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Abstract
Introduction: Postoperative hyperperfusion syndrome (PHS) is a well-known complication following

superficial temporal artery (STA)-middle cerebral artery (MCA) bypass for moyamoya disease (MMD).

The early detection of postoperative radiological hyperperfusion (PRH), characterized by a transient
increase in local cerebral blood flow (CBF), is crucial for the early diagnosis of PHS. This study aimed
to investigate the effectiveness of waveform analysis for early PRH detection.

Methods: We reviewed 52 consecutive patients who underwent STA-MCA bypass for MMD. Patients
were divided into PRH and non-PRH groups based on the postoperative/preoperative CBF ratio. We
collected the intraoperative bypass graft waveform and bypass flow data using a flowmeter. The
pulsatile index (Pl), an indicator of peripheral vascular resistance (PVR), was calculated from bypass
flow data. Next, the newly proposed index of PVR, the ratio of the time from peak to 50% decay and
to 100% decay (RT50), was calculated through waveform analysis. The values were then compared
between the PRH and non-PRH groups.

Results: Twenty-seven of the 52 patients met the inclusion criteria. Fourteen of these 27 patients
showed PRH. The RT50, but not the PI, was significantly higher in the PRH group. Linear regression
analysis revealed a significant correlation between the RT50 and PI. In the receiver operating
characteristic for predicting PRH, the area under the curve of RT50 was 0.750, with a cutoff value of
0.255, a sensitivity of 0.928, and a specificity of 0.500.

Conclusion: The RT50 obtained from waveform analysis is associated with PVR and can be useful for
the early detection of PRH in patients with MMD.
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Introduction

Superficial temporal artery (STA)-middle cerebral artery (MCA) bypass is an effective
revascularization technique to prevent future strokes in moyamoya disease (MMD) [1-5].
Postoperative hyperperfusion syndrome (PHS) is a well-known postoperative complication that can
cause transient focal neurological deficits, vasogenic edema, and delayed intracranial hemorrhage [6-
9]. PHS remains a major clinical challenge in terms of the prescriptive factor of clinical outcomes after
revascularization surgery. Postoperative radiological hyperperfusion (PRH), characterized by a focal
increase in cerebral blood flow (CBF), is a useful predictor of PHS [6-9]. Appropriate blood pressure
control is crucial in reducing the risk of PHS after the detection of PRH by postoperative single-
photon emission computed tomography (SPECT) [7]. However, PHS can occur immediately after or
even during surgery [9], necessitating an earlier detection method. Intraoperative measurement of
bypass blood flow using a flowmeter is a potential alternative for earlier detection of PHS [10-12]. In
addition to blood flow values, this device can provide waveforms containing information about
peripheral vascular resistance (PVR) [13]. In MMD, chronic hypoperfusion induces vasodilation of the
ischemic territories through the vascular autoregulatory system, leading to decreased PVR, one of
the underlying mechanisms of PHS [9]. Therefore, we hypothesized that the measurement of PVR by
intraoperative waveform analysis would be useful for the early detection of PRH.

Materials and Methods

Inclusion criteria of patients

We reviewed a consecutive series of 52 patients with MMD who underwent STA-MCA bypass and
encephalo-duro-myo-synangiosis (EDMS) between January 2021 and March 2022. The inclusion
criteria were as follows: 1) patients who underwent intraoperative blood flow measurement and 2)
patients who were assessed by SPECT before and after surgery. The diagnosis of MMD followed the
previous literature [14]. Surgical indication was decided on the basis of a comprehensive assessment,
which considered the following: presence of ischemic symptoms or a history of posterior
hemorrhage [15], evident hemodynamic compromise on SPECT, independent activities of daily living,
and the absence of cerebral infarction that exceeded the vascular territory of a major branch of the
MCA.

Surgical procedure

All patients underwent STA-MCA anastomosis with EDMS under general anesthesia by a single
surgeon (H.E.). Craniotomy was performed around the sylvian fissure end. The stump of the STA,
either the frontal or parietal branch, was anastomosed to the M4 segment of the MCA, followed by
EDMS. The patency of the STA-MCA anastomosis was confirmed by intraoperative indocyanine green
video angiography and Doppler ultrasonography [7, 16].

Intraoperative bypass flow measurement and waveform analysis

Intraoperative measurement of bypass flow was conducted using a flexible perivascular flow probe
(HQN-1.5 MB-1.5 mm, HQN-2 MB-2.0 mm; Transonic Systems Inc., Ithaca, NY, USA) and a transit time
flowmeter (HT353, Transonic System, Ithaca, NY, USA). This device provided quantitative blood flow
data, including maximum flow (mL/min), minimum flow (mL/min), mean flow (mL/min), and a
waveform of the bypass graft. Using these quantitative blood flow data, the pulsatile index (PI), an
indicator of PVR, was calculated using the following equation [17]:

PI = (max flow - minimum flow) / (mean flow)

In addition, we performed original waveform analysis to assess PVR based on the idea that waveform
changes reflect PVR [13]. The averaged blood flow waveform was obtained from 10-s measurements
(MATLAB 2019a, The MathWorks Inc., Natick, MA, USA). A peak of the averaged waveform was set as
the reference point of the time course. The ratio of the time from peak to 50% decay and to 100%
decay (RT50) was calculated using the following equation:

RT50 = (Time from peak to 50% decay) / (Time from peak to 100% decay)

An example of RT50 calculated from the averaged waveform is displayed in Figure 1.

Radiological evaluation
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Pre- and postoperative CBF was assessed using the autoradiographic method with 23|-
iodoamphetamine (IMP)-SPECT (Infinia Hawkeye 4; GE Healthcare, Tokyo, Japan) [18]. Preoperative
CBF measurements were typically obtained within 2 months prior to surgery. We quantitatively
measured the CBF by manual definition of a region of interest (ROI) with a diameter of 1 cm at the
exact vascular territory supplied by the bypass and the ipsilateral cerebellum [18]. The exact vascular
territory supplied by the bypass was determined by comparing the original axial slice on
postoperative magnetic resonance arthrography (MRA) and 12|-IMP SPECT. Both the pre- and
postoperative CBF values were adjusted by the CBF value of the ipsilateral cerebellar hemisphere to
calculate the postoperative/preoperative CBF ratio within the ROI [18]. PRH was defined as a greater
than 120% increase in the postoperative/preoperative CBF ratio. Although the definition of RHP
varies among previous studies [7-9, 19], we defined the threshold of RHP as 120% increase to detcect
mild hyperperfusion.

Statistical analysis

We performed a comparative analysis between the non-PRH and PRH groups using the RT50, P,
maximum flow, mean flow, minimum flow, preoperative CBF, temporary occlusion time, diameter of
recipient artery, and diameter of STA, which are reported potential risk factors for PHS [10-12. 20-
22]. The Wilcoxon rank-sum test or Peason’s chi-square test was applied for the comparisons
between the two groups, and a linear regression analysis was conducted to examine the relationship
between the postoperative/preoperative CBF ratio and the aforementioned parameters. Receiver
operating characteristic (ROC) analysis was used to assess the accuracy of the RT50 and preoperative
normalized CBF for the detection of PRH [9. 23]. Statistical analyses were performed using JMP Pro
12 (SAS Institute, North Carolina, USA), and significance was defined at a p-value of 0.05.

Results

Twenty-seven patients met the inclusion criteria. Fourteen (52%) of the 27 patients exhibited PRH;
the median age at surgery was 42 (range: 17-66), 11 (79%) patients were female, 6 (43%) had left-
side surgery, 2 (14%) had hemorrhagic onset, and 12 (86%) had ischemic onset. The clinical
backgrounds of the 13 patients in the non-PRH group were as follows: the median age was 35 years
(range: 24-65), 10 (77%) patients were female, 5 (38%) had left-side surgery, 4 (31%) had
hemorrhage onset, and 8 (62%) had ischemic onset. There were no statistical differences in these
background factors between the two groups. Four out of 27 patients (15%) developed PHS, and all of
them were included in the PRH group (31%). In four patients with PHS, one patient had intracerebral
hemorrhage and the other three manifested transient neurological deficits. None of these events
affected the clinical outcomes.

Next, we compared the intraoperative and neuroradiological data between the PRH and non-PRH
groups (Figure 2, a—i). Among the variables compared, only the RT50 was significantly different
between the two groups; the PRH group demonstrated a higher RT50 than the non-PRH group (p =
0.047) (Fig. 2a). In the linear regression analysis investigating the correlation between the RT50 and
other variables, a significant correlation was found only between Pl and RT50 (y = 1.26-1.68x, R-
square: 0.35, p = 0.001) (Supplementary Figure). In the ROC analysis to predict PRH, the area under
the curve (AUC) of RT50 was 0.750, with a cutoff value of 0.255, a sensitivity of 0.928, and a
specificity of 0.500, whereas the AUC of preoperative CBF was 0.565, with a cutoff value of 0.644, a
sensitivity of 0.29, and a specificity of 0.00 (Figure 3).

Representative case

A 45-year-old male presented with transient left upper limb weakness and was diagnosed with MMD
through neuroradiological assessment, including digital subtraction angiography, which revealed
Suzuki stage 3 MMD in the right hemisphere (Fig. 4a). MRI revealed scattered old infarctions, and
SPECT showed a significant CBF decrease in the right MCA area (not shown). Because the patient was
diagnosed with symptomatic MMD with impaired cerebral hemodynamics, we performed STA-MCA
anastomosis in the right hemisphere (Fig. 4b). Intraoperative flowmeter analysis for the STA graft
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showed a maximum flow of 165.7 mL/s, a mean flow of 118.8 mL/s, a minimum flow of 85.0 mL/s, a
Pl of 0.68, and an RT50 of 0.27 (Fig. 1a). The patient was awake after surgery without any
neurological deterioration. Postoperative MRA showed good patency of the bypass graft (Fig. 4c).
SPECT the day after surgery revealed a 233.9% CBF increase at the site of anastomosis, indicating
RHP (Fig. 4d, right). Based on the results of waveform analysis and SPECT, we managed this patient
with strict blood pressure control to prevent the development of HPS. The patient remained
symptom-free and was discharged 8 days after surgery. Figure 1a is averaged waveform of this
patinet, and figure 1b is averaged waveform of a non-RHP patient (RT50: 0.14, 113.4% CBF increase).

Discussion

This study is the first to demonstrate the utility of waveform analysis of the bypass graft for
predicting PRH in MMD. The RT50, the original value calculated from the waveform analysis as the
index for PVR, was found to be significantly higher in the PRH group. ROC analysis showed that the
RT50 can be a more useful factor than preoperative CBF status for predicting PRH.

A blood flow wave is observed as the sum of a forward wave from the heart and a backward
reflected wave. In general, the amplitude and speed of the backward wave are positively correlated
with impedance, such as PVR, and the backward wave causes flow to change in the opposite
direction [13]. Hence, the amplitude and speed of the backward wave become lower and slower
under the condition of decreasing PVR. Consequently, the amplitude of the observed flow wave rises,
and the downhill slope of the observed wave is gradual, increasing the RT50. The Pl can be used to
evaluate the PVR, and an increased Pl can indicate an increased PVR in the distal vascular territories
[17]. We confirmed a strong negative correlation between RT50 and PI, which suggests that a higher
RT50 indicates decreased PVR. Therefore, the higher RT50 in the PRH group was thought to reflect
decreased PVR in the PRH group compared with that in the non-PRH group. In contrast, there were
no significant differences in Pl between the two groups. It is important to note that factors such as
age and sex can influence the Pl [24], affecting the results of this study.

Contrary to previous reports, there were no significant differences in blood flow value, preoperative
CBF, and diameter of the bypass graft between the two groups in our study. Differences in sample
size, timing of SPECT, definition of PRH, and surgical methodology are plausible reasons for this.
Blood flow values are easily influenced by factors such as blood pressure, cardiac output, and
diameter of the bypass graft. In contrast, waveform analysis is less susceptible to these factors
because both forward and backward waves are equally affected, canceling out the influence of these
factors.

One of the limitations of this study is the small sample size collected in a single center. This may
have affected the non-significant correlation between the RT50 and the postoperative/preoperative
CBF ratio (Supplementary Figure), whereas the RT50 was significantly higher in the PRH group. The
limited sample size also prevented reliable multivariate analysis, emphasizing the necessity for
further investigations with larger cohorts. Moreover, we did not compare the waveform analysis and
cerebrovascular reserve capacity (CVR), which are also associated with PVR [25]. The ROC analysis of
the RT50, which indicated high sensitivity and low specificity, facilitates the creation of multimodal
models, including waveform analysis and CVR, in the future.

Conclusion
Waveform analysis is a noninvasive and real-time tool that can be useful for the early detection of
PRH in patients with MMD.
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Figure legends
Fig. 1. Averaged waveform of blood flow. The ratio of time from peak to 50% decay and to 100% decay (RT50) was
calculated as A/B. (a) Averaged waveform of RHP patient. (b) Averaged waveform of a non-RHP patient.

Fig. 2. Box-whisker plot of non-postoperative radiological hyperperfusion (PRH) and PRH by (a) RT50, (b)
pulsatility index, (c) maximum flow, (d) mean flow, (e) minimum flow, (f) normalized preoperative cerebral blood
flow (CBF), (g) temporary occlusion artery, (h) diameter of recipient artery, and (i) diameter of superficial
temporal artery (STA). RT50: ratio of time from peak to 50% decay and to 100% decay.

Fig. 3. Receiver operating characteristic analysis for evaluating the performance of RT50 and normalized
preoperative cerebral blood flow (pre-CBF) for the detection of radiological hyperperfusion.

Fig. 4. (a) Preoperative digital subtraction angiography of the right internal carotid artery (b) Intraoperative image
of anastomosis of the right supratemporal artery (arrowhead) and right middle cerebral artery (M4) (arrow). (c)
Postoperative magnetic resonance angiography 2 days after surgery demonstrated patency of the bypass artery
(arrowhead). (d) Preoperative (left) and postoperative (right) single-photon emission computed tomography.
Increased local cerebral blood flow was observed in the right frontal region where superficial temporal artery and
middle cerebellar artery anastomosis was performed (arrowhead).
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