M) Check for updates

JCBFM

Journal of Cerebral Blood Flow &
Metabolism

2024, Vol. 44(3) 345-354

© The Author(s) 2023

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0271678X231212173
journals.sagepub.com/home/jcbfm

S Sage

Original Article

Blood-brain barrier disruption imaging in
postoperative cerebral hyperperfusion
syndrome using DCE-MRI

Kanghwi Lee', Roh-Eul Yoo'*, Won-Sang Choz’*,
Seung Hong Choi'**, Sung Ho Lee?, Kang Min Kim?,
Hyun-Seung Kang? and Jeong Eun Kim?

Abstract

Little has been reported about the association between cerebral hyperperfusion syndrome (CHS) and blood-brain
barrier (BBB) disruption in human. We aimed to investigate the changes in permeability after bypass surgery in cere-
brovascular steno-occlusive diseases using dynamic contrast-enhanced MRI (DCE-MRI) and to demonstrate the asso-
ciation between CHS and BBB disruption. This retrospective study included 36 patients (21 hemispheres in 18 CHS
patients and 20 hemispheres in 18 controls) who underwent combined bypass surgery for moyamoya and atheroscle-
rotic steno-occlusive diseases. DCE-MRI and arterial spin labeling perfusion-weighted imaging (ASL-PWVI) were obtained
at the baseline, postoperative state, and discharge. Perfusion and permeability parameters were calculated at the MCA
territory (CBF(territorial)v Ktrans(territorial)v Vp(territorial)) and focal PerianaStomOtic area (CBF(focaI)» Ktrans(focal)v Vp(focal)) of
operated hemispheres. As compared with the baseline, both CBFerritorialy and CBF¢oca)) increased in the postoperative
period and decreased at discharge, corresponding well to symptoms in the CHS group. Vpocay Was lower in the
postoperative period and at discharge, as compared with the baseline. In the control group, no parameters significantly
differed among the three points. In conclusion, V,, at the focal perianastomotic area significantly decreased in patients
with CHS during the postoperative period. BBB disruption may be implicated in the development of CHS after bypass
surgery.
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Introduction

Cerebral hyperperfusion syndrome (CHS) is a clinically
important and potentially preventable complication
after revascularization procedures. CHS is character-
ized by clinical symptoms (pain, weakness, seizure,
altered mentality and hemorrhage) and evidence of
hyperperfusion on imaging.' Intracerebral hemorrhage
(ICH) and cerebral edema are occasionally found on
imaging.? The incidences of CHS are reported various-
ly according to its definition and the type of revascu-
larization procedures, with a pooled incidence of 4.6%
for carotid artery stenting (CAS)* and 21.5% to 31.5%
for superficial temporal artery to middle cerebral artery
(STA-MCA) bypass in moyamoya disease (MMD).*?

Various theories have been proposed about the
pathophysiology of CHS."? The impairment of
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cerebral autoregulation is among the most accepted
theories. Normally, the diameter of cerebral vessels is
spontaneously controlled as a response to arterial
blood pressure change, in order to keep the normal
cerebral blood flow (CBF). In chronically ischemic cir-
cumstances, however, autoregulation is impaired and
arteries are fully dilated. Consequently, CBF around
the targeted recipient artery keeps increasing after
direct bypass surgery until the autoregulatory function
is recovered, resulting in brain edema and even bleed-
ing. Possible mediators of cerebral autoregulation
impairment and blood-brain barrier (BBB) dysfunction
are nitric oxide and other free radicals released during
ischemic reperfusion. Nitric oxide induces vasodilata-
tion and increases the permeability of cerebral vessels.
Oxygen-derived free radicals can damage the tight
junction and endothelium, resulting in BBB disruption.
In a recent animal study using rat CHS models, BBB
disruption was confirmed by extravasation of Evans
blue dye and matrix metalloproteinase-9 level.®

Dynamic contrast-enhanced MRI (DCE-MRI) is a
well-known method for assessing BBB disruption in
vivo. Repeated acquisition of TIl-weighted images
after contrast injection can provide an enhancement
signal as a function of time, from which quantitative
parameters that represent BBB integrity — specifically,
volume transfer constant (K""), fractional interstitial
volume (V,), and fractional plasma volume (V) — can
be extracted.” Subtle changes in BBB permeability, as
compared with normal brain tissue, have been delineat-
ed using DCE-MRI in various central nervous system
diseases, including Alzheimer’s disease, small vessel
disease, migraine, traumatic brain injury, and demye-
linating disease.®> ' Arterial spin labeling perfusion-
weighted imaging (ASL-PWI) is a noninvasive MRI
technique that uses arterial protons as an endogenous
contrast agent to quantify tissue blood flow.'* ASL-
PWI has been shown to be useful in demonstrating
hyperperfusion in hypervascular tumors, vascular
lesions, and epilepsy.!> '8

The association of CHS and BBB disruption has
been suggested and advocated with some animal stud-
ies.*1”2° However, little has been reported about the
association in human brains in vivo. In this case-control
study, we aimed to noninvasively investigate the
changes in BBB permeability after combined bypass
surgery in cerebrovascular steno-occlusive diseases
and to demonstrate the association between CHS and
BBB disruption using DCE-MRI.

Methods

This retrospective case-control study was approved by
the institutional review board of Seoul National
University Hospital, and the requirement for informed

consent was waived due to the retrospective nature of
the study. This study adhered to STROBE guidelines
(Strengthening the Reporting of Observational Studies
in Epidemiology) for cohort studies,”’ and was per-
formed in accordance with the Declaration of Helsinki.

Patient selection

Among 46 operated hemispheres in 41 consecutive
patients, who underwent combined bypass surgery for
MMD, and atherosclerotic diseases such as MCA and
internal carotid artery (ICA) occlusion between April
2020 and June 2022, 41 operated hemispheres in 36
patients (including 5 patients with both hemispheres
operated during the study period) were finally selected
from our database (Supplementary Figure 1).> The
inclusion criteria for this study were as follows: the
patients who (a) were aged 18 or more; (b) underwent
combined bypass surgery for cerebrovascular steno-
occlusive diseases between April 2020 and June 2022
in Seoul National University Hospital; (c) had recur-
rent ischemic symptoms, including transient ischemic
attack and lacunar infarction, or hemorrhagic MMD;
(d) had no other medical history such as significant
traumatic brain injury, brain tumor, significant cere-
bral infarction, epilepsy, neuroinflammatory disease,
cerebral metabolic disease, neurodegenerative discase,
or other severe medical problems; (e) had significantly
decreased basal perfusion and reservoir capacity on
brain single photon emission computed tomography
(SPECT) and perfusion delay on ASL-PWI, which
clearly indicated the need for revascularization surgery;
and (f) underwent preoperative and postoperative MR
imaging including ASL-PWI and DCE-MRI.** The
exclusion criteria were as follows: the patients who
had (a) MR imaging with suboptimal image quality
(n=2) and (b) incomplete series of MR imaging
(n=23).

The patients were divided into CHS and control
groups, based on clinical symptoms and imaging find-
ings. CHS was diagnosed when transient neurological
deterioration occurred after surgery and the focal
hyperperfused areca on ASL-PWI corresponded well
to the neurological deficits, without signs of acute
infarction or hemorrhage.”>* The presence of an
unequivocal increase in CBF on postoperative ASL
images (as compared with the preoperative images)
was visually assessed by consensus agreement of a neu-
roradiologist (R.E.Y. with 11 years of experience) and
a neurosurgeon (W.S.C. with 16years of experience).
For each patient, MR images were obtained at baseline
(immediately before the surgery), in the postoperative
period, and at discharge. MR imaging in the postoper-
ative period was performed at the time of symptom
onset for the CHS group and postoperative day 5-6
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for the control group. MR images at discharge were
acquired just before discharge for the control group
and after considerable or complete symptom improve-
ment for the CHS group.

Surgical procedures and perioperative management

Combined bypass surgery, consisting of direct (anasto-
mosis between STA and cortical branch of MCA) and
indirect (encephalo-duro-fascio-galeal synangiosis)
bypass, was performed by a single surgeon (W.S.C.)
under general anesthesia with intravenous propofol
and remifentanil, as in the previously report.?

Antiplatelet and anticoagulants were generally dis-
continued before surgery, except for 5 cases (2 CHS
patients [MCA occlusion, n=1; MMD, n=1] and
3 controls [ICA occlusion, n =2; MMD = 1]) with clin-
ical instability or recent infarction. During the postop-
erative period, patents were normohydrated and their
hemoglobin levels were kept between 10 and 11 g/dL.
Blood pressure was maintained at the preoperative
level £10mmHg with a systemic blood pressure less
than 140 mmHg. In cases suspected of postoperative
CHS, diffusion-weighted imaging (DWI) and/or pre-
contrast CT were first performed to rule out the possi-
bility of hemorrhage and infarction. Diagnosis of CHS
was made when hyperperfusion was identified on ASL-
PWI and patients had symptoms corresponding to the
areas. Seizure and involuntary movement as a symp-
tom related to CHS were differentiated based on the
electroencephalographic findings. Even after the diag-
nosis of CHS, general principles for patient manage-
ment were identical to those in the immediate
postoperative period, except that more precise manage-
ment was adopted based on patients’ symptoms and
vital signs. Other medications such as edaravone, mino-
cycline, steroids, or antiplatelets were not newly
administered.

MRI protocol

All MR images, including DWI, susceptibility-
weighted imaging (SWI), T2 fluid-attenuated inversion
recovery (FLAIR), postcontrast T1 spin-echo, ASL,
and DCE MR imaging, were obtained at a 3.0 T scan-
ner (Discovery 750, GE Healthcare, Milwaukee,
Wisconsin) using a 32-channel head coil. Detailed
MR protocols are provided in the online supplemental
methods and Supplementary Table 1.

ASL-PWI and DCE-MRI analysis

Image analysis was performed using NordicICE soft-
ware (version 4.1.2; NordicNeuroLab). Permeability
parameter (K"™", V) maps were derived from
DCE-MRI based on a pharmacokinetic model

(Patlak model) by two reviewers (K.L. and R.E.Y.
with 3years and 11years of experience, respectively)
blinded to whether the patient belonged to the CHS
or control group. For each study, the arterial input
function (AIF) was obtained from the main intracrani-
al arteries, including the MCA at the level of the circle
of Willis. The baseline T1 was fixed at 1000 msec in this
study.

ASL perfusion images were resampled and coregis-
tered based on DCE parameter maps to minimize
potential errors attributable to the differences in slice
thickness, matrix size, and slice gap. Regions of interest
were manually drawn at the MCA territory of the oper-
ated hemisphere (defined as a territorial mask) on two
slices of each ASL image that best represented the
MCA territory based on the Alberta Stroke Program
Early CT Score (ASPECTS) (M1, M2, M3 at the level
of the basal ganglia and M4, M5, M6 at the level imme-
diately above the basal ganglia).”* The MCA territory
of the nonoperated hemisphere was also drawn for
CBF normalization. The area of decreased perfusion
delay, as compared with preoperative images, was iden-
tified on the perfusion delay map of postoperative
ASL-PWI and defined as a focal perianastomotic
area (focal mask) (Supplementary Figure 2).
Subsequently, absolute CBF, K", and V, values
were calculated at the MCA territory (CBF erritorial)s
Ktrans(territorial)a Vp(territorial)) and focal perianaStomOtic
area (CBF rocan, K" ™(tocal)s Vp(rocan)) Of the operated
hemisphere. Furthermore, the absolute CBF values at
the MCA territory and the focal perianastomotic area of
the operated hemispheres were normalized with respect
to the nonoperated hemispheres (nCBF (sitoriany and
NCBF gocany). When deriving the value of each parameter,
the upper and lower 5% values were trimmed to exclude
outliers.

Statistical analysis

Statistical analyses were performed using MedCalc
statistical ~ software, version 11.1.1.0 (MedCalc,
Mariakerke, Belgium). The data for each parameter
were evaluated for normality with the Kolmogorov-
Smirnov test. In all analyses, P values less than .05
were considered statistically significant. Nonparametric
data are reported as the median and interquartile range
(IQR, range from the 25th to the 75th percentile), and
parametric data are presented as the mean + standard
deviation. Based on the results of Kolmogorov-
Smirnov test, Friedman test, followed by post hoc
tests with Bonferroni correction, was performed to com-
pare CBF and permeability parameters (K" and V)
among studies (at baseline, in the postoperative period,
and at discharge) in each group. To assess the reproduc-
ibility of DCE parameters, intraclass correlation
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coefficients (ICCs) were calculated for two sets of DCE
parameters, which were extracted using AIFs obtained
by two independent researchers (K.L. and R.E.Y. with
3years and 11 years of experience, respectively).

Results

Patient characteristics and clinical symptoms

A total of 21 hemispheres in 18 CHS patients and 20
hemispheres in 18 controls were included in this study
(Table 1). Seventeen patients in the CHS group and 13
patients in the control group were diagnosed with
MMD. There were no significant differences in terms
of age, sex, diagnosis, disease involvement, initial pre-
sentation, operated hemisphere, and underlying dis-
eases between the two groups except the cerebral
hemorrhage as a presenting symptom (20% in the con-
trol vs. 0% in the CHS group, P =.05). All the hemor-
rhagic presentations were associated with adult MMD.

Among the most common symptoms were motor
dysphasia (57% [12/21]), sensory disturbance (57%
[12/21]), and motor weakness (33.3% [7/21]), and

Table |I. Clinical characteristics of CHS patients and controls.

CHS Controls P Value
Hemispheres/patients 21/18 20/18 NA
Age (y) 45 (32-52) 42 (36-53) .87
Sex 1.00
Male 3(17) 4 (22)
Female 15 (83) 14 (78)
Diagnosis A3
MMD 17 (94) 13 (72)
ICAO 0 (0) 3(17)
MCAO 1 (6) 2(11)
Disease involvement .34
Unilateral hemisphere | (6) 4 (22)
Bilateral hemispheres 17 (94) 14 (78)
Initial presentation®
Cerebral ischemia
Infarction 15 (71) 16 (80) 72
Transient ischemic attack 19 (90) 13 (65) .07
Cerebral hemorrhage 0 (0) 4 (20) .05
Operated hemisphere® 22
Right 8 (38) 12 (60)
Left 13 (62) 8 (40)
Underlying diseases
Hypertension 4 (22) 8 (44) 29
Dyslipidemia 7 (39) 4 (22) A7
Diabetes mellitus 3(17) 4 (22) 1.00

CHS: cerebral hyperperfusion syndrome; ICAQ: internal carotid artery
occlusion; MCAO: middle cerebral artery occlusion; MMD: moyamoya
disease; NA: not applicable.

Data are number of patients (%) and medians (interquartile range) for
continuous variables.

*Number of symptomatic hemispheres (%).

dysarthria (24% [5/21]) (Supplementary Table 2).
Subarachnoid hemorrhage was accompanied in one
hemisphere (5% [1/21]) during the operation. The
median time of symptom onset was 4days after the
operation (IQR, 3—6 days), and mild residual symptoms
were present at discharge after 43% (9/21) of the oper-
ations. The median duration of symptoms (from symp-
tom onset to considerable recovery with minimal
functional impairment) was 6 days (IQR, 5-11 days).

Postoperative complications included minor cere-
bral infarction in 1 hemisphere, intracerebral hemor-
rhage in 2 hemispheres (minor hemorrhage due to
hemorrhagic transformation of a previous infarction
[n=1] and major hemorrhage due to the use of anti-
coagulants for the treatment of pulmonary thrombo-
embolism [PTE] [n=1]), and PTE in 1 hemisphere. The
mortality rate was 0%, and the permanent morbidity
rate was 2% (1/41 operations; 1 with postoperative
PTE and anticoagulant-related complications including
ischemic colitis and intracerebral hemorrhage). The
transient morbidity rate was 5% (2/41 operations;
1 with minor cerebral infarction and 1 with minor hem-
orrhage due to hemorrhagic transformation of a previ-
ous infarction).

ASL and DCE MR imaging findings

MR imaging in the postoperative period was per-
formed on a median postoperative day 4 (IQR, post-
operative day 4-6) for the CHS group and on a median
postoperative day 6 (IQR, postoperative day 5-6) for
the control. MR images at discharge were acquired on
a median postoperative day 12 (IQR, postoperative day
10-13) for the CHS group and on a median postoper-
ative day 11 (IQR, postoperative day 10-11) for the
control. Changes in CBF, K" and V,, after com-
bined bypass in CHS and control groups are summa-
rized in Table 2, Supplementary Table 3, and
Supplementary Table 4.

CHS group. Both CBF ocary (Figures 1 and 2, Table 2)
and CBF erritoriany (Supplementary Table 3) on the
operated hemispheres increased in the postoperative
period and decreased at discharge. In the pairwise com-
parison, CBF a1 showed differences in values at base-
line vs. in the postoperative period (median, 76.3 vs.
122.1mL/100 g/min; P <.001, respectively), in the
postoperative period vs. at discharge (median, 122.1
vs. 96.1mL/100 g/min; P <.001), and at baseline vs.
at discharge (median, 76.3 vs. 96.1 mL/100 g/min;
P=.02). Similarly, CBF (ritorialy showed differences
in values at baseline vs. in the postoperative period
(median, 80.5 vs. 98.4mL/100 g/min; P < .001, respec-
tively), in the postoperative period vs. at discharge
(median, 98.4 vs. 93.0mL/100 g/min; P=.005), and at
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Table 2. Difference in CBF, K™ and V,, in focal masks of the operated hemispheres between imaging times.

Imaging time (P Value)®

Group Parameter Imaging time Value (Interquartile range) P Value® Postop. Discharge
CHS CBF (mL/100 g/min) Baseline 76.3 (57.9-101.2) <.001 <.001 .02
Postop. 122.1 (99.6—-132.4) <.001
Discharge 96.1 (82.0-108.2) .. e
nCBF Baseline 0.957 (0.754-1.15) <.001 .002 24
Postop. 1.218 (1.083-1.356) .008
Discharge 1.050 (0.979-1.166) . .
K=" (min ") Baseline 0.00134 (0.00082-0.00207) 41 .87 .34
Postop. 0.00120 (0.00079-0.00167) >.99
Discharge 0.00116 (0.00067-0.00134) . .
\A Baseline 3.54 (2.48-4.90) .01 .04 .02
Postop. 2.63 (2.24-3.81) >.99
Discharge 2.80 (1.874.14) ... ..
Control CBF (mL/100 g/min) Baseline 71.1 (59.9-92.4) .02 .29 >.99
Postop. 87.0 (74.7-99.3) .16
Discharge 74.0 (66.6-84.8) . e
nCBF Baseline 1.031 (0.873-1.102) .36 .53 46
Postop. 1.034 (0.907-1.224) >.99
Discharge 1.073 (0.848-1.182)
K=" (min~") Baseline 0.00151 (0.00108-0.00217) 14 .07 .50
Postop. 0.00131 (0.00061-0.00186) >.99
Discharge 0.00104 (0.00047-0.00152) ... .
\'A Baseline 3.49 (2.744.79) 27 .10 .65
Postop. 3.20 (2.22-4.49) .. >.99
Discharge 3.23 (2.20-5.02) ...

CBF: cerebral blood flow; nCBF: normalized cerebral blood flow.
*Friedman test.

®Wilcoxon test, P values were adjusted for multiple comparisons with the use of Bonferroni correction (n = 3).

baseline vs. at discharge (median, 80.5 vs.
93.0mL/100 g/min; P =.04). nCBF (toca1) showed differ-
ences in values at baseline vs. in the postoperative
period (median, 0.957 vs. 1.218; P=.002, respectively)
and in the postoperative period vs. at discharge
(median, 1.218 vs. 1.05; P=.008) (Table 2). Vocan
was lower in the postoperative period (median, 2.63)
and at discharge (median, 2.80), as compared with
baseline (median, 3.54) (P=.04 and P=.02, respec-
tively) (Figures 1 and 2, Table 2). Vperritorian did
not show a significant difference among the three
time points (P=.27) (Supplementary Table 3).
K" focany and K™ e iiorian did not significantly
differ among the three time points (P=.41 and
P=.55, respectively) (Table 2 and Supplementary
Table 3). On the nonoperated hemispheres,
CBF ((erritoriany increased in the postoperative period
(median, 83.0 vs. 88.8mL/100g/min; P=.009) and
decreased at discharge (median, 88.8 vs. 87.0;
P=.01) (Supplementary Table 4). Vierritoriay and
K" (erritorialy did not show any significant change
among the three time points (P=.55 and P=.38,
respectively).

Control group. CBF, K'"™™ and V,, values on the operat-
ed hemispheres were not significantly different among
the three time points (all Ps>.05) (Figures 1 and 3,
Table 2 and Supplementary Table 3). CBF (erritorial
on the nonoperated hemisphere mildly increased in
the postoperative period and decreased at discharge
(Supplementary Table 4). In the pairwise comparison,
CBF (erritorialy On the nonoperated hemisphere showed a
difference in values in the postoperative period vs. at dis-
charge (median, 87.5 vs. 77.4mL/100 g/min; P=.006,
respectively). Vpgerritoriay and K™ erritoriany did not sig-
nificantly differ among the three time points (P =.72 and
P =25, respectively) (Supplementary Table 4).

Interobserver agreements for DCE-MRI parameters

ICCs for mean K" and V, were 0.70 (95% CI: 0.11,
0.87) and 0.90 (95% CI: 0.86, 0.93) in the focal mask,
indicating substantial and almost perfect agreement,
respectively. In the territorial mask, ICCs for mean
K" and V, were 0.45 (95% CI: 0, 0.68) and 0.81
(95% CI: 0.73, 0.87), indicating moderate and almost
perfect agreement, respectively.
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Figure 1. Violin plots of CBFgoca)y and Vi focay changes in CHS and control groups. Violin plots of CBF and V,, in the perianastomotic
area at three time points (baseline, postoperative period, discharge) are shown for the CHS (a) and control (b) groups. Inner box-and-
whisker plots represent the following: white points = median, boundaries of boxes =25th to 75th percentile range, whiskers = 25th
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nastomotic area; CHS, cerebral hyperperfusion syndrome; Vocai), fractional plasma volume in the focal perianastomotic area.

Discussion

The association of BBB disruption and CHS has been
proposed, but in vivo data from the human brain
remain scarce.®?® We investigated the changes in BBB
permeability and cerebral perfusion after combined
bypass surgery in patients with cerebrovascular steno-
occlusive diseases using DCE-MRI and ASL-PWI. Key
findings were as follows: (a) In the CHS group, CBF at
the focal perianastomotic area increased in the postop-
erative period with development of the corresponding
symptoms, and decreased at discharge; (b) V,, at the
focal perianastomotic area in the CHS group decreased
in the postoperative period and at discharge as com-
pared with baseline; and (¢) Unlike in the CHS group,
CBF and V|, did not change significantly among the
three time points in controls.

In chronic cerebrovascular steno-occlusive diseases
such as MMD and atherosclerotic vasculopathy,
chronic ischemia is known to trigger the development
of abnormal collateral vessels from the extracranial and
intracranial arteries.’®?’ Newly-formed collaterals as

well as intrinsic intracranial vessels are characterized
by impaired cerebral autoregulation.’®*”  Such
impaired vessels are thought to be unable to spontane-
ously constrict in response to a sudden increase in CBF
immediately after direct bypass surgery, thus resulting
in transient cerebral hyperperfusion until the autoregu-
lation is recovered, as demonstrated by the increase in
both absolute and normalized CBF 41y in the postop-
erative period and the decrease at discharge in the CHS
group. Of note, transient asymptomatic cerebral hyper-
perfusion was noted in nonoperated hemispheres,
which might have been attributed to the presence of
circulatory anastomosis and bilateral communication
(i.e., circle of Willis) and the presence of global autor-
egulatory dysfunction.

DCE technique dynamically images the leakage of
gadolinium-based contrast agent from the blood
plasma to extravascular extracellular space in the
brain through the BBB, which serves as a filter. In var-
ious pathological conditions with BBB injury, the dis-
tribution of gadolinilum across the BBB is
different from that in normal brain tissue.®1%13
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Various DCE MR pharmacokinetic models can be
used to calculate the difference in gadolinium distribu-
tion due to the change in BBB permeability, which are
represented by quantitative variables such as K"
(i.e., volume transfer constant between the plasma
and extravascular extracellular space), V. (i.e., fraction-
al interstitial volume), and V,, (i.e., fractional plasma
volume).”?*3 Among the various quantitative DCE-
MRI parameters, K" and V, are thought to be more
direct measures of BBB permeability. Under the cir-
cumstances of mild BBB disruption with negligible
back-diffusion, the Patlak model is considered more
appropriate for the measurement of low BBB perme-
ability because the extended Tofts model, which takes
into account Dback-diffusion, can cause overfit-
ting.””?° 3! However, using the Patlak model, we can
only calculate K" and V,, but not V.. The fact that
V, at the focal perianastomotic area in CHS group
decreased in the postoperative period despite the
increase in CBF implies that the decrease in V, may
reflect BBB impairment in patients with CHS. Previous
studies on migraine and mild TBI have demonstrated
that V, may reflect BBB integrity in CNS pathology
with subtle BBB disruption.”>!

A Yu J et al’s meta-analysis, including 27 cohort
studies, reported that the most common CHS-related
problem was a transient neurologic deficit (70.2%).%*
Transient neurologic deficits included aphasia, head-
ache, hemiparesis and facial palsy, explained as tran-
sient dysfunction due to local hyperperfusion and focal
cerebral edema. In our study, the most common symp-
toms were motor dysphasia, sensory disturbance,
motor weakness, and dysarthria. This finding is con-
sidered to be attributed to the locations of anastomosis
around the functioning cortices. Although ideal selec-
tion of the target recipient arteries remains debatable,
supra-sylvian cortical branches are generally selected as
recipients.*® Therefore, clinical presentations in the
CHS group are likely to correspond to the hyperper-
fused areas close to the anastomosis sites. Usually, two
to three symptoms developed and improved sequential-
ly, which might be explained by the sequential change
in cortical areas with neuronal dysfunction.

At discharge, symptoms nearly improved and CBF
was stabilized, but V,, remained low relative to the
baseline. Previous studies have reported that angiogen-
ic factors and extracellular matrix proteins are overex-
pressed in long-term cortical ischemia in MMD and
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perianastomotic area. Numbers in the lower right corner represent CBF and V,, values in the focal anastomosis area. When deriving
the value of each parameter, the upper and lower 5% values were trimmed to exclude outliers. In this case, CBF gy slightly increases
in the postoperative period and at discharge. Vocay does not differ significantly among the three time points. CBFs.c,)), cerebral

blood flow in the focal perianastomotic area; CHS, cerebral hyperperfusion syndrome; Vi oca, fractional plasma volume in the focal

perianastomotic area.

trigger neovascularization and an increase in BBB per-
meability.** 3¢ Subsequent increases in nitric oxide
expression and free radical production during reperfu-
sion have been reported to cause vasodilation and fur-
ther increase BBB permeability, ultimately leading to
CHS.*” We speculated that the CBF decrease would
lead to the decrease in free radical production, which,
in addition to the activation of the reactive oxygen spe-
cies scavenger system, decreases the oxidative stress
stimuli to less than the threshold of neuronal dysfunc-
tion, resulting in symptom improvement. V,, on the
other hand, might have been maintained low longer
because of residual free radicals, despite the decreased
free radical production and increased activity of the
reactive oxygen species scavenger system.

Careful monitoring and proper control of blood
pressure are the key components in the preventive
and treatment strategies for CHS, while the use of
drugs, such as antioxidants, free radical scavengers,
hypertonic saline, and mannitol, may be considered
in select cases, despite the low clinical evidences.®®
Recently, pretreatment with the free radical scavenger
edaravone has been shown to reduce the occurrence of

hyperperfusion after carotid endarterectomy and
CHS-related  transient neurological deficits in
MMD.***° In addition, Fujimura et al. have reported
that minocycline prevents focal neurological deficits
due to CHS after bypass for MMD by blocking
matrix metalloproteinase, which contributes to edema
formation and hemorrhagic conversion following cere-
bral ischemia-reperfusion.*' Yet, the effects of mino-
cycline and edaravone seem unsatisfactory and
unavailable in some countries. Based on our results in
patients inspired from the animal experiment first report-
ing the association between BBB disruption and CHS,°
BBB-stabilizing drugs may be a useful adjunct to other
strategies to prevent and treat the CHS.

Our study has a few limitations. First, owing to the
retrospective nature of this study, there could have
been selection bias. Second, our total acquisition time
for DCE-MRI was relatively short. Detecting subtle
changes in BBB permeability requires relatively long
measurements so that more contrast agents can enter
the extravascular space. However, the relatively short
acquisition time was partly overcome by the use of
gadobutrol with relatively high T1 relaxivity and the
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Patlak model. Third, this is single center study and the
sample size was relatively small. Thus a further pro-
spective study with a larger sample size is needed for
validation and generalization. Fourth, at discharge,
most of the patients in the CHS group had some resid-
ual symptoms despite considerable recovery, and thus
complete recovery of BBB permeability to the preoper-
ative level could not be confirm in this study. A future
study with a larger study population and a longer
follow-up period is warranted to validate the finding.
Fifth, despite the change in V,,, we found no significant
difference in K" between the CHS and control
groups. This might be partly attributable to the fact
that K" values were very small and had lower repro-
ducibility than V,, values.

In conclusion, an increase in CBF and a decrease in
V,, were observed at the focal perianastomotic areas in
patients with CHS after bypass surgery for cerebrovas-
cular steno-occlusive diseases. Preclinical observations
that BBB disruption may be implicated in the develop-
ment of CHS were confirmed in the human brain using
noninvasive DCE-MRI. Further prospective studies
with larger numbers of participants and longer DCE-
MRI acquisition times are warranted for validation.
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