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Autoregulatory dysfunction in
adult Moyamoya disease with
cerebral hyperperfusion syndrome
after bypass surgery
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Cerebral hyperperfusion syndrome (CHS) is a serious complication after bypass surgery in Moyamoya
disease (MMD), with autoregulatory dysfunction being a major pathogenesis. This study investigated
the change of perioperative autoregulation and preoperative prognostic potentials in MMD with
postoperative CHS. Among 26 hemispheres in 24 patients with adult MMD undergoing combined
bypass, 13 hemispheres experienced postoperative CHS. Arterial blood pressure and cerebral blood
flow velocity were perioperatively measured with transcranial Doppler ultrasound during resting and
the Valsalva maneuver (VM). Autoregulation profiles were discovered in both the CHS and non-CHS
groups using mean flow index (Mxa), VM Autoregulatory Index (VM, ), and a new metric termed VM
Overshooting Index (VM_,)). The CHS group had inferior autoregulation than the non-CHS group as
indicated by VM, on preoperative day 1 and postoperative 3rd day. Deteriorated autoregulation
was observed via Mxa in the CHS group than in the non-CHS group on the postoperative 3rd and
discharge days. Postoperative longitudinal autoregulation recovery in the CHS group was found in a
logistic regression model with diminished group differences over the time course. This work represents
a step forward in utilizing autoregulation indices derived from physiological signals, to predict the
postoperative CHS in adult MMD.

Keywords Bypass surgery, Cerebral autoregulation, Cerebral hyperperfusion syndrome, Moyamoya disease,
Autoregulatory index, Valsalva maneuver overshooting index

Moyamoya disease (MMD) is a progressive occlusive cerebrovascular disease characterized by stenosis in the
internal carotid arteries and the development of collateral vessels!. Although the pathogenesis of MMD is
not fully understood, bypass surgery has shown favorable outcomes in preventing ischemic and hemorrhagic
strokes in patients with MMD?™. Bypass surgery is performed in either a direct®or an indirect>>manner and in
combination to achieve maximal augmentation of cerebral perfusion®”’.

The long-term outcomes of bypass surgery in MMD patients are well documented®?; however, numerous
postoperative complications have been reported®'°. Among them, cerebral hyperperfusion syndrome (CHS),
one of the major complications, is characterized by radiologic evidence of focal hyperperfusion around the
anastomosed arteries and a spectrum of corresponding clinical symptoms such as headache, transient
neurological deficits, seizure and intracerebral hemorrhage!"!2. In patients with MMD who underwent
revascularization surgery, CHS incidence varies from 21.5-31.5%*!!1-13, Postoperative CHS is believed to be
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associated with several factors, including impaired cerebral autoregulation and elevated cerebral blood flow
(CBF)M’lS.

Cerebral autoregulation refers to the ability of cerebral blood vessels to maintain a constant CBF regardless
of the changes in arterial blood pressure (ABP) (or cerebral perfusion pressure, CPP)!6. Typically, cerebral
autoregulation has been evaluated as a static or dynamic relationship between ABP (or CPP) and CBF". The
dynamic cerebral autoregulation assessment methods can be further classified into two major categories:
(1) invoked autoregulation tests that require the application of specific maneuvers to induce changes in CBF
following abrupt changes in ABP and (2) those that can be assessed on the basis of spontaneous fluctuations in
the ABP during restS.

The majority of the literature regarding the risk factors for CHS and hemodynamic changes after
revascularization surgery have utilized radiological modalities such as computed tomography, positron emission
tomography, single photon emission computed tomography (SPECT) and magnetic resonance imaging
(MRI)*1218-21 These imaging modalities are inherently ‘snap-shot’ measures; furthermore, most of these studies
have mainly investigated the changes in regional CBF following an operation. In contrast, transcranial Doppler
ultrasound (TCD), can measure cerebral hemodynamics with excellent temporal resolution; the morphology
of instantaneously induced changes in CBF velocity (CBFv) can be captured, from which meaningful
autoregulatory parameters can be derived. Nevertheless, studies that explored the postoperative occurrence of
CHS, using physiological signal derived autoregulatory parameters have rarely been conducted®>-?. Given the
nature of MMD patients with severe stenosis in intracranial major arteries, it may be more appropriate to assess
dynamic cerebral autoregulation in maneuver-induced conditions to invoke an abrupt and more distinguishable
hemodynamic change. Thus, parameters derived from both spontaneous fluctuations in resting conditions and
invoked hemodynamic change conditions were employed to access autoregulatory function in MMD patients.
We hypothesized that postoperative CHS is associated with impaired cerebral autoregulation and therefore,
this study attempted to examine the changes in physiological signals and the associated autoregulation indices
during the perioperative period, to determine the differences between the non-CHS and CHS groups, to find
strong evidence regarding the pathogenesis of postoperative CHS and to use them in predicting, diagnosing, and
managing postoperative CHS in patients with adult MMD.

Methods

Ethics statement

All procedures performed in this study, were in accordance with the ethical standards of the institutional
committee and with the declaration of Helsinki standards. This study was approved by the institutional review
board of the Seoul National University Hospital (IRB no. 1712-029-904). All patients were informed of the
experimental procedures and the potential risks, and written informed consent was obtained.

Study population

To ensure adequate statistical power, we initially aimed to collect data from 36 hemispheres in total. Among
the adult MMD patients who were scheduled for combined bypass between December 2020 and January 2022,
26 hemispheres in 24 patients all of whom underwent consecutive combined bypass procedures performed by
the experienced neurosurgeon (W.S.C.), were finally enrolled in this prospective study. Exclusions were made
due to technical issues with TCD measurement (n=7), patient discomfort preventing sustained measurement
(n=2) and loss of recorded data (n=1) (Fig. 1). To determine this target sample size, a power analysis was
performed using G*Power?*version 3.1.9.7 to decide the sample size, using the mean and the standard deviation
(SD) obtained from the previous literature?”-?utilizing autoregulatory indices to investigate autoregulatory
function in cerebrovascular disease cohort. Based on the previous literature, we estimated an effect size of 1.3
and the power analysis returned a sample size of 22 hemispheres, considering an alpha of 0.05 and a power of
0.8. We preliminarily determined to collect data from 36 hemispheres in total to account for the possibility
of excluding data (e.g., technical problems, drop out). The inclusion criteria included the following: (1) aged
18 years or older; (2) compatibility with the diagnostic criteria for MMD?’; (3) intracerebral hemorrhage or
recurrent ischemic symptoms, including transient ischemic attack and small cerebral infarction; (4) marked
decrease in basal perfusion and reservoir capacity on brain SPECT and notable perfusion decrease and delay
on brain arterial spin labeling (ASL) MR and (5) no considerable medical history, such as traumatic brain
injury, brain tumor, epilepsy, neuroinflammatory disease, metabolic encephalopathy, neurodegenerative disease,
cardiovascular disease and other severe medical problems.

Surgical procedures

Combined bypass surgery was performed under general anesthesia with intravenous propofol and remifentanil.
During the surgery, arterial PCO2 was maintained at a range of 35 to 40 mmHg, and mild hypothermia at
a temperature level of 34 °C was induced. Systolic and mean blood pressures were basically maintained at
around 120 and 85 mmHg, respectively*®. However, the range of BP control was individualized according to
the preoperative bedside BP and associated clinical symptoms. Direct [anastomosis between the superficial
temporal artery and cortical middle cerebral artery (MCA) branch] and indirect (encephalo-duro-galeo-fascio-
synangiosis) surgeries were combined for the revascularization procedure®**. Detailed descriptions of the
surgical procedure are provided in the supplementary material.

Evaluation and management of CHS

When postoperative CHS occurred, the patients were categorized into the “CHS group’, and the others were
categorized into the “non-CHS group”. The diagnostic criteria of CHS were (1) focal hyperperfusion on brain
SPECT and ASL MRI with no abnormal findings such as infarction and hemorrhage and (2) transient neurological
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Initial inclusion
Adult MMD patients

who underwent combined bypass surgery
between Dec, 2020 and Jan, 2022

36 hemispheres in 33 patients

Excluded

* Technical problems with TCD device (n = 7)*
* Failure of maintaining the measurement (n= 2)
* Loss of recording data (n = 1)

Final inclusion

26 hemispheres in 24 patients®

Fig. 1. Flow chart of patient enrollment. Flow chart demonstrating the cohort selection. *One patient failed
the initial monitoring at the first operation due to technical problems with TCD. However, the patient had a
successful second monitoring at the second operation. TCD, transcranial Doppler ultrasound.

deterioration corresponding well to the hyperperfused area®'22!. Transient neurological symptoms generally
include headache, motor weakness, sensory disturbance, language dysfunction, partial seizure, involuntary
movement, and intracerebral hemorrhage. Seizure and involuntary movement were differentiated based on
the electroencephalographic findings. Brain imaging, such as SPECT, CT, and MRI with diffusion-weighted,
susceptibility-weighted or T2* gradient echo and ASL protocols, was selectively performed at the onset and end
of CHS when the associated symptoms had almost entirely or completely improved. TCD was also conducted
at the same time periods. The aforementioned key assessments for determining the diagnostic criteria for CHS
were conducted by radiologists and/or neurologists, not specifically to differentiate CHS, but to identify the
cause of new symptoms that emerged following surgery. To ensure inter-rater reliability in diagnosing CHS, the
diagnosis was made with careful consideration, based on a consensus formed within the treating team through
a comprehensive evaluation of the available information.

During the postoperative period, the patients were normohydrated, and their hemoglobin levels were kept
between 10 and 11 g/dL. The mean ABP was maintained at the preoperative level + 15 mmHg, with a systolic
ABP less than 140 mmHg. Even after the diagnosis of CHS, the general principles for patient management
were identical to those used in the immediate postoperative period, except that stricter blood pressure control
was implemented and more precise management was adopted based on the patient’s symptoms and vital signs.
Specifically, if CHS occurred, we implemented strict control by maintaining the mean ABP at preoperative
level + 10 mmHg, with a systolic ABP less than 130 mmHg. Other medications, such as edaravone, minocycline,
steroids, and antiplatelet agents, were not newly administered due to insurance coverage policies in our country.

Neurophysiologic monitoring

TCD measurements were implemented bilaterally using 2 MHz transducer probes (Digi-one, Rimed Ltd, New
York, USA) at an insonation level of 45-55 mm to record CBFv in the MCA. Both probes were firmly fixed
in position throughout the experimental procedure with a headset we devised. To ensure the accuracy and
reliability of the CBFv recordings, the TCD measurements were conducted by N.H. and Y.C., both of whom
are experienced neurosurgeons and skilled operators in this field. ABP was measured in the middle finger of
the right hand held at heart level noninvasively and continuously using the volume-clamping method (Finapres
Medical Systems, Amsterdam, The Netherlands).

Physiological signals were measured four times during the admission period according to the protocol:
one day before the surgery (PRE1), within 24 h after the surgery (PODO), the third postoperative day (POD3)
and on the discharge day (DD), among which the PODO recordings were excluded from the evaluation, owing
to insufficient data quality, as all the patients were unable to fully comply with the experimental protocol
immediately after the major brain surgery. The time point for measuring physiological signals corresponding to
DD was scheduled at POD10 in the non-CHS group; however, it varied slightly in the CHS group, with a median
POD of 12.5 (range, POD 8-20), taking each individual patient’s improvements into account.

The experimental protocol began with a resting period of 10 to 15 min in a seated condition. Next, the
patients performed a Valsalva maneuver (VM) by holding their breath for 30 s. The protocols were verbally
instructed, while physiological signals were continuously monitored.
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Data preprocessing and analysis

The ABP signals and the CBFv recordings were acquired at a sampling rate of 200 Hz and recorded for an
off-line analysis. VM phase segmentation was accomplished based on the triggering information (i.e., taking a
tidal breath, breath holding and exhaling period) and the general time trends of ABP during VM. The VM can
be divided into 4 physiological phases, where the characteristics of each phase are as follows: (1) rise of ABP
immediately after the onset of strain, (2) initial drop and partial recovery of ABP with sustained straining, (3)
release of the strain with a sudden drop of ABP, and (4) overshoot and recovery of ABP to the baseline’!~.
Baseline recordings were acquired 30 s before the VM, where ABP and both CBFv measured at ipsilateral
(Ipsi) and contralateral (Contra) to the operation hemisphere were each averaged over the baseline period.
Additionally, the CBFv laterality ratio was computed by the following formula:

Ipsilateral CBFv

1
Contralateral CBFv W

CBFv laterality ratio =

Raw ABP and CBFv recordings were obtained at each of the four phases of the VM by averaging across each
phase. The relative ABP and CBFv of each VM phase were calculated by subtracting the raw ABP and CBFv
(Ipsi) obtained during the baseline period from the raw ABP and CBFv (Ipsi) obtained at each VM phase and
were denoted as the relative ABP and relative CBFv.

To quantify the dynamic autoregulatory response, we utilized three indices: the Valsalva Maneuver
Autoregulatory Index (VM) and mean flow index (Mxa), which are established measures, and the Valsalva
Maneuver Overshooting Index (VMOI), which was first introduced in this study. The VM AP which was first
defined by Tiecks et al*”**3., compares the ABP overshoot with CBFv (Ipsi) overshoot after release of the strain
and is calculated by using the following formula:

(Phase 4 CBFv | Phase 1 CBFwv)
(Phase 4 ABP |/ Phase 1 ABP)

VMar = (2)

Furthermore, to quantify the morphology of transient CBFv response during VM (i.e., overshoot), VM, was
calculated by the magnitude difference between the peak CBFv (Ipsi) during phase 4 of VM and the CBFv (Ipsi)
measured at the corresponding point to the nadir of ABP during phase 3 of VM (Fig. 2A). Specifically, it was
calculated as follows:

VMor =CBFv(X;) — CBFv (Xy) (3)

(X1 = Time point where C BFv is at the peak point during VM Phase 4)

(Xy = Time point where ABP is at the lowest point during VM Phase 3)

Finally, Mxa, a time domain index first developed by Czosnyka et al*., was introduced to assess spontaneous
dynamic cerebral autoregulation. Mxa represents the stability of CBF during changes in CPP or ABP, where
a negative or lack of correlation between ABP and CBFv indicates functional autoregulation®. For the ABP
and CBFv (Ipsi) signals, 10-s averages were calculated using recordings obtained during the resting state (i.e.,
recordings before the beginning of the VM protocol). Then, 30 consecutive 10-s averages of ABP and CBFv (Ipsi)
were used to calculate a single Pearson’s correlation coefficient, where the computations were repeated with a
5-min moving window every 10 s as previously reported®®3. An overview of the autoregulation indices derived
from the physiological recordings during a single trial of resting state and VM is presented in Fig. 2A. The
aforementioned recordings and variables were averaged over two repeated trials with few exceptions of using
single trial values (e.g., the patient did not complete the VM).

A comprehensive analysis was performed using a logistic regression model to find the relation of the multiple
autoregulation indices (i.e., VM,}, VM, and Mxa) to CHS occurrence in all the available recordings along
the longitudinal time axis. For the evaluation, a 5X5 stratified k-fold cross-validation was employed, and
the area under the ROC curve (AUC) was determined. The model using the PREI autoregulation indices as
input variables was further interpreted using a Shapley Additive exPlanations (SHAP) value analysis*. Feature
importance was derived by calculating the effect of a feature on the model, enabling better interpretation of the
results of the logistic regression model. All data preprocessing and analysis were performed using MATLAB
(R2021a; Mathworks, Natick, USA) and Python 3.8.

Statistical analysis

Demographic data are presented as medians with ranges or counts (%), as appropriate. All other data are
reported as medians with interquartile ranges. To calculate the differences between the CHS and non-CHS
groups, the Mann-Whitney U test was used (For certain categorical demographic characteristics, Fisher’s exact
test was applied). To determine the optimal cut-oft value of the PRE1 autoregulation indices for discriminating
between the CHS and non-CHS groups, an AUC analysis with Youden’s J statistic (sensitivity + specificity — 1)
was performed. Wilcoxon signed t-tests were applied to examine the longitudinal change (i.e., from PREI
to DD). Within the VM, phase-wise differences of recordings were explored by using the Friedman test. The
Mann-Whitney U-test was used to analyze longitudinal differences (i.e., from PRE1 to DD) in the AUC derived
from the logistic regression model. In all analyses, P <0.05 was considered statistically significant. All statistical
analyses were performed using the SPSS statistical package version 25.0 (IBM Co., Armonk, NY, USA).
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Fig. 2. Schematic description of the study procedure and representative cases of the CHS and non-CHS
groups. (A) Illustration of the recordings (non-CHS patient) of ABP and CBFv signals obtained during

the resting status (green box outline) and VM (blue box outline). (Mid left panel) Each shaded green box
represents a 5-minute time window for calculating 30 consecutive 10-s averages of ABP and CBFv, obtained
for deriving Mxa. (Mid right panel) Graph illustrating the general VM trends in each phase. The red point
corresponds to the CBFv at the time when ABP is lowest during VM phase 3, and the green point corresponds
to the peak CBFv point. The magnitude difference in CBFv between these two points was defined as VM.

(B) Representative cases of spontaneous dynamic cerebral autoregulation in the non-CHS group. (The red line
indicates the cut-off for discriminating against altered cerebral autoregulation). (C,D) Representative cases of
maneuver associated dynamic cerebral autoregulation in the non-CHS group. (Shaded blue: Phase 4 of the VM
where the notable overshooting phenomenon is presented) (E) Representative cases of spontaneous dynamic
cerebral autoregulation in the CHS group. (FG) Representative cases of maneuver associated dynamic cerebral
autoregulation in the CHS group. (Shaded blue: Diminished overshooting phenomenon is presented). ABP,
arterial blood pressure, CBFv, cerebral blood flow velocity, CHS, cerebral hyperperfusion syndrome, Mxa,
mean flow index, VM, valsalva maneuver, VM, valsalva maneuver overshooting index.

Results

Baseline characteristics and clinical course of CHS

The baseline characteristics of the enrolled patients are shown in Table 1. The median age was 30 years (range
24-37 years), and females were dominant (n=20, 83.3%). Unilateral MMD was identified in four patients
(16.7%). Except for one case of hemorrhagic MMD, all patients initially presented with ischemic symptoms.
In addition, other postoperative complications included transient symptomatic focal infarction in two patients,
permanent symptomatic focal infarction in one patient, and pulmonary thromboembolism in one patient.

Out of 26 hemispheres in 24 patients, 12 patients (13 hemispheres) experienced postoperative CHS. In two
patients who underwent revascularization surgery twice, one patient developed postoperative CHS after both
bypass surgeries at an interval of 6 months. The other experienced CHS only after the first bypass. Postoperative
CHS occurred at a median POD of 6 (range, POD 1-9) and was maintained for a median of 6.5 days (range, 2-15
days). Clinical symptoms included contralateral sensory disturbance in 100%, contralateral motor weakness in
76.9%, language dysfunction in 46.2%, and others such as involuntary movement in one patient, headache in
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Characteristic Total CHS Group | Non-CHS Group | P
Hemispheres/patients 26/24* 13/12 13/13

Demographics

Age, median 30 (24-37) | 30 (22-32) |33 (27-40) 0.153
Sex, Female 20*(83.3) |[11(91.7) 10 (76.9) 0.593
Laterality

Bilateral involvement 20%(83.3) | 11(91.7) 10 (76.9) 0.762
Unilateral involvement 4(16.7) 1(8.3) 3(23.1) 0.511

Initial clinical presentation®

Cerebral ischemia

Infarction 12 (46.2) 7(53.9) 5(38.5) 0.511
Transient ischemic attack 25(96.2) 13 (100) 11 (84.6) 0.511
Cerebral hemorrhage 1(3.8) 0 1(7.7) 0.762
Suzuki grade

Operated hemisphere, median 4 (3-5) 4 (3-5) 4 (3-5) 0.840
Contralateral hemisphere, median | 4 (0-5) 4 (0-4) 4 (0-5) 1.000
Operated hemispheret

Operated hemisphere, Right side | 12 (46.2) 5(38.5) 7 (53.8) 0.695
Medical History

Hypertension 5(20.8) 0 5(38.5) 0.101
Hyperlipidemia 5(20.8) 2(16.7) 3(23.1) 0.762
Diabetes mellitus 4(16.7) 2(16.7) 2(15.4) 1.000
Characteristics of postoperative CHS}

Symptoms

Sensory disturbance NA 13 (100) NA NA
Motor weakness NA 10 (76.9) NA NA
Language dysfunction NA 6(46.2) NA NA
Others NA 4 (30.8) NA NA
Onset, POD NA 6 (1-9) NA NA
Duration, days NA 6.5 (2-15) NA NA

Table 1. Baseline characteristics. Data are number of patients (%) and median (range) for continuous variables
unless mentioned specifically. CHS Cerebral hyperperfusion syndrome, NA not applicable, POD postoperative
day. “One patient underwent bypass surgery for both hemispheres in an interval of 6 months and experienced
CHS after each surgery. The other patient underwent bilateral bypass surgery in an interval of 1 month and
experienced CHS just after the first surgery. "Number of hemispheres (%).

one, subarachnoid hemorrhage in one and agraphia in one. Most of the sensory disturbance and motor weakness
were present in the arm, hand and face.

Comparison of the physiological parameters between CHS and non-CHS groups

Representative recordings of the physiological signals (i.e., ABP and CBFv) during the VM and physiological
signal derived autoregulation indices are shown in Fig. 2B-G. The observed trend of ABP and CBFv signals
during each VM phase in the non-CHS group is consistent with previous studies (Fig. 2C,D)*!-33. Evident VM
trends are shown in both relative ABP and relative CBFv (with respect to the baseline measurements) with the
elimination of individual variability (Fig. 3). VM phase-wise differences in both ABP and CBFv were present
in all the available recordings at PRE1, POD3 and DD (P<0.001). The median values of the relative CBFv
(VM phase 4) before the operation were 4.616 and 0.589 cm/s in the non-CHS and CHS groups, respectively
(P=0.016). Similarly, a difference in the relative CBFv (VM phase 4) was noted in the POD3 recordings (median:
6.730 in the non-CHS group versus 3.669 cm/s in the CHS group; P=0.041), where blunted overshoot could be
expected in the CHS group. However, these differences in the relative CBFv (VM phase 4) were not shown in the
DD recordings (P=0.591).

Baseline data (ABP, CBFv, CBFv laterality ratio) before the VM were also explored to find the association
between the presence of CHS and physiological parameters (Table 2). The ABP and CBFv measured from both
the ipsilateral and contralateral hemispheres did not differ between the non-CHS and CHS groups. The CBFv
laterality ratio measured after the operation, however, showed significant differences between the non-CHS and
CHS groups (P=0.037 and 0.018 for POD3 and DD, respectively).

Comparison of the autoregulation indices between the CHS and non-CHS groups
The differences between the CHS and non-CHS groups in terms of the autoregulation indices are summarized
in Table 2. The VM, values were statistically insignificant during the perioperative period. VM, measured at
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Fig. 3. Relative ABP and CBFv during the VM in all the available recordings. (A) PRE1. (B) POD3. (C) DD.
(non-CHS group: light green, CHS group: light yellow). *P <0.05.

PREI and POD3 was significantly lower in the CHS group (P=0.001 and 0.029, respectively). However, VM,
measured at DD became statistically insignificant (P=0.270). Mxa measured at PRE1 was insignificant between
the groups; however, Mxa measured at POD3 and DD was higher in the CHS group (P=0.020 and 0.023,
respectively). Additionally, the autoregulation indices derived using CBFv (Contra) did not differed between the
CHS and non-CHS groups during the perioperative period.

Longitudinal changes in the autoregulation indices

The changes in the autoregulation indices over time (i.e., from PRE1 to DD) are shown in Fig. 4. In the CHS
group, the median VM, changed from 0.952 to 0.978 and to 0.973 toward the DD [P=0.004 (PRE1 - POD3),
0.476 (POD3 - DD) and 0.034 (PRE1 - DD)]. VM, tended to increase over time, with median values of 12.345,
15.819 and 20.640 cm/s [P=0.021 (PREI - POD3), 0.004 (POD3 - DD) and 0.001 (PRE1 - DD)]. In the CHS
group, significant differences over time were not found in the Mxa, where the median value increased on POD3
from 0.205 to 0.318 and then decreased on the DD to 0.315 [P=0.173 (PREI - POD3), 0.426 (POD3 - DD) and
0.217 (PRE1 - DD)]. In the non-CHS group, Mxa gradually decreased along the time axis [median 0.238, 0.181
and 0.077; P=0.570 (PREI - POD3), 0.191 (POD3 - DD) and 0.036 (PRE1 - DD)].

A comprehensive analysis was conducted using a logistic regression model with multiple cerebral
autoregulation indices, and the AUC score for differentiating the CHS and non-CHS groups is shown in Fig. 5.
The median AUC scores of the logistic regression model when using three features (i.e., VM,;, VM, and Mxa)
were 0.889, 0.778 and 0.667 for PRE1, POD3 and DD, respectively [P=0.674 (PRE1 - POD3), 0.001 (POD3
- DD) and 0.001 (PRE1 — DD)]. It can be inferred that the difference between the CHS and non-CHS groups
decreases as the median AUC score decreases over time.

Preoperative autoregulation indices for predicting CHS

Based on an AUC analysis with Youden’s J statistic, the optimal cut-off values of the PRE1 autoregulation indices
for distinguishing the CHS and non-CHS groups were determined (Fig. 6A). VM, had an AUC of 0.838
(0.684-0.992) with a Youden index of 14.762 cm/s for differentiating the two groups. Similarly, AUCs of 0.676
(0.479-0.873) and 0.557 (0.338-0.776) with a Youden index of 0.994 (a.u.) and 0.181 (a.u.) were found for VM, |
and Mxa, respectively (Table 2; Fig. 6A). In addition to a single inspection of each autoregulation index, feature
importance and SHAP value were discovered to further interpret the derived PRE1 AUC score of the logistic
regression model. The VM, was found to be the most critical feature, and the SHAP value indicates that low
values of VM, contribute positively to CHS prediction, meaning that the patients from the CHS group have a
lower value of VM, than the patients from the non-CHS group (Fig. 6B,C). Similar but less distinct distributions
of SHAP values were observed in VM, with a lower feature importance than that of VM;;. Mxa had the least
impact on the performance of the logistic regression model with the blurred distribution of the SHAP value, and
these results are in line with the probability value obtained from the conventional statistical analysis.

Discussion
Impaired autoregulation has long been thought to be the primary pathophysiology for the occurrence of
CHS. Evidence supporting this claim has been occasionally presented in imaging and neurophysiology
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Variables CHS group non-CHS group Evaluation

Median (IQR) AUC (95% CI) P
Baseline physiological parameters
PRE1
ABP, mmHg 85.335 (72.216-91.485) | 79.856 (69.521-88.481) | 0.571 (0.356-0.787) | 0.533
CBFv (Ipsi), cm/s 65.420 (43.987-120.785) | 65.212 (52.304-78.634) | 0.567 (0.343-0.791) | 0.561
CBFv (Contra), cm/s | 64.818 (50.798-108.098) | 61.132 (46.036-72.678) | 0.614 (0.403-0.826) | 0.310
CBFv laterality ratio | 0.981 (0.790-1.227) 1.017 (0.801-1.770) 0.581 (0.367-0.795) | 0.477
POD3
ABP, mmHg 86.056 (75.353-96.827) | 80.690 (69.353-85.088) | 0.676 (0.479-0.873) | 0.112
CBFv (Ipsi), cm/s 70.485 (61.004-79.659) | 86.669 (57.516-98.832) | 0.586 (0.366-0.805) | 0.451
CBFv (Contra), cm/s | 68.901 (58.407-116.793) | 55.605 (50.297-72.711) | 0.729 (0.544-0.914) | 0.037
CBFv laterality ratio | 0.869 (0.639-1.407) 1.242 (1.072-1.559) 0.729 (0.537-0.921) | 0.037
DD
ABP, mmHg 75.920 (72.724-84.528) | 77.771 (74.268-86.875) | 0.562 (0.349-0.774) | 0.591
CBFv (Ipsi), cm/s 64.375 (53.491-94.950) | 87.164 (63.513-106.176) | 0.648 (0.443-0.852) | 0.186
CBFv (Contra), cm/s | 63.157 (56.233-77.238) | 54.873 (39.402-65.429) | 0.671 (0.472-0.871) | 0.123
CBFv laterality ratio | 0.923 (0.813-1.344) 1.551 (1.052-1.898) 0.757 (0.577-0.937) | 0.018
Autoregulation Indices
PRE1
VM, cm/s 12.345 (8.771-14.270) 19.757 (16.346-20.931) | 0.838 (0.684-0.992) | 0.001
Mxa 0.205 (0.103-0.421) 0.238 (0.203-0.306) 0.557 (0.338-0.776) | 0.621
VM, 0.952 (0.886-0.972) 0.979 (0.944-1.049) 0.676 (0.479-0.873) | 0.112
POD3
VMg, cm/s 15.819 (11.895-19.834) | 20.656 (16.172-31.050) | 0.738 (0.556-0.920) | 0.029
Mxa 0.318 (0.270-0.367) 0.181 (0.097-0.293) 0.752 (0.569-0.936) | 0.020
VM, 0.978 (0.948-1.020) 0.956 (0.925-1.076) 0.519 (0.300-0.738) | 0.880
DD
VM, cm/s 20.640 (15.125-24.315) | 16.898 (14.083-21.447) | 0.624 (0.416-0.832) | 0.270
Mxa 0.315 (0.199-0.512) 0.077 (-0.031-0.200) 0.748 (0.561-0.934) | 0.023
VM, 0.983 (0.949-1.041) 0.973 (0.900-1.039) 0.567 (0.353-0.781) | 0.561

Table 2. Comparison of baseline physiological parameters and autoregulation indices between the CHS

and non-CHS groups. Significant P-value (P <0.05) are bolded for ease of identification. ABP arterial blood
pressure, AUC area under the receiver operating characteristic curve, CBFy cerebral blood flow velocity, CHS
Cerebral hyperperfusion syndrome, CI confidence interval, DD discharge day, IQR interquartile range, Mxa
mean flow index, POD3 postoperative day 3, PRE1 one day before the surgery, VM, Valsalva maneuver
Autoregulatory index, VM, Valsalva maneuver overshooting index.
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Fig. 4. Boxplots of the cerebral autoregulation indices. (A) VM . (B) VM. (C) Mxa. (PREI: light blue,
POD3: light green, DD: light yellow). *P < 0.05, **P<0.01.
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Fig. 5. Comprehensive analysis of longitudinal change in the autoregulation indices. AUC score (5% 5
stratified k-fold) of the logistic regression model using three cerebral autoregulation indices (VM,;, VM, and
Mxa). **P<0.01.
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Fig. 6. Statistical analysis and logistic regression model interpretation of PRE1 recordings. (A) ROC curves of
the three autoregulation indices (VM, VM, , Mxa) for the differentiation of the CHS and non-CHS groups
(the best cut-off points that are equivalent to measuring the J of Youden Index are marked along with the false
positive rate and true positive rate corresponding to the cut-off points). (B) Feature importance of the logistic
regression model. (C) SHAP value of the logistic regression model.

studies™!>18-2141 There have been only a few studies?*** that have examined the incidence of CHS following
bypass surgery in patients with MMD, solely using physiological signals. Therefore, the following research
objectives were established to validate this claim. We (1) examined hemodynamic differences between the
non-CHS and CHS groups, (2) evaluated postoperative changes in autoregulation indices derived from ABP
and CBFv recordings, and (3) investigated the potential of preoperative autoregulation indices for predicting
CHS before revascularization. The autoregulatory function was measured in MMD patients perioperatively,
using autoregulation parameters derived from both spontaneous and maneuver-induced condition. Before the
operation, a higher VM, value was observed in the non-CHS group than in the CHS group, suggesting that
the autoregulation function of the non-CHS group was superior to that of the CHS group. These findings were
similarly observed at POD3, while the differences were not present at DD. With the exception of PRE1, Mxa was
significantly higher in the CHS group than in the non-CHS group, indicating that the CHS group had worse
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autoregulation ability. A recovery of autoregulatory function was observed in the CHS group based on the results
of VM,,; and VM. In light of these findings, it is evident that patients experiencing postoperative CHS possess
a diminished level of autoregulatory function. Additionally, among the different autoregulatory indices, VM,
was the most potent predictor of postoperative CHS.

Incidence of CHS after revascularization procedure

The occurrence of postoperative CHS at our center, Seoul National University Hospital, is higher than typically
reported, as documented in our earlier publications**2. This may be attributed to several factors: (1) surgeries at
our institution primarily involve unstable patients with hemodynamic instability and recurrent or progressive
TIA or cerebral infarctions, (2) most patients are in advanced stages of Moyamoya disease (Suzuki grades 4-5),
and (3) all bypass procedures specifically targeted recipient arteries supplying eloquent brain regions, which
inherently increases the risk of postoperative CHS.

Hemodynamic differences between CHS and non-CHS

In this study, postoperative ABP and CBFv on the operated hemisphere measured before the VM did not differ
significantly between the groups with and without CHS. Existing literature also states that the presence of CHS
after revascularization surgery may not necessarily be associated with an increase in CBF or CBFv*>*4- However,
the relative CBFv (with respect to the baseline measurements) during phase 4 of the VM revealed a severely
reduced overshoot in patients with postoperative CHS. This event of overshooting during VM (phase 4) for
other medical conditions is documented in a few other studies*”*>; however, this phenomenon is approximated
by simply taking into account the mean CBFv during VM (phase 4). Hence, we defined VM, to quantify this
phenomenon during VM (phase 4), based on the magnitude change in CBFv after the release of the strain.
Besides the VM, there are other non-pharmacological approaches used for measuring dynamic cerebral
autoregulation, such as the transient hyperemic response test (THRT)*. This test measures the response of the
CBFv to brief (5-sec) compression of the carotid artery”’. The mechanism of VM, can be explained in a similar
manner to that of THRT, as the CBFv overshooting action after the release of the strain is assessed. This suggests
that a higher value of VM, may be a clinical indicator of intact cerebral autoregulation, which is consistent with
our findings that the non-CHS group has a higher VM, value than the CHS group. The ‘Mxa has been reported
to be an effective index for assessing cerebral autoregulation in a variety of studies involving different types of
medical conditions®***3. In the present study, the level of Mxa varied according to whether CHS took place after
the operation, where reduced cerebral autoregulation denoted as a higher value of Mxa, was associated with
the development of CHS. MMD patients who are required to have bypass surgery have severe stenosis in the
intracranial arteries. Therefore, in the context of assessing autoregulatory function in MMD, parameters such as
VM, which measures autoregulatory function based on extreme and excessive hemodynamic changes, should
be utilized in conjunction with autoregulatory parameters derived from spontaneous conditions with subtle
hemodynamic changes.

Recovery of cerebral autoregulatory function after surgery

There is evidence that cerebral autoregulation is affected by revascularization surgery, and previous reports
indicate that the process of stabilizing and recovering autoregulatory function may take some time***°. Therefore,
in this study, the longitudinal change in the various cerebral autoregulation parameters after the operation was
further investigated. Our results show that this longitudinal change was particularly pronounced in patients
with postoperative CHS. Moreover, the comprehensive analysis using a logistic regression model demonstrated
that the autoregulatory function in the CHS group tended to become comparable to that in the non-CHS group
over time. Under the assumption that the autoregulatory function in the non-CHS group remained relatively
intact although normal autoregulatory function in the normal control was not included, we can conclude that
the autoregulatory function in the CHS group recovered to a similar status as cerebral autoregulation in the
non-CHS group over time.

Prognostic value for postoperative management of CHS

Identifying patients who may be at risk of developing postoperative CHS is essential, as early detection would
help them to cope with significant complications®!. In this study, we sought to determine the prognostic value
of cerebral autoregulation indices before bypass surgery. In previous studies**?, the cut-off value for Mxa
discriminating altered cerebral autoregulation was 0.3 (a.u.); however, in the present study, the optimal cut-off
value for Mxa was determined to be 0.181 (a.u.). The threshold for determining intact cerebral autoregulation
can vary depending on the targeted clinical status and methodological approach used for calculating Mxa™.
Previous studies regarding autoregulatory function have typically focused on survival versus death or mild versus
severe neurological status in patients with severe traumatic brain injury. However, we targeted the occurrence
of postoperative CHS, which would be determined on the better range of autoregulatory function. Similarly, for
VM, , the threshold for discriminating between the two groups was 0.994 (a.u.) in this study, whereas previous
studies reported that the threshold for distinguishing dysfunction in autoregulation from intact autoregulation
was 1.000 (a.u.)*** Lastly, the discrimination threshold of VM, between the CHS and non-CHS groups was
14.762 cm/s. Since the quantified index capturing the actual magnitude change of an overshooting event is
first introduced in this study;, its usefulness should be clarified in future studies utilizing this index. These three
indices associated with autoregulatory function are expected to be used prior to surgery as prognostic values of
the occurrence of postoperative CHS.
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Limitations

The present study has the following limitations. First, this was a single institution study with a limited number of
participants. To advance the understanding of these autoregulatory indices and their clinical applicability, future
research should aim to employ a larger and more sufficient sample size. Additionally, it would be beneficial to
compare the proposed metric, VM, with established markers such as VM,; and Mxa in healthy subjects to
assess its reflection of cerebral autoregulation and its relationship with traditional metrics. Second, extended
research with consideration of multiple factors (e.g., baroreceptor-reflex breakdown, axon-like trigeminovascular
reflex) other than autoregulation indices that may contribute to postoperative CHS development will be
needed'*. Third, when performing statistical comparisons, the samples from each group must be independent
and randomly distributed. Therefore, when including both hemispheres in the analysis, generalized estimation
equation (GEE) analysis is typically employed. However, since only two patients underwent bilateral surgeries
in this study, GEE was not applied in this study. In future studies, if we include more subjects with bilateral
surgeries, we plan to utilize the GEE method to account for this. Forth, the DD recordings used in this study
varied, especially in the CHS group, in which some patients completely recovered from postoperative CHS at
discharge, and the others were discharged with mild but residual symptoms. It might be more appropriate to
evaluate the patients based on the recordings obtained on the same day as well as the recordings at discharge
when the CHS related symptoms had completely disappeared. Lastly, the increased thoracic pressure during
the VM could potentially reduce venous outflow, which could, in turn, diminish arterial inflow. In patients
with MMD, who already have compromised cerebral vasculature, this reduction in arterial inflow could further
exacerbate ischemia. To account for these considerations, future studies involving VM in MMD patients may
include venous outflow measurements.

Conclusion

CHS is one of the serious complications after direct bypass surgery in patients with adult MMD. Its development
has long been thought to be related to impairment of cerebral autoregulation; however, this has rarely been
proven. This study demonstrated that impaired cerebral autoregulation seems to be the main pathophysiology
of postoperative CHS. Autoregulation indices based on physiological signals was effective in evaluating cerebral
autoregulatory function during the perioperative period and in predicting the postoperative CHS in a high
likelihood. Further studies are expected to validate the usefulness of autoregulation indices as a sensitive
indicator of the occurrence of postoperative CHS.

Data availability

The data that support the findings of this study are available from the corresponding author upon reasonable re-
quest. The data are not publicly available due to their containing information that could compromise the privacy
of research participants.
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