing risks of is-
chemic stroke versus postoperative bleeding in making
the decision.

In preoperative patients with prior stroke taking aspirin or
warfarin, use of the American Academy of Neurology
Guideline for Periprocedural Management of Antithrombotic
Medications in Patients with Ischemic Cerebrovascular
Disease can be helpful, as can reference to the 2017 AAC
Expert Consensus Decision Pathway for Procedural
Management of Anticoagulation in Patients with
Nonvalvular Atrial Fibrillation. The full AAN guideline is
available at www.aan.com and includes definitions of the
classifications of evidence and recommendations [151, 152].

Additionally, if patients were taking statin medication prior
to surgery, we recommend this be continued as well. Patients
with prior stroke may be on statin medication for secondary
stroke prevention. Statin withdrawal in patients with acute
stroke has an 8.7-fold increased risk for early neurological
deterioration and is also associated with an increased risk of
death or dependency [147, 153].

Management of Acute Stroke

When acute changes are identified, stat neuroimaging
with head CT, CTA, and/or MRI should be considered.
Similar to interventional treatment of cardiac, vascular,
and neurosurgical patients with an acute ischemic stroke,
given their recent surgery, other surgery patients are also
typically not candidates to receive intravenous t-PA.
However, mechanical endovascular acute stroke treatment
may be an option; thus, rapid neurological assessment,
consultation with neurointerventional radiology, and vas-
cular imaging should be considered for this reason [1].

Conclusion

The incidence of perioperative stroke varies and is clearly
dependent on the type of surgery performed. Regardless of
the type of surgery, physicians can implement diagnostic,

Table 1 Non-cardiac, non-carotid and non-neurologic surgeries

Surgeries escalating risk for perioperative stroke

Cardiac surgery

Carotid endarterectomy

Neurosurgery

Major vascular surgery

Major intra-abdominal procedures

Pulmonary resection

Transplant surgery

Arthroplasty

Head and neck surgery

Shoulder surgery in the beach chair position

Curr Neurol Neurosci Rep (2020) 20: 12 Page 13 of 18 12

https://www.uptodate.com/contents/labetalol-drug-information?search=perioperative+stroke&topicRef=114426&source=see_link
http://www.aan.com


therapeutic, and procedural factors to optimize the periopera-
tive risk to attempt to prevent stroke and minimize mortality
and morbidity. Recognition and prevention of perioperative
stroke after cardiac surgery, carotid endarterectomy, neurosur-
gery, as well as non-cardiac/non-carotid/non-neurological sur-
geries is imperative. If a neurological deficit is suspected,
urgent neurological consultation should be placed to optimize
care, as poor outcomes associated with stroke in these surgical
populations are significant.

Compliance with Ethical Standards

Conflict of Interest Dr. Leary has nothing to disclose. Dr. Varade has
nothing to disclose.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. Leary MC, Caplan LR. Chapter 90: “Cerebrovascular disease and
neurologic manifestations of heart disease”. In: O’Rourke RA,
Walsh RA, Fuster V, editors. HURST’s The Heart, 43rd edition.
New York: McGraw-Hill; 2016. in press.

2. Shaw PJ, Bates D, Cartlidge NEF, et al. Early neurological com-
plications of coronary artery bypass surgery. Br Med J. 1985;291:
1384–7.

3. Bucerius J, Gummert JF, Borger MA,Walther T, Doll N, Onnasch
JF, et al. Stroke after cardiac surgery: a risk factor analysis of 16,
184 consecutive adult patients. Ann Thorac Surg. 2003;75:472–8.

4.• Naylor AR, Mehta Z, Rothwell PM, Bell PR. Carotid artery dis-
ease and stroke during coronary artery bypass: a critical review of
the literature. Eur J Vasc Endovasc Surg. 2002;23:283–94.
Provides an excellent review of the perioperative stroke liter-
ature in the CABG population.

5. Ricotta JJ, Char DJ, Cuadra SA, Bilfinger TV, Wall LP, Giron F,
et al. Modeling stroke risk after coronary artery bypass and com-
bined coronary artery bypass and carotid endarterectomy. Stroke.
2003;34:1212–7.

6. Gansera B, Angelis I, Weingartner J, et al. Simultaneous carotid
endarterectomy and cardiac surgery: additional risk or safety pro-
cedure? J Thorac Cardiovasc Surg. 2003;51:22–7.

7. Messé SR, Acker MA, Kasner SE, Fanning M, Giovannetti T,
Ratcliffe SJ, et al. Determining Neurologic Outcome from Valve
Operations (DeNOVO) investigators. Stroke after aortic valve sur-
gery: results from a prospective cohort. Circulation. 2014;129:
2253–61.

8. Mack M. Can we make stroke during cardiac surgery a never
event? JTCVS. 2015;149:965–7.

9. Ivascu NS, Khan FM, RahoumaM, Hameed I, Abouarab A, Segal
AZ, et al. Characteristics and anatomic distribution of early versus
late stroke after cardiac surgery. J Card Surg. 2019;34:684–9.

10. Whitlock R, Healey JS, Connolly SJ, Wang J, Danter MR, Tu JV,
et al. Predictors of early and late stroke following cardiac surgery.
CMAJ. 2014;186:905–11.

11. Sun LY, Chung AM, Farkouh ME, van Diepen S, Weinberger J,
Bourke M, et al. Defining an intraoperative hypotension threshold
in association with stroke in cardiac surgery. Anesthesiology.
2018;129:440–7.

12. Zhou ZF, Zhang FJ, Huo YF, et al. Intraoperative tranexamic acid
is associated with postoperative stroke in patients undergoing car-
diac surgery. PLoS One. 2017;12:e0177011. https://doi.org/10.
1371/journal.pone.0177011 eCollection 2017.

13. Patel N, Banahan C, Janus J, et al. Perioperative cerebral
microbleeds after adult cardiac surgery. Stroke. 2019;50:336–43.

14.•• Peguero JG, Issa O, Podesta C, et al. Usefulness of the
CHA2DS2VASc score to predict of post-operative stroke in pa-
tients having cardiac surgery independent of atrial fibrillation.
Am J Cardiol. 2015;115:758–62. Novel research using the
CHA2DS2VASc score to predict which cardiac surgery pa-
tients are at higher risk of perioperative stroke.

15. Peguero JG, Presti SL, Issa O, et al. Simplified prediction of post-
operative cardiac surgery outcomes with a novel score:
R2CHADS2. Am Heart J. 2016;177:153–9.

16. Nishiyama K, HoriguchiM, Shizuta S, Doi T, Ehara N, Tanuguchi
R, et al. Temporal pattern of strokes after on-pump and off-pump
coronary artery bypass graft surgery. Ann Thorac Surg. 2009;87:
1839–44.

17. Lamy A, Devereaux PJ, Prabhakaran D, Taggart DP, Hu S,
Paolasso E, et al. Effects of off-pump and on-pump coronary-
artery bypass grafting at 1 year. NEJM. 2013;368:1179–88.

18. Glaser N, Jackson V, Holzmann MJ, Franco-Cereceda A, Sartipy
U. Aortic valve replacement with mechanical vs. biological pros-
theses in patients aged 50-69 years. Eur Heart J. 2016;37:2658–
67.

19. Cao C, Ang SC, Indraratna P, Manganas C, Bannon P, Black D,
et al. Systematic review and meta-analysis of transcatheter aortic
valve implantation versus surgical aortic valve replacement for
severe aortic stenosis. Ann Cardiothorac Surg. 2013;2(1):10–23.

20. Andalib A, Mamane S, Schiller I, Zakem A, Mylotte D, Martucci
G, et al. A systematic review and meta-analysis of surgical out-
comes following mitral valve surgery in octogenarians: implica-
tions for transcatheter mitral valve interventions. Euro
Intervention. 2014;9(10):1225–34.

21. Udesh R, Solanki P, Mehta A, Gleason T, Wechsler L, Thirumala
PD. Carotid artery stenosis as an independent risk factor for peri-
operative strokes following mitral valve surgical intervention. J
Neurol Sci. 2017;382:170–84.

22. Udesh R, Mehta A, Gleason T, Thirumala PD. Carotid artery
disease and perioperative stroke risk after surgical aortic valve
replacement: a nationwide inpatient sample analysis. J Clin
Neurosci. 2017;42:91–6.

23. Poston RS, Tran R, Collins M, ReynoldsM, Connerney I, Reicher
B, et al. Comparison of economic and patient outcomes with min-
imally invasive versus traditional off-pump coronary artery bypass
grafting techniques. Ann Surg. 2008;248:638–46.

24. Sharony R, Grossi EA, Saunders PC, Schwartz CF, Ursomanno P,
Ribakove GH, et al. Minimally invasive reoperative isolated valve
surgery: early and mid-term results. J Card Surg. 2006;21:240–4.

25. Iribarne A, Easterwood R, Chan EYH, et al. The golden age of
minimally invasive cardiothoracic surgery: current and future per-
spectives. Futur Cardiol. 2011;7:333–46.

26. Modi P, Hassan A, Chitwood WR. Minimally invasive mitral
valve surgery: a systematic review and meta-analysis. Eur J
Cardiothorac Surg. 2008;34:943–52.

27. Gammie JS, Zhao Y, Peterson ED, O’Brien SM, Rankin JS,
Griffith BP. Less-invasive mitral valve operations trends and

12 Page 14 of 18 Curr Neurol Neurosci Rep (2020) 20: 12

https://doi.org/10.1371/journal.pone.0177011
https://doi.org/10.1371/journal.pone.0177011


outcomes from the Society of Thoracic Surgeons Adult Cardiac
Surgery Database. Ann Thorac Surg. 2010;90:1401–10.

28. Cheng D, Martin J, Shennib H, et al. Endovascular aortic repair
versus open surgical repair for descending thoracic aortic disease a
systematic review and meta-analysis of comparative studies. J Am
Coll Cardiol. 2010;55:986–1001.

29. Grover FL, Vemulapalli S, Carroll JD, et al. STS/ACC TVT
Registry. 2016 annual report of the Society of Thoracic
Surgeons/American College of Cardiology Transcatheter Valve
Therapy Registry. J Am Coll Cardiol. 2017;69:1215–30.

30. Carroll JD. Different health care systems with a commonmessage:
experience has a major impact on transcatheter aortic valve re-
placement outcomes. JACC Cardiovasc Interv. 2018;11:1680–2.

31. Miller DC, Blackstone EH,MackMJ, et al. Transcatheter (TAVR)
versus surgical (AVR) aortic valve replacement: occurrence, haz-
ard, risk factors, and consequences of neurologic events in the
PARTNER trial. J Thorac Cardiovasc Surg. 2012;143:832–43.

32. Smith CR, Leon MB, Mack MJ, et al. Transcatheter versus surgi-
cal aortic-valve replacement in high-risk patients. N Engl J Med.
2011;364:2187–98.

33. Leon MB, Smith CR, Mack MJ, Makkar RR, Svensson LG,
Kodali SK, et al. Transcatheter or surgical aortic-valve replace-
ment in intermediate-risk patients. N Engl JMed. 2016;374:1609–
20.

34. Makkar RR, Fontana GP, Jilaihawi H, et al. PARTNER Trial
Investigators. Transcatheter aortic valve replacement for inopera-
ble severe aortic stenosis. N Engl J Med. 2012;366:1696–704.

35. Mack MJ, Leon MB, Smith CR, Miller DC, Moses JW, Tuzcu
EM, et al. PARTNER Trial 1 Investigators. 5-year outcomes of
transcatheter aortic valve replacement or surgical aortic valves
replacement for high surgical risk patients with aortic stenosis: a
randomized controlled trial. Lancet. 2015;385:2477–84.

36. Kapadia SR, Huded CP, Kodail SK, et al. Stroke after surgical
versus transfemoral transcatheter aortic valve replacement in the
PARTNER Trial. J Am Coll Cardiol. 2018;72:2415–26.

37. Mack M, Brennan M, Brindis R, et al. Outcomes following trans-
catheter aortic valve replacement in the United States. JAMA.
2013;310:2069–77.

38. Leon M, Smith C, Mack M, Miller DC, Moses JW, Svensson LG,
et al. Transcatheter aortic-valve implantation for aortic stenosis in
patients who cannot undergo surgery. N Engl J Med. 2010;363:
1597–607.

39. Adams D, Popma J, Reardon M, Yakubov SJ, Coselli JS, Deeb
GM, et al. Transcatheter aortic-valve replacement with a self-
expanding prosthesis. N Engl J Med. 2014;370:1790–8.

40. Holmes DR Jr, Brennan JM, Rumsfeld JS, et al. STS/ACC TVT
Registry. Clinical outcomes at 1 year following transcatheter aortic
valve replacement. JAMA. 2015;313:1019–28.

41. Thirumala PD,Muluk S, Udesh R, et al. Carotid artery disease and
periprocedural stroke risk after transcatheter aortic valve implan-
tation. Ann Card Anaesth. 2017;20:145–51.

42. Wimmer NJ,WilliamsDO. Transcatheter aortic valve replacement
and stroke. Circ Cardiovasc Interv. 2015;8(6):e002801.

43. Popma JJ, Adams DH, Reardon MJ, Yakubov SJ, Kleiman NS,
Heimansohn D, et al. Transcatheter aortic valve replacement using
a self-expanding bioprosthesis in patients with severe aortic ste-
nosis at extreme risk for surgery. J Am Coll Cardiol. 2014;63:
1972–81.

44. Kahlert P, Al-Rashid F, Döttger P, Mori K, Plicht B, Wendt D,
et al. Cerebral embolization during transcatheter aortic valve im-
plantation: a transcranial Doppler study. Circulation. 2012;126:
1245–55.

45. Pierik R, Uyttenboogaart M, Erasmus ME, et al. Distribution of
perioperative stroke in cardiac surgery. Eur J Neurol. 2019;26:
184–90.

46. Brott TG, Halperin JL, Abbara S, et al. 2011 ASA/ACCF/AHA/
AANN/ AANS/ ACR/ASNR/CNS/SAIP/SCAI/SIR/SNIS/SVM/
SVS guideline on the management of patients with extracranial
carotid and vertebral artery disease. J Am Coll Cardiol.
2011;57(8):e16–94.

47. Boivie P, Edström C, Engström KG. Side differences in cerebro-
vascular accidents after cardiac surgery: a statistical analysis of
neurologic symptoms and possible implications for anatomic
mechanisms of aortic particle embolization. J Thorac Cardiovasc
Surg. 2005;129:591–8.

48. Hedberg M, Boivie P, Edström C, Engström KG. Cerebrovascular
accidents after cardiac surgery: an analysis of CT scans in relation
to clinical symptoms. Scand Cardiovasc J. 2005;39:299–305.

49. Yamaguchi A, Adachi H, Tanaka M, et al. Efficacy of intraopera-
tive epiaortic ultrasound scanning for preventing stroke after cor-
onary artery bypass surgery. Ann Thorac Cardiac Surg. 2009;15:
98–104.

50. Rosenberger P, Shernan SK, Löffler M, Shekar PS, Fox JA, Tuli
JK, et al. The influence of epiaortic ultrasonography on intraoper-
ative surgical management in 6051 surgical patients. Ann Thorac
Surg. 2008;85:548–53.

51. Yao X, Gersh BJ, Holmes DR, et al. Association of surgical left-
atrial appendage occlusion with subsequent stroke and mortality
among patients undergoing cardiac surgery. JAMA. 2018;319:
2116–26.

52. Humphreys RP, Hoffman JH, Mustard WT, et al. Cerebral hemor-
rhage following heart surgery. J Neurosurg. 1975;43:671–5.

53. Sila CA. Spectrum of neurologic events following cardiac trans-
plantation. Stroke. 1989;20:1586–9.

54. Fairman RM. Complications of carotid endarterectomy. Literature
review current through December 2019. https://www.uptodate.
com/contents/complications-of-carotid-endarterectomy.

55. MooreWS, Barnett HJ, Beebe HG, Bernstein EF, Brener BJ, Brott
T, et al. Guidelines for carotid endarterectomy. Amultidisciplinary
consensus statement from the Ad Hoc Committee, American
Heart Association. Circulation. 1995;91:566–79.

56. Biller J, Feinberg WM, Castaldo JE, Whittemore AD, Harbaugh
RE, Dempsey RJ, et al. Guidelines for carotid endarterectomy: a
statement for healthcare professionals from a Special Writing
Group of the Stroke Council, American Heart Association.
Circulation. 1998;97:501–9.

57. International Carotid Stenting Study investigators, Ederle J,
Dobson J, et al. Carotid artery stenting compared with endarter-
ectomy in patients with symptomatic carotid stenosis
(International Carotid Stenting Study): an interim analysis of a
randomized controlled trial. Lancet. 2010;375:985–97.

58. Brott TG, Hobson RW 2nd, Howard G, et al. Stenting versus
endarterectomy for treatment of carotid-artery stenosis. N Engl J
Med. 2010;363:11–23.

59. Wu TY, Anderson NE, Barber PA. Neurological complications of
carotid revascularization. J Neurol Neurosurg Psychiatry.
2012;83:543–50.

60. Hill MD, BrooksW, Mackey A, et al. Stroke after carotid stenting
and endarterectomy in the Carotid Revascularization
Endarterectomy versus Stenting Trial (CREST). Circulation.
2012;126:3054–61.

61. Saedon M, Singer DR, Pang R, Tiivas C, Hutchinson CE, Imray
CH. Registry report on kinetics of rescue antiplatelet treatment to
abolish cerebral microemboli after carotid endarterectomy. Stroke.
2013;44:230–3.

62. Heyer EJ, Mergeche JL, Bruce SS, Ward JT, Stern Y, Anastasian
ZH, et al. Statins reduce neurologic injury in asymptomatic carotid
endarterectomy patients. Stroke. 2013;44:1150–2.

63. Faggioli G, Pini R, Mauro R, Gargiulo M, Freyrie A, Stella A.
Perioperative outcome of carotid endarterectomy according to

Curr Neurol Neurosci Rep (2020) 20: 12 Page 15 of 18 12

https://www.uptodate.com/contents/complications-of-carotid-endarterectomy
https://www.uptodate.com/contents/complications-of-carotid-endarterectomy


type and timing of neurologic symptoms and computed tomogra-
phy findings. Ann Vasc Surg. 2013;27:874–82.

64. Sfyroeras GS, Bessias N, Moulakakis KG, Lyra S, Kotsikoris I,
AndrikopoulosV, et al. New cerebral ischemic lesions after carotid
endarterectomy. Ann Vasc Surg. 2013;27:883–7.

65. Barbetta I, Carmo M, Mercandalli G, et al. Outcomes of urgent
carotid endarterectomy for stable and unstable acute neurologic
deficits. J Vasc Surg. 2014;59:440–6.

66. Goldberg JB, Goodney PP, Kumbhani SR, et al. Brain injury after
carotid revascularization: outcomes, mechanisms, and opportuni-
ties for improvement. Ann Vasc Surg. 2011;25:270–86.

67. Xue S, Tang X, Zhao G, et al. A systematic review and meta-
analysis for carotid near-occlusion. Ann Vasc Surg. 2019. https://
doi.org/10.1016/j.avsg.2019.10.093.

68. Kakkos SK, Kakisis I, Tsolakis IA, Geroulakos G.
Endarterectomy achieves lower stroke and death rates compared
with stenting in patients with asymptomatic carotid stenosis. J
Vasc Surg. 2017;66:607–17.

69. Rots ML, Meershoek AJA, Bonati LH, et al. Editor’s choice;
predictors of new ischemic brain lesions on diffusion-weighted
imaging after carotid stenting and endarterectomy: a systematic
review. Eur J Endovasc Surg. 2019;58:163–74.

70. Pascot R, Parat B, Le Teurnier Y, et al. Predictive factors of silent
brain infarcts after asymptomatic carotid endarterectomy. Ann
Vasc Surg. 2018;51:225–33.

71. Wang LJ, Ergul EA, Conrad MF, Malas MB, Kashyap VS,
Goodney PP, et al. Addition of proximal intervention to carotid
endarterectomy increases risk of stroke and death. J Vasc Surg.
2019;69:1102–10.

72. Krafcik BM, Cheng TW, Farber A, Kalish JA, Rybin D, Doros G,
et al. Perioperative outcomes after reoperative carotid endarterec-
tomy are worse than expected. J Vasc Surg. 2018;67:793–8.

73. Patel PB, LaMuraglia GM, Lancaster RT, Clouse WD, Kwolek
CJ, Conrad MF, et al. Severe contralateral carotid stenosis or oc-
clusion does not have an impact on risk of ipsilateral stroke after
carotid endarterectomy. J Vasc Surg. 2018;67:1744–51.

74. Stelagowski M, Kasielska-Trojan A, Bogusiak K, et al. Gender-
related risk factors for perioperative stroke after carotid endarter-
ectomy in symptomatic patients. Adv Clin Exp Med. 2017;26:
1225–31.

75. De Waard DD, de Borst GJ, Bulbulia R, et al. Diastolic blood
pressure is a risk factor for peri-procedural stroke following carot-
id endarterectomy in asymptomatic patients. Eur J Endovasc Surg.
2017;53:626–31.

76. Cooper M, Arhuidese IJ, Obeid T, Hicks CW, Canner J, Malas
MB. Perioperative and long-term outcomes after carotid endarter-
ectomy in hemodialysis patients. JAMA Surg. 2016;151:947–52.

77. Clouse WD, Ergul EA, Patel VI, Lancaster RT, LaMuraglia G,
Cambria RP, et al. Characterization of perioperative contralateral
stroke after carotid endarterectomy. J Vasc Surg. 2017;66:1450–6.

78. Poorthius MHF, Brand EC, Halliday A, et al. High operator and
hospital volumes are associated with a decreased risk of death and
stroke following carotid revascularization. A systematic review
and meta-analysis. Ann Surg. 2019;269:631–41.

79. O’Donnell TFX, Schermerhorn ML, Liang P, et al. Weekend ef-
fect in carotid endarterectomy. Stroke. 2018;49:2945–52.

80. Ironside N, Brenner D, Heyer E, et al. Systematic review and
meta-analysis of perioperative and long-term outcomes in patients
receiving statin therapy before carotid endarterectomy. Acta
Neurochir. 2018;160:1761–71.

81. Arinze N, Farber A, Sachs T, Patts G, Kalish J, Kuhnen A, et al.
The effect of statin use and intensity on stroke and myocardial
infarction after carotid endarterectomy. J Vasc Surg. 2018;68:
1398–405.

82. Thirumala PD, Thiagarajan K, Gedela S, Crammond DJ, Balzer
JR. Diagnostic accuracy of EEG changes during carotid

endarterectomy in predicting peri-operative strokes. J Clin
Neurosci. 2016;25:1–9.

83. Khattar NK, Friedlander RM, Chaer RA, et al. Perioperative
stroke after carotid endarterectomy: etiology and implications.
Acta Neurochir. 2016;158:2377–83.

84. Fassaert LM, de Borst GJ. Technical improvements in carotid
revascularization based on the mechanism of procedural stroke.
J Cardiovasc Surg. 2019;60:313–24.

85. Reddy RP, Brahme IS, Karnati T, et al. Diagnostic value of so-
matosensory evoked potential changes during carotid endarterec-
tomy for 30-day perioperative stroke. Clin Neurophysiol. 2018:
1819–31.

86. Huibers A, de Borst GJ, Thomas DJ, Moll FL, Bulbulia R,
Halliday A, et al. The mechanism of procedural stroke following
carotid endarterectomy within the Asymptomatic Carotid Surgery
Trial 1. Cerebrovasc Dis. 2016;42:178–85.

87. Anzuini A, Briguori C, Roubin GS, Pagnotta P, Rosanio S, Airoldi
F, et al. Emergency stenting to treat neurological complications
occurring after carotid endarterectomy. J Am Coll Cardiol.
2001;37:2074–9.

88. Chamorro A, Vila N, Saiz A, Alday M, Tolosa E. Early
anticoagulation after large cerebral embolic infarction: a safety
study. Neurology. 1995;45:861–5.

89. Youkey JR, Clagett GP, Jaffin JH, Parisi JE, Rich NM. Focal
motor seizures complicating carotid endarterectomy. Arch Surg.
1984;119:1080–4.

90. Reigel MM, Hollier LH, Sundt TM Jr, et al. Cerebral hyperperfu-
sion syndrome: a cause of neurologic dysfunction after carotid
endarterectomy. J Vasc Surg. 1987;5:628–34.

91. Naylor AR, Ruckley CV. The post-carotid endarterectomy hyper-
perfusion syndrome. Eur J Vasc Endovasc Surg. 1995;9:365–7.

92. Coutts SB, Hill MD, HuWY. Hyperperfusion syndrome: toward a
stricter definition. Neurosurgery. 2003;53:1053–8.

93. Kablak-Ziembicka A, Przewlocki T, Pieniazek P, Musialek P,
Tekieli L, Rosławiecka A, et al. Predictors of cerebral reperfusion
injury after carotid stenting: the role of transcranial color-coded
Doppler ultrasonography. J Endovasc Ther. 2010;17:556–63.

94. Bouri S, Thapar A, Shalhoub J, et al. Hypertension and the post-
carotid endarterectomy cerebral hyperperfusion syndrome. Eur J
Vasc Endovasc Surg. 2011;41:229–37.

95. Pennekamp CW, Tromp SC, Ackerstaff RG, Bots ML, Immink
RV, Spiering W, et al. Prediction of cerebral hyperperfusion after
carotid endarterectomy with transcranial Doppler. Eur J Vasc
Endovasc Surg. 2012;43:371–6.

96. Clagett GP, Robertson JT. Surgical considerations in symptomatic
disease. In: Barnett HJM, Mohr JP, Stein BM, Yatsu FM, editors.
Stroke: pathophysiology, diagnosis and management. New York:
Churchill Livingstone; 1998. p. 1209.

97. Powers AD, Smith RR. Hyperperfusion syndrome after carotid
endarterectomy: a transcranial Doppler evaluat ion.
Neurosurgery. 1990;26:56–9.

98. Dalman JE, Beenakkers IC, Moll FL, Leusink JA, Ackerstaff RG.
Transcranial Doppler monitoring during carotid endarterectomy
helps to identify patients at risk of postoperative hyperperfusion.
Eur J Vasc Endovasc Surg. 1999;18:222–7.

99. Fujimoto S, Toyoda K, Inoue T, Hirai Y, Uwatoko T, Kishikawa
K, et al. Diagnostic impact of transcranial color-coded real-time
sonography with echo contrast agents for hyperperfusion syn-
drome after carotid endarterectomy. Stroke. 2004;35:1852–6.

100. Piepgras DG, Morgan MK, Sundt TM Jr, et al. Intracerebral hem-
orrhage after carotid endarterectomy. J Neurosurg. 1988;68:532–
6.

101. Kieburtz K, Ricotta JJ, Moxley RT 3rd. Seizures following carotid
endarterectomy. Arch Neurol. 1990;47:568–70.

12 Page 16 of 18 Curr Neurol Neurosci Rep (2020) 20: 12

https://doi.org/10.1016/j.avsg.2019.10.093
https://doi.org/10.1016/j.avsg.2019.10.093


102. Fokkema M, de Borst GJ, Nolan BW, et al. Clinical relevance of
cranial nerve injury following carotid endarterectomy. Eur J Vasc
Endovasc Surg. 2014;47:2–7.

103. Cunningham EJ, Bond R, Mayberg MR, et al. Risk of persistent
cranial nerve injury after carotid endarterectomy. J Neurosurg.
2004;101:445–8.

104. Fugate JE. Complications of neurosurgery. Continuum. 2015;21:
1425–44.

105. Magni G, La Rosa I, Gimignani S, et al. Early postoperative com-
plications after intracranial surgery: comparison between total in-
travenous and balanced anesthesia. J Neurosurg Anesthesiol.
2007;19(4):229–34.

106. Manninen PH, Raman SK, Boyle K, el-Beheiry H. Early postop-
erative complications following neurosurgical procedures. Can J
Anaesth. 1999;46(1):7–14.

107. Larsen AM, Cote DJ, Karhade AV, Smit TR. Predictors of stroke
and coma after neurosurgery: an ACS-NSQIP analysis. World
Neurosurg. 2016;93:299–305.

108. Abt NB, Bydon M, De la Garza-Ramos R, et al. Concurrent neo-
adjuvant chemotherapy is an independent risk factor of stroke, all-
cause morbidity, and mortality in patients undergoing brain tumor
resection. J Clin Neurosci. 2014;21:1895–900.

109. Michalak SM, Rolston JD, Lawton MT. Incidence and predictors
of complications and mortality in cerebrovascular surgery: nation-
al trends from 2007 to 2012. Neurosurgery. 2016;79:182–93.

110. Kashkoush AI, Jankowitz BT, Nguyen C, Gardner PA,Wecht DA,
Friedlander RM, et al. Perioperative stroke after cerebral aneurysm
clipping: risk factors and postoperative impact. J Clin Neurosci.
2017;44:188–95.

111. Thirumala PD, Udesh R, Muralidharan A, Thiagarajan K,
Crammond DJ, Chang YF, et al. Diagnostic value of somatosen-
sory evoked potential monitoring during cerebral aneurysm clip-
ping: a systematic review. World Neurosurg. 2016;89:672–80.

112. Adachi K, Hasegawa M, Hirose Y. Evaluation of venous drainage
patterns for skull base meningioma surgery. Neurol Med Chir.
2017;57:505–12.

113. Zetterling M, Ronne-Engström E. High intraoperative blood loss
may be a risk factor for postoperative hematoma. J Neurosurg
Anesthesiol. 2004;16(2):151–5.

114. Kumar G, Shahripour RB, Harrigan MR. Vasospasm on transcra-
nial Doppler is predictive of delayed cerebral ischemia in aneurys-
mal subarachnoid hemorrhage: a systematic review andmeta-anal-
ysis. J Neurosurg. 2016;124:1257–64.

115. Seifman MA, Lewis PM, Rosenfeld JV, Hwang PYK.
Postoperative intracranial haemorrhage: a review. Neurosurg
Rev. 2011;34(4):393–407.

116. Zrinzo L, Foltynie T, Limousin P, HarizMI. Reducing hemorrhag-
ic complications in functional neurosurgery: a large case series and
systematic literature review. J Neurosurg. 2012;116(1):84–94.

117. Taylor WA, Thomas NW, Wellings JA, Bell BA. Timing of post-
operative intracranial hematoma development and implications for
the best use of neurosurgical intensive care. J Neurosurg.
1995;82(1):48–50.

118. Basali A, Mascha EJ, Kalfas I, Schubert A. Relation between
perioperative hypertension and intracranial hemorrhage after cra-
niotomy. Anesthesiology. 2000;93(1):48–54.

119. Zhao WG, Luo Q, Jia JB, Yu JL. Cerebral hyperperfusion syn-
drome after revascularization surgery in patients with Moyamoya
disease. Br J Neurosurg. 2013;27:321–5.

120. Yu J, Zhang J, Li J, et al. Cerebral hyperperfusion syndrome after
revascularization surgery in patients withMoyamoya disease: sys-
tematic review and meta-analysis. World Neurosurg. 2019. https://
doi.org/10.1016/j.wneu.2019.11.065.

121. Sato S, Kojima D, Shimada Y, Yoshida J, Fujimato K, Fujiwara S,
et al. Preoperatively reduced cerebrovascular contractile reactivity
to hypocapnia by hyperventilation is associated with cerebral

hyperperfusion syndrome after arterial bypass surgery for adult
patients with cerebral misery perfusion due to ischemic
Moyamoya disease. J Cereb Blood Flow Metab. 2018;38:1021–
31.

122. Fukuda K, Abe H, Ueba T, Okawa M, Higashi T, Inoue T.
Posterior circulation hyperperfusion syndrome after superficial
temporal artery-superior cerebellar artery bypass for vertebral ar-
tery dissection. J Stroke Cerebrovasc Dis. 2014;23:583–6.

123. Moore LE, Gelb AW. Perioperative stroke following noncardiac,
nonneurologic surgery. Literature review current through
December 2019. https://www.uptodate.com/contents/
perioperative-stroke-following-noncardiac-nonneurologic-
surgery

124. Mashour GA, Shanks AM, Kheterpal S. Perioperative stroke and
associated mortality after noncardiac, nonneurologic surgery.
Anesthesiology. 2011;114:1289–96.

125. Axelrod DA, Stanley JC, Upchurch GR Jr, et al. Risk for stroke
after elective noncarotid vascular surgery. J Vasc Surg. 2004;39:
67–72.

126. Sharifpour M, Moore LE, Shanks AM, Didier TJ, Kheterpal S,
Mashour GA. Incidence, predictors, and outcomes of periopera-
tive stroke in noncarotid major vascular surgery. Anesth Analg.
2013;116:424–34.

127. Lewis DJ, Al-Ghazawi SS, Al-Robaidi KA, Thirumala PD.
Perioperative stroke associated in-hospital morbidity and in-
hospital mortality in common non-vascular non-neurological sur-
gery. J Clin Neurosci. 2019;67:32–9.

128. Jørgensen ME, Torp-Pedersen C, Gislason GH, Jensen PF, Berger
SM, Christiansen CB, et al. Time elapsed after ischemic stroke and
risk of adverse cardiovascular events and mortality following elec-
tive noncardiac surgery. JAMA. 2014;312:269–77.

129. Bateman BT, Schumacher HC, Wang S, Shaefi S, Berman MF.
Perioperative acute ischemic stroke in noncardiac and nonvascular
surgery: incidence, risk factors, and outcomes. Anesthesiology.
2009;110:231–8.

130. Landercasper J, Merz BJ, Cogbill TH, Strutt PJ, Cochrane RH,
Olson RA, et al. Perioperative stroke risk in 173 consecutive pa-
tients with a past history of stroke. Arch Surg. 1990;125:986–9.

131. Ghaferi AA, Birkmeyer JD, Dimick JB. Variation in hospital mor-
tality associated with inpatient surgery. N Engl J Med. 2009;361:
1368–75.

132. Smilowitz NR, Gupta N, Ramakrishna H, Guo Y, Berger JS,
Bangalore S. Perioperative major adverse cardiovascular and ce-
rebrovascular events associated with noncardiac surgery. JAMA
Cardiol. 2017;2:181–7.

133. NeuroVISION Investigators. Perioperative covert stroke in pa-
tients undergoing non-cardiac surgery (NeuroVISION): a prospec-
tive cohort study. Lancet. 2019;394:1022–9.

134. Grau AJ, Eicke M, Burmeister C, Hardt R, Schmitt E, Dienlin S.
Risk of ischemic stroke and transient ischemic attack is increased
up to 90 days after non-carotid and non-cardiac surgery.
Cerebrovasc Dis. 2017;43:242–9.

135.•• Selim M. Perioperative stroke. N Engl J Med. 2007;356:706–13.
A thorough overview of the perioperative stroke literature.

136. POISE Study Group, Devereaux PJ, Yang H, et al. Effects of
extended-release metoprolol succinate in patients undergoing
non-cardiac surgery (POISE trial): a randomized controlled trial.
Lancet. 2008;371:1839–47.

137. Mashour GA, Sharifpour M, Freundlich RE, et al. Perioperative
metoprolol and risk of stroke after noncardiac surgery.
Anesthesiology. 2013;119:1340–6.

138. Ashes C, Judelman S, Wijeysundera DN, Tait G, Mazer CD, Hare
GM, et al. Selective β1-antagonism with bisoprolol is associated
with fewer postoperative strokes than atenolol or metoprolol: a
single-center cohort study of 44,092 consecutive patients.
Anesthesiology. 2013;119:777–87.

Curr Neurol Neurosci Rep (2020) 20: 12 Page 17 of 18 12

https://doi.org/10.1016/j.wneu.2019.11.065
https://doi.org/10.1016/j.wneu.2019.11.065
https://www.uptodate.com/contents/perioperative-stroke-following-noncardiac-nonneurologic-surgery
https://www.uptodate.com/contents/perioperative-stroke-following-noncardiac-nonneurologic-surgery
https://www.uptodate.com/contents/perioperative-stroke-following-noncardiac-nonneurologic-surgery


139. Kikura M, Oikawa F, Yamamoto K, et al. Myocardial infarction
and cerebrovascular accident following non-cardiac surgery: dif-
ferences in postoperative temporal distribution and risk factors. J
Thromb Haemost. 2008;6:742–8.

140. Wang H, Li SL, Bai J, Wang DX. Perioperative acute ischemic
stroke increases mortality after noncardiac, nonvascular, and non-
neurologic surgery: a retrospective case series. J Cardiothorac
Vasc Anesth. 2019;33:2231–6.

141. Lovett JK, Coull AJ, Rothwell PM. Early risk of recurrence by
subtype of ischemic stroke in population-based incidence studies.
Neurology. 2004;62:569–73.

142. Nosan DK, Gomez CR, Maves MD. Perioperative stroke in pa-
tients undergoing head and neck surgery. Ann Otol Rhinol
Laryngol. 1993;102:717–23.

143. Thompson SK, Southern DA, McKinnon JG, Dort JC, Ghali WA.
Incidence of perioperative stroke after neck dissection for head
and neck cancer: a regional outcome analysis. Ann Surg.
2004;239:428–31.

144. MacNeil SD, Liu K, Garg AX, et al. A population-based study of
30-day incidence of ischemic stroke following surgical neck dis-
section. Medicine (Baltimore). 2015;94:e1106.

145. Limburg M, Wijdicks EF, Li H. Ischemic stroke after surgical
procedures: clinical features, neuroimaging, and risk factors.
Neurology. 1998;50:895–901.

146. Parikh S, Cohen JR. Perioperative stroke after general surgical
procedures. N Y State J Med. 1993;93:162–5.

147. Ng JL, Chan MT, Gelb AW. Perioperative stroke in non-cardiac,
non-neurological surgery. Anesthesiology. 2011;115:879–90.

148. Bijker JB, Gelb AW. Review article: the role of hypotension in
perioperative stroke. Can J Anaesth. 2013;60:159–67.

149. Bijker JB, Persoon S, Peelen LM, Moons KG, Kalkman CJ,
Kappelle LJ, et al. Intraoperative hypotension and perioperative
ischemic stroke after general surgery: a nested case-control study.
Anesthesiology. 2012;116:658–64.

150. Hsieh JK, Dalton JE, Yang D, et al. The association between mild
intraoperative hypotension and stroke in general surgery patients.
Anesth Analg. 2016;123:933–9.

151. American Academy of Neurology Guideline for Periprocedural
Management of Antithrombotic Medications in Patients with
Ischemic Cerebrovascular Disease https://www.aan.com/
Guidelines/home/GetGuidelineContent/600

152. Doherty JU, Gluckman TJ, Hucker WJ, et al. 2017 AAC expert
consensus decision pathway for procedural management of
anticoagulation in patients with nonvalvular atrial fibrillation. J
Am Coll Cardiol. 2017;69:871–989.

153. Nagre AS. Perioperative stroke-prediction, prevention, and protec-
tion. Ind J Anesth. 2018;62:738–42.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

12 Page 18 of 18 Curr Neurol Neurosci Rep (2020) 20: 12

https://www.aan.com/Guidelines/home/GetGuidelineContent/600
https://www.aan.com/Guidelines/home/GetGuidelineContent/600

	Perioperative Stroke
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Cerebrovascular Complications of Cardiac Surgery
	Background

	Cardiac Surgery Procedures and Stroke
	Coronary Artery Bypass Graft Surgery
	Valve Surgery: Aortic Valve Replacement and Mitral Valve Replacement

	Minimally Invasive Cardiac Surgical Procedures
	Minimally Invasive Direct Coronary Artery Bypass
	Minimally Invasive Mitral Valve Surgery
	Minimally Invasive Aortic Valve Replacement

	Percutaneous Cardiac Surgical Procedures
	Thoracic Endovascular Aortic Repair
	Transcatheter Aortic Valve Replacement (TAVR)

	TAVR-Related Stroke: Specific Valves
	Mechanism of TAVR-Induced Stroke
	TAVR Embolic Protection Systems

	Mechanism of Stroke in Cardiac Surgery
	Early Stroke: Atherothrombotic, Hemodynamically Mediated Brain Infarcts: Hypoperfusion Stroke
	Early Stroke: Cerebral Embolism
	Late Stroke: Postoperative Emboli or Hypercoagulable State

	Acute Ischemic Stroke Treatment in Cardiac Surgery Patients
	Other Cerebrovascular Complications and Stroke Mimics
	Postoperative Intracranial Hemorrhage
	Stroke Mimics: Postoperative Peripheral Nerve Complications and Other Issues

	Perioperative Stroke Following Carotid Endarterectomy
	Background

	Risk Factors for Perioperative Stroke in CEA Patients
	Evaluation and Treatment of Acute Ischemic Perioperative Stroke
	Cerebral Hyperperfusion Syndrome
	Mechanism and risk factors
	Clinical Features and Work-Up
	Treatment

	Stroke Mimics after CEA
	Perioperative Stroke Following Neurologic Surgery
	Background

	Risk Factors for Perioperative Stroke in Neurosurgery Patients
	Perioperative Predictors of Stroke Risk with Surgical Aneurysm Clipping

	Etiology of Perioperative Stroke in Neurosurgery Patients
	Peri- and Postoperative Evaluation and Management
	Neurosurgical Re-Operation: Postoperative Hematomas
	Cerebral Hyperperfusion Syndrome

	Perioperative Stroke Following Non-Cardiac, Non-Neurologic Surgery
	Background
	Incidence and Risk Factors
	History of Recent Stroke
	Risks with Specific Surgical Procedures


	Mechanisms of Perioperative Stroke
	Strategies for Stroke Risk Reduction
	Management of Acute Stroke
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



