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Abstract  22 

Negative remodeling, characterized by a decrease in the outer diameter of cerebral arteries, is a hallmark of 23 

moyamoya disease (MMD). Postoperative fluid-attenuated inversion recovery (FLAIR) cortical 24 

hyperintensity (FCH), indicative of leptomeningeal vasogenic edema, and indirect bypass development are 25 

also distinctive features. We investigated the relationships between negative remodeling and these 26 

postoperative phenomena. We analyzed 42 hemispheres from 37 adult patients with MMD who underwent 27 

combined direct and indirect revascularization. Negative remodeling was assessed by measuring the 28 

terminal portion (C1) vessel diameter of the internal carotid artery on preoperative heavy T2-weighted 29 

images. FCH was scored from 0 to 6 based on its extent on FLAIR images obtained 2 days 30 

postoperatively; indirect bypass development was evaluated qualitatively using magnetic resonance 31 

angiography 6 months post-surgery. The participants’ median age was 45 years; 76% were female and 32 

90% presented with ischemic onset. The median C1 diameter was 2.39 mm, median FCH score was 2.5, 33 

and favorable indirect bypass development was observed in 64% of cases. Smaller preoperative C1 34 

diameters (2.27 mm vs. 3.02 mm, p<0.0001) and higher FCH scores (median 3 vs. 2, p<0.05) correlated 35 

with favorable indirect bypass development. Smaller C1 diameters also aligned with extensive FCH (2.94 36 

mm vs. 2.20 mm, p<0.001). Multivariate analysis revealed a significant association between reduced 37 

preoperative C1 diameter and favorable indirect bypass development (odds ratio 0.019, 95% confidence 38 

interval 0.010–0.17, p<0.01). These findings suggest that advanced intracranial vascular remodeling in 39 

MMD correlates with vascular vulnerability and favorable indirect bypass development. 40 

Keywords: moyamoya disease, negative remodeling, indirect bypass, FLAIR cortical hyperintensity, 41 

vascular vulnerability 42 

43 



 

3 

 

Introduction 44 

Moyamoya disease (MMD) is a steno-occlusive cerebrovascular disorder characterized by progressive 45 

supraclinoid internal carotid artery (ICA) occlusion and abnormal vascular network formation [1-3]. 46 

Recent vessel wall imaging studies have revealed that a decrease in the outer diameter of the carotid fork, 47 

alongside inner lumen stenosis, is a characteristic phenomenon of MMD [4, 5]. This vascular negative 48 

remodeling progresses with advancing disease stage [4, 6, 7]. Thus, this finding has been incorporated into 49 

the latest diagnostic criteria for MMD, published by the Research Committee on Moyamoya Disease of the 50 

Ministry of Health, Welfare, and Labor of Japan [8].  51 

Abnormal hyperintensity on fluid-attenuated inversion recovery (FLAIR), termed FLAIR cortical 52 

hyperintensity (FCH), is a characteristic finding frequently observed in the acute period after direct 53 

revascularization surgery for MMD. Extensive FCH has been associated with transient neurological 54 

deficits and cerebral hyperperfusion syndrome [9-11]. Vasogenic edema of the brain surface, driven by 55 

hemodynamic changes, is considered an underlying mechanism of FCH [9, 12]. Indirect bypass 56 

development in the chronic postoperative period is another characteristic feature of MMD. Favorable 57 

indirect bypass development is observed in over 90% of children and approximately 60–80% of adults 58 

undergoing combined direct and indirect bypass surgery [13, 14]. 59 

Vascular negative remodeling is a characteristic phenomenon of MMD. FCH and indirect bypass 60 

development are also characteristic postoperative features. We hypothesized that these phenomena share a 61 

common pathological background. Our previous studies demonstrated associations between RNF213—a 62 

risk gene for MMD that contributes to vascular vulnerability—and these phenomena [9, 15-18]. However, 63 

their precise mechanisms and interrelations remain unclear. Therefore, in this study, we aimed to evaluate 64 

the associations between these phenomena in MMD. 65 

 66 

Materials and Methods 67 

Patients 68 
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We retrospectively analyzed consecutive adult patients (aged >18 years) diagnosed with MMD, excluding 69 

those with moyamoya syndrome. These patients underwent RNF213 p.R4810K genetic analysis and 70 

combined direct–indirect bypass surgery at Hokkaido University Hospital between January 2021 and 71 

September 2024. The diagnosis followed the guidelines established by the Research Committee on 72 

Moyamoya Disease under the Ministry of Health, Labor, and Welfare of Japan [8]. Catheter-based cerebral 73 

angiography was used for definitive MMD diagnosis, and the Suzuki disease stage was determined, 74 

ranging from 0 (normal) to 6 (advanced) [1]. 75 

This study was approved by an Institutional Review Board at Hokkaido University Hospital (approval 76 

number 024-0257). Informed consent was obtained from all individual participants included in the study. 77 

Surgical procedures 78 

Surgical revascularization was considered for patients with hemodynamic compromise or hemorrhagic 79 

presentation based on Japanese guidelines [3]. The surgical procedure has been previously described [19]. 80 

In our approach, we universally perform a combined direct and indirect bypass, regardless of the patient’s 81 

age. The direct bypass consists of a single superficial temporal artery (STA)–middle cerebral artery (MCA) 82 

anastomosis. After performing an approximately 8 cm craniotomy near the Sylvian fissure, the dura is 83 

carefully opened while preserving the main branch of the middle meningeal artery. The parietal branch of 84 

the STA is then anastomosed to the cortical branch of the MCA. The dura is inverted and placed on the 85 

brain surface, and the temporal muscle is sutured to the dural edge, thereby facilitating indirect 86 

revascularization through the encephalo-duro-myo-synangiosis procedure. 87 

Genetic analysis of the RNF213 p.R4810K polymorphism  88 

Peripheral blood samples were obtained from the patients, and the TaqMan single-nucleotide 89 

polymorphism genotyping assay (Applied Biosystems, Foster City, CA, USA) was used to determine the 90 

germline RNF213 p.R4810K allelic type, as described previously [16, 17]. Participants were then classified 91 

into RNF213 mutant (homozygous or heterozygous) and wild-type groups. 92 

Preoperative measurement of C1 outer diameter 93 
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Preoperative evaluation of the outer diameter of intracranial arteries was performed using 3.0-tesla 94 

magnetic resonance (MR) scanners and constructive interference in steady-state (CISS) imaging with the 95 

following parameters: repetition time, 4.9–7.2 ms; echo time, 2.3–3.6 ms; field of view, 180–230 mm; 96 

acquisition matrix, 288–384 × 260–384 (reconstructed matrix, 512–760 × 512–760); slice thickness, 0.6–97 

1.2 mm (slice spacing, 0.3–1.0 mm); and 220–400 slices. Images were acquired in the sagittal plane, and 98 

three-dimensional planes were subsequently reconstructed. The outer diameter was precisely measured at 99 

the terminal ICA (C1) portion just proximal to the bifurcation, using an image viewer (Fig. 1).  100 

Evaluation of FCH  101 

Preoperative and postoperative day 2 MR studies, including FLAIR imaging, were routinely performed. 102 

FCH was defined as intraparenchymal hyperintensity in the cortex of the surgically treated hemisphere on 103 

FLAIR images (Fig. 1). The extent of FCH was assessed across all slices of axial FLAIR images. The FCH 104 

score was determined as previously described [9, 10]. The frontal lobe was classified as the anterior region, 105 

while the parietal and temporal lobes were classified as the posterior region. For each region, the extent of 106 

FCH was scored as follows: 0 (not visible), 1 (limited to one-third), 2 (extending from one-third to two-107 

thirds), or 3 (extending beyond two-thirds). The total FCH score was the sum of the anterior and posterior 108 

scores, ranging from a minimum of 0 to a maximum of 6. The FCH scores were determined by consensus 109 

between two authors (HU and MI). 110 

Evaluation of bypass development with MRA 111 

We used MR angiography (MRA) to evaluate bypass development, as previously reported [13, 16, 17]. 112 

MRA was performed preoperatively and during follow-up, which occurred over 6 months later. For direct 113 

bypasses, we evaluated the patency of the donor STA. For indirect bypasses, we evaluated the middle 114 

meningeal artery or deep temporal artery during follow-up. Indirect bypass development was considered 115 

favorable if these arteries were enlarged compared with their preoperative size. If the arteries showed no 116 

change or became smaller, indirect bypass development was considered poor (Fig. 1). MRA findings were 117 

reviewed by two authors (HU and MI), and a consensus was reached. 118 

Perioperative cerebral blood flow measurements 119 
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We used 123I N-isopropyl-p-iodoamphetamine single-photon emission CT (SPECT) to assess cerebral 120 

blood flow (CBF) preoperatively and on postoperative days 1 and 7. Radiological hyperperfusion was 121 

defined as a focal and intense increase in CBF on SPECT. Among them, symptomatic hyperperfusion was 122 

diagnosed when radiological hyperperfusion on SPECT corresponded to an area of neurological deficits 123 

without new ischemic lesions [20, 21]. 124 

Data analyses 125 

Baseline characteristics, including age, sex, disease onset type, Suzuki disease stage, preoperative and 126 

postoperative modified Rankin Scale (mRS) scores, and RNF213 genotype, were collected. The Mann–127 

Whitney U test was used to compare continuous and ranked variables between groups, while g the χ2 test 128 

was used to compare categorical variables. A multivariate logistic regression analysis was conducted to 129 

assess the effects of clinical parameters on indirect bypass development, incorporating parameters that 130 

achieved p<0.05 in the univariate analysis. The significance level was set at p<0.05. Receiver operating 131 

characteristic (ROC) analysis was performed to evaluate the diagnostic value of the preoperative C1 outer 132 

diameter for predicting indirect bypass development. Statistical analyses were performed using GraphPad 133 

Prism (GraphPad Software, San Diego, CA, USA). 134 

Results 135 

Demographic data 136 

A total of 42 hemispheres from 37 adult patients with MMD were analyzed. Clinical data at both the 137 

patient and hemisphere levels, including median age, sex, initial presentation, RNF213 genotype, and 138 

Suzuki disease stage, are presented in Table 1. The median C1 diameter was 2.39 mm, while the median 139 

FCH score was 2.5. The patency of direct bypass was confirmed in all cases. Favorable indirect bypass 140 

development was observed in 64% of the hemispheres (Table 1). Preoperative mRS scores were 0 in 34 141 

cases, 1 in six cases, and 2 in two cases. By postoperative day 14, the mRS scores remained unchanged in 142 

all cases except one, in which a postoperative hemorrhagic stroke led to a worsening of the mRS score 143 

from 0 to 2. 144 

Associations of C1 outer diameter, FCH score, and indirect bypass development 145 
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The C1 outer diameter was significantly smaller in hemispheres with favorable indirect bypass 146 

development than in those with poor development (median [IQR]: 2.27 [2.04–2.39] vs. 3.02 [2.49–3.56], 147 

p<0.0001, Fig. 2A). The FCH score was significantly higher in hemispheres with favorable indirect bypass 148 

development than in those with poor development (median [IQR]: 3 [2–4] vs. 2 [0–3], p<0.05, Fig. 2B). 149 

Then, the relationship between C1 outer diameter and FCH was analyzed by categorizing FCH scores into 150 

three groups: 0–1, 2–3, and 4–5. The C1 outer diameter was significantly smaller in hemispheres with 151 

higher FCH scores than in those with lower FCH scores. Specifically, the C1 outer diameter was 152 

significantly smaller in hemispheres with FCH scores of 2–3 and 4–5 than in those with FCH scores of 0–1 153 

(median [IQR]: 2.39 [2.11–2.79] vs. 2.94 [2.49–3.14], p<0.05; and 2.20 [1.98–2.31] vs. 2.94 [2.49–3.14], 154 

p<0.001, respectively; Fig. 2C). Furthermore, the C1 outer diameter was significantly smaller in 155 

hemispheres with high FCH scores (4–5) and favorable indirect bypass development than in those with low 156 

FCH scores (0–1) and poor indirect bypass development (2.20 [2.01–2.29] mm vs. 3.10 [2.73–3.14] mm, 157 

p<0.001). These findings demonstrate an association between these characteristic MMD phenomena.  158 

We further examined several factors associated with favorable indirect revascularization following 159 

combined bypass in adults with MMD. In this study, postoperative hyperperfusion was observed in 11 160 

cases, including nine cases of radiological hyperperfusion and two cases of symptomatic hyperperfusion. 161 

As mentioned above, univariate analysis revealed that C1 outer diameter and FCH score correlated with 162 

favorable indirect bypass development. Multiple logistic regression analysis identified C1 outer diameter 163 

as an independent predictor of favorable indirect bypass development (OR, 0.019; 95% CI, 0.0010–0.17; 164 

p<0.01, Table 2). 165 

Prediction of indirect bypass development using C1 outer diameter 166 

We evaluated the accuracy of predicting favorable indirect bypass development based on the preoperative 167 

C1 outer diameter. ROC analysis identified an optimal threshold of 2.53 mm for the C1 outer diameter, 168 

with a specificity of 0.73 and a sensitivity of 0.89. The area under the curve was 0.87 (Fig. 3). 169 

Discussion 170 
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To the best of our knowledge, this is the first study to investigate the associations among C1 negative 171 

remodeling, FCH, and indirect bypass development in MMD. Our findings indicate that the preoperative 172 

degree of C1 negative remodeling and the extent of FCH were each correlated with favorable indirect 173 

bypass development in the chronic phase after surgery, as shown in the univariate analysis. Additionally, 174 

preoperative progression of C1 negative remodeling and wider FCH were associated with each other. 175 

Multivariate and ROC analyses demonstrated that a decreased preoperative C1 outer diameter was an 176 

independent predictor of favorable indirect bypass development. Thus, preoperative C1 outer diameter 177 

may serve as a potential marker to guide tailored surgical revascularization strategies for MMD in the 178 

future. 179 

In 2002, Komiyama et al. reported a decrease in the outer diameter of the terminal ICA in MMD 180 

using CISS imaging [5]. Subsequently, Kaku et al. quantitatively analyzed the outer diameters of C1 and 181 

M1 using CISS imaging and demonstrated that these diameters were significantly smaller in MMD than in 182 

atherosclerotic disease [22]. In their study, the mean C1 outer diameters in the MMD, atherosclerosis, and 183 

control groups were 2.61 mm, 4.32 mm, and 4.04 mm, respectively. Moreover, previous studies have 184 

shown that vascular negative remodeling is a characteristic phenomenon of MMD [4, 6, 7, 22, 23]. 185 

Histopathological findings of the terminal ICA in MMD include thickening of the intima, tortuosity of the 186 

internal elastic lamina, and attenuation of the media [2, 24, 25]. Similar findings, including a thickened 187 

intima and a thinned media, have also been observed in distal MCA specimens obtained during bypass 188 

surgery [26, 27]. These characteristic histopathological features suggest that vascular negative remodeling 189 

and vascular vulnerability extend beyond the proximal portions to the distal cerebral arteries.  190 

FCH is frequently observed in over 80% of cases during the acute phase following surgery for 191 

MMD [9, 10, 12]. The underlying mechanisms of FCH development after revascularization surgery for 192 

MMD are not fully understood. However, vasogenic edema is predominantly involved in this intrinsic 193 

phenomenon, characterized by blood–brain barrier (BBB) dysfunction and fluid leakage into the brain 194 

parenchyma [9, 12]. Several studies suggest that the intrinsic vascular vulnerability in MMD may 195 

contribute to the formation of vasogenic edema or FCH after revascularization surgery. First, compared 196 

with healthy individuals, patients with MMD showed significantly higher expression of vascular 197 
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endothelial growth factor (VEGF) and matrix metalloproteinase 9 in blood samples, both of which are 198 

known to increase permeability of the BBB [28, 29]. Second, intraoperative video angiography has 199 

demonstrated sodium fluorescein extravasation in MMD patients, indicating BBB impairment [30]. Third, 200 

we recently reported that RNF213 p.R4810K, which may lead to functional impairment of endothelial cells 201 

[31, 32], was significantly associated with prolonged FCH. Fourth, the aforementioned histological 202 

analysis of MCA specimens obtained during surgery suggests anatomical fragility in the intracranial 203 

arteries of MMD patients [26, 27]. These findings align with the results of previous reports indicating that 204 

MMD patients, particularly adults with advanced Suzuki disease stages, are at a higher risk of developing 205 

cerebral hyperperfusion syndrome after direct revascularization surgery than non-MMD patients 206 

undergoing similar procedures [33, 34]. 207 

The development of an indirect bypass involves angiogenesis between the ischemic brain surface 208 

and donor tissues. Previous studies have analyzed the mechanisms of indirect bypass development in the 209 

ischemic brain using animal models [35, 36]. In the early stages of angiogenesis, high BBB permeability 210 

significantly contributes to the effective angiogenic sprouting of endothelial cells [37]. Notably, the 211 

administration of VEGF, an angiogenic factor known to enhance vascular permeability, in combination 212 

with encephalo-myo-synangiosis surgery, has been shown to promote angiogenesis between the brain and 213 

temporal muscle in animal models [38, 39]. Therefore, we propose that vascular negative remodeling is 214 

comparable to vascular vulnerability and is associated with both FCH and indirect bypass development, 215 

with vascular permeability playing a central role in this process. 216 

This study has some limitations. First, it was a retrospective analysis conducted at a single 217 

institution with a limited number of cases. Variations in surgical procedures for MMD across institutions, 218 

such as the number of bypasses performed and the extent of craniotomy, may have influenced the results. 219 

Additionally, other potential confounding factors may have also affected our findings. Subgroup analysis 220 

was not feasible due to the small sample size. Further studies with larger cohorts across multiple 221 

institutions are needed to validate these findings. Second, this study did not include in vitro investigations 222 

into the common mechanisms underlying vascular negative remodeling, FCH, and indirect bypass 223 
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development. Thus, while previous studies support the relevance of our findings, this study does not 224 

directly demonstrate the biological mechanisms underlying these phenomena. 225 

Third, negative remodeling was assessed using the C1 outer diameter. However, quantitatively evaluating 226 

the vulnerability of peripheral cerebral arteries with radiological imaging remains challenging, and 227 

remodeling in these arteries was not analyzed. Further studies are warranted to clarify the direct 228 

relationship between C1 negative remodeling and peripheral cerebral artery vulnerability, as suggested by 229 

the presence of FCH. 230 

Conclusion 231 

Preoperative advanced C1 remodeling in MMD was associated with vascular vulnerability and favorable 232 

indirect bypass development. The progression of intracranial vascular negative remodeling may be linked 233 

to a leptomeningeal environment that facilitates indirect bypass development, as suggested by the 234 

increased vascular permeability observed in postoperative FCH. 235 

Figure Legends 236 

Fig. 1 Representative images of preoperative MRA and CISS, as well as postoperative FLAIR and MRA. 237 

Case 1: Preoperative CISS showing shrinkage or negative remodeling of C1 (diameter: 2.31 mm, arrow). 238 

Postoperative FLAIR showing a wide area of FCH (FCH score: 5) in the operated hemisphere (dotted 239 

circle) and MRA at 6 months postoperatively demonstrating favorable indirect bypass development (deep 240 

temporal artery, arrowheads). Case 2: Preoperative CISS showing a C1 diameter of 3.14 mm, with less 241 

advanced negative remodeling (diameter: 3.14 mm, arrow). Postoperative FLAIR does not show FCH 242 

(FCH score: 0) in the operated hemisphere, and MRA at 6 months postoperatively demonstrates poor 243 

indirect bypass development despite favorable direct bypass patency. 244 

Abbreviations: CISS, constructive interference in steady-state; FCH, FLAIR cortical hyperintensity; 245 

FLAIR, fluid-attenuated inversion recovery; MRA, magnetic resonance angiography 246 

Fig. 2 Box plots illustrating the relationships between indirect bypass development and C1 outer diameter 247 

(A) and FCH score (B), as well as between C1 outer diameter and FCH score (C). 248 
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The dots and error bars indicate the median and interquartile range of outer diameters, respectively. 249 

*p<0.05, ***p<0.001, ****p<0.0001 250 

Abbreviations: FCH, fluid-attenuated inversion recovery cortical hyperintensity 251 

Fig. 3 Receiver operating characteristic (ROC) curve representing the diagnostic accuracy of C1 outer 252 

diameter for predicting favorable indirect bypass development. For a threshold value of 2.53 mm, the 253 

specificity and sensitivity are 0.73 and 0.89, respectively. The area under the curve is 0.87. 254 

 255 
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Table 1. Summary of clinical data 

 Characteristic 37 patients 42 hemispheres 

Age, median (IQR), y 45 (39.5–65) 45 (38–52) 

Male/female, n 27-Oct 10/32 

Clinical presentation, n (%)   

  Ischemia 34 38 (90%) 

  Hemorrhage 3 4 (10%) 

RNF213 genotype, n (%)   

  Homozygous, AA 0 (0%) 0 (0%) 

  Heterozygous, AG 23 (62%) 28 (67%) 

  Wild type, GG 14 (38%) 14 (33%) 

Suzuki disease stage, median (IQR) NA 3 (3–4) 

Suzuki disease stage 1 and 2, n (%) NA 8 (19%) 

Suzuki disease stage 3 and 4, n (%) NA 30 (71%) 

Suzuki disease stage 5 and 6, n (%) NA 4 (10%) 

C1 outer diameter, median, mm NA 2.39 (2.12–2.97) 

FCH score, median (IQR) NA 2.5 (1.75–4.0) 

Direct bypass patent, n (%) NA 42 (100%) 

Favorable indirect bypass, n (%) NA 27 (64%) 

      

NA, not applicable; IQR, interquartile range; FCH, fluid-attenuated inversion recovery (FLAIR) cortical 

hyper intensity 

 



Table 2. Correlation between clinical factors and indirect bypass development 

 Clinical factor Indirect bypass development  Univariate analysis  Multivariate analysis 

 Favorable  (n = 27) Poor (n =15)  OR (95% CI) P value  OR (95% CI) P value 

Median age, y 45 45  0.99 (0.94–1.05) 0.97      

Clinical presentation, n    0.41 (0.019–3.13) 0.44    

  Ischemia 23 14       

  Hemorrhage 4 1       

Disease stage, median 4 3  1.16 (0.62–2.28) 0.65    

RNF213 p.R4810K, n 17 10  1.06 (0.28–4.27) 0.93    

C1 diamter, median, mm 2.27 3.02  0.016 (0.00094–0.12) 0.0006  0.019 (0.0010–0.17) 0.0019 

FCH score, median 3 2  1.72 (1.11–2.89) 0.022  1.15 (0.64–2.06) 0.62 

Radiological hyperperfusion, n 7 2  2.27 (0.46–16.89) 0.34      

 

OR, odds ratio; CI, confidence interval; FCH, fluid-attenuated inversion recovery (FLAIR) cortical hyper intensity 
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