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Background: The immune system plays an important role in the onset and development of moyamoya disease (MMD), but the 
specific mechanisms remain unclear. This study aimed to explore the relationship between the expression of complements and 
immunoglobulin in serum and progression of MMD.
Methods: A total of 84 patients with MMD and 70 healthy individuals were enrolled. Serum immunoglobulin and complement C3 and C4 
expression were compared between healthy individuals and MMD patients. Follow-up was performed at least 6 months post-operation. 
Univariate and multivariate analysis after adjusting different covariates were performed to explore predictive factors associated with 
vasculopathy progression. A nomogram basing on the results of multivariate analysis was established to predict vasculopathy progression.
Results: Compared to healthy individuals, MMD patients had significantly lower expression of serum complements C3 (P = 0.003*). Among 
MMD patients, C3 was significantly lower in those with late-stage disease (P = 0.001*). Of 84 patients, 27/84 (32.1%) patients presented with 
vasculopathy progression within a median follow-up time of 13.0 months. Age (P=0.006*), diastolic blood pressure (P=0.004*) and serum 
complement C3 expression (P=0.015*) were associated with vasculopathy progression after adjusting different covariables.
Conclusion: Complement C3 is downregulated in moyamoya disease and decreases even further in late–Suzuki stage disease. Age, 
diastolic blood pressure and serum complement C3 expression are associated with vasculopathy progression, suggesting that the 
complement might be involved in the development of moyamoya disease.
Keywords: moyamoya disease, complement, Suzuki stage, nomogram

Introduction
Moyamoya disease (MMD) is a chronic cerebrovascular disorder characterized by progressive bilateral stenosis or 
occlusion of the internal carotid arteries (ICA) and the development of abnormally thin and fragile collateral vessels 
(moyamoya vessels) at the base of the brain.1 Insufficient cerebral blood flow or rupture of the fragile collaterals may 
cause cerebral stroke or hemorrhage, resulting in death or severe neurological dysfunction.2

The molecular etiology and pathogenesis of moyamoya disease (MMD) are still controversial. In 2011, RNF213 was 
identified as a susceptibility gene for MMD,3 and a variant of RNF213—p.R4810K (c.14429G>A, rs112735431)—has since 
been shown to play an important role in the pathogenesis of moyamoya and other cerebrovascular and cardiovascular 
diseases.4 However, the population mutation rate of RNF213 is much higher than the incidence rate of MMD, suggesting 
that immunological, metabolic, and environmental factors trigger MMD in susceptible individuals.5 Histopathological 
analysis has demonstrated marked decrease in the outer diameters of carotid terminations, fibrocellular thickening of vascular 
intima, luminal thrombosis, and thinning of vascular media in MMD.6 Unlike atherosclerosis, MMD lesions do not generally 
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show inflammatory infiltration, but there is accumulating evidence from recent studies of the existence of an immune response 
in angiopathy.7 Genome-wide association studies (GWAS)8 and transcriptome-wide analyses9 have shown that genes and 
pathways associated with MMD are principally enriched in immune tissue and proinflammatory cytokines. RNF213, the 
susceptibility gene, prominently expressed in immune system, is essential for antimicrobial host defense10 and might be 
inappropriately activated in autoimmune response, infection, and inflammation, leading to immune dysfunction.11 In vivo and 
in vitro experiments have identified RNF213 mutations that impair T cell response by dysregulating antigen uptake and 
processing.12 In addition, aberrant expression of IgG in intracranial vascular smooth muscle cells and upregulation of 165 
autoantibodies have been identified in MMD.13 Clinical and biochemical studies support the idea that MMD may be an 
immune-related disease and, in part, an autoimmune condition.

The complement system, an essential part of the immune system for controlling certain bacterial infections and for 
promoting clearance of apoptotic cells.14 In healthy individuals, the complement system can be activated in three 
pathways (classical pathways, alternative pathways, and lectin pathways). Patients with abnormal complement activation 
tend to present with autoimmune disease.15 Complement C3, a protein participating in all three complement activation 
pathways, has been reported in vascular dysfunction disorders such as vasculitis, hypertension, and atherosclerosis.16–18 

In the clinic, detection of complement overactivity, deficiency, or dysfunction is used for evaluating the patient’s immune 
status and for diagnosis and follow-up of various diseases. Previous studies suggest that dysfunction of the innate 
immune system plays a significant role in the onset and evolution of MMD.19 However, few studies have examined the 
association between complement system expression and MMD.20,21 The aim of this study was to detect the expression of 
complement system in different stages of MMD and to elucidate its value in assessing and predicting disease progression.

Materials and Methods
Study Setting and Participants
This prospective study was approved by the Ethical Review Board of the Chinese PLA General Hospital, Beijing, China 
(ky-2018-3-14). Written informed consent was obtained from every participant. All procedures involving human 
participants in this study were performed in accordance with the Declaration of Helsinki (1964).

The study was conducted at the Department of Neurosurgery, the Fifth Center of Chinese PLA General Hospital, Beijing, 
China. Blood samples for immunological molecules detection were collected from patients admitted to hospital between 
March 2018 and December 2018, with diagnosis of MMD. The inclusion criteria were 1) age <60 years; 2) at least 6 weeks 
out from any documented acute stroke or hemorrhage at the time of blood collection (to avoid immunological changes secondary 
to stroke); 3) digital subtraction angiography (DSA) findings suggestive of MMD, according to the criteria recommended by the 
2021 Japanese Guidelines for the Management of Moyamoya Disease;22 and 4) both cerebral hemispheres classified as early- 
stage (II–III) or late-stage (IV–V) by the Suzuki staging system. The exclusion criteria were 1) Suzuki stage I and VI (to avoid 
unclear diagnosis of MMD); 2) concurrent autoimmune disease such as lupus erythematosus, Sjögren syndrome, or thyroid 
disease; 3) systemic infection, trauma in the past 4 weeks; 4) evidence of atherosclerosis on high-resolution MRI.23 A total of 84 
patients met the eligibility criteria. Additionally, a comparison group comprising 70 randomly selected healthy individuals 
attending the hospital for routine yearly health checkups was recruited, meeting the following inclusion criteria: 1) Aged 18–60 
years old; 2) Exclusion of any cerebrovascular diseases or cardiovascular diseases such as coronary heart disease, intracranial 
atherosclerosis, intracranial aneurysm, or arteriovenous malformation; 3) Absence of any of the aforementioned vascular risk 
factors; 4) No records of autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, or any other 
inflammatory diseases, and no recent infectious diseases within the last 6 months; 5) No history of trauma, tumor, stress, or 
any other conditions that might influence immune function. Figure 1 shows the flowchart of the participant enrollment process.

Study Design
Serum samples of MMD patients were obtained at least 1 day before DSA examination. Serum immunoglobulins (IgA, 
IgG, IgM, and IgE) and complement components (C3, C4) expression were assessed in the 84 patients and the 70 healthy 
individuals using enzyme-linked immunosorbent assay (ELISA).
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Anterior circulation vasculopathy was classified by Suzuki stage system1 and divided into early- and late-stage 
according to whether the affected arteries occluded. The Mugikura four-stage classification system was used to grade 
posterior circulation vasculopathy.24 The modified Rankin Scale (mRS) was used to assess neurological status at 
baseline. The Matsushima scale was used to evaluate postoperative revascularization.25

Two experienced radiologists (CH and LD), blinded to the clinical and laboratory information, independently 
classified the moyamoya stage of each hemisphere on DSA images according to Suzuki criteria. Disagreements were 
resolved by open discussion.

Clinical Variables Collection and Follow-Up
Demographics and clinical variables (including symptom, comorbidity, angiography characteristics and probable risk 
factors associated with the progression of MMD) were collected. All patients accepted unilateral or bilateral encephalo- 
duro-arterio-synangiosis (EDAS). For patients with bilateral disease, the interval between operations on each hemisphere 
was at least 3 months. Patients routinely accepted DSA follow-up within 6–12 months after operation and annual MRA 
follow-up after 12 months. All suspected progressions were finally confirmed by DSA. The Matsushima grade was applied 
to evaluate the degree of cerebral revascularization on DSA,25 with grade C indicating poor revascularization and grade 
A or B indicating good revascularization.24 Vasculopathy progression was defined stringently as increase in average Suzuki 
stage by >1 stage (ie, upstaging of both hemispheres by >1 or upstaging of one hemisphere by >2) to mitigate observer bias.

Figure 1 Flowchart showing patient selection process. 
Abbreviations: MMD, moyamoya disease; DSA, digital subtraction angiography.
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Immunological Molecules Detection
The ELISA kits for C3, C4, IgA, IgE, IgG, and IgM were from Beckman Coulter, Inc., USA. The plate was coated with 
antibodies (IgA, IgE, IgG, IgM, C3, C4). Standard solutions and diluted patient serum were added. After incubation for 60 
minutes at 37°C, each well was washed thrice with 200 μL of wash buffer. Then, 90 μL of 3’,5,5’-tetramethylbenzidine 
substrate solution was added to each well, and the plates were incubated at 37°C for 20 minutes, with protection from light. 
Finally, 50 μL of stop solution was added and thoroughly mixed. The absorbance optical density was measured at 450 nm and 
570 nm.

Statistical Analysis
Categorical variables were summarized as frequencies and percentages, and differences between groups were compared 
using the chi-squared test. The distribution of the data was tested by Kolmogorov–Smirnov test. Continuous variables 
were summarized as means ± standard deviation or medians with interquartile range, and compared between groups 
using the two-tailed t-test or the Mann–Whitney test. The Wilcoxon signed rank test was used to compare differences 
between paired design variables. Linear regression was used to explore linear correlation between Suzuki stage with 
complement C3 expression and logistic regression analysis was used to identify the factors associated with vasculopathy 
progression. Covariates with P value <0.2 in univariate analysis or considered as clinically significant were selected for 
the multivariate analysis. Other covariates such as age, sex, comorbidities, and others were adjusted to ensure the 
accuracy and precision of the model. Tolerance and variance inflation factor (VIF) were calculated to evaluate the 
collinearity. Tolerance <0.1 or VIF >10 was considered with collinearity and variables with collinearity were removed.

A predictive nomogram model was constructed based on the multivariate analysis. The discrimination was measured 
by concordance index (C-index), and the calibration was assessed by Hosmer–Lemeshow test and calibration plot. The 
internal validation of the model was performed by calculating the corrected C-index generated from bootstrapping (1000 
bootstrap samples). Decisive curve analysis (DCA) was used to evaluate the clinical benefits and utility. Statistical 
significance was set at p < 0.05. Statistical analysis was performed using SPSS 25.0 (IBM Corp., Armonk, NY, USA) and 
R 4.1.1 (https://cran.r-project.org/).

Results
Baseline Expression of Immunological Molecules in Different-Stage MMD Patients and 
Healthy Individuals
Baseline characteristics of all 84 MMD patients and 70 healthy individuals are shown in Supplement Table 1. Age and 
sex composition were not significantly different between MMD patients with healthy individuals. Table 1 shows the 

Table 1 Expression of Serum Immunological Molecules in MMD Patients and Healthy Individuals

Variables Healthy Individuals (n=70) MMD Patients P value

Overall (n=84) Early-Stage (n=46) Late-Stage (n=38) P value

Age, y 35.5 (29.0–40.5) 35.0 (24.5–47.0) 32.0 (22.0–46.0) 40.0 (29.0–48.0) 0.075 0.502

Sex, male 34 (48.6%) 38 (45.2%) 23 (50.0%) 15 (39.5%) 0.335 0.680

IgA (g/L) 12.30 (10.88–13.43) 1.72 (1.23–2.40) 1.75 (1.09–2.42) 1.67 (1.23–2.45) 0.632 0.794
IgG (g/L) 2.96 (2.42–3.55) 11.35 (9.25–13.08) 11.35 (9.09–12.71) 11.40 (9.79–13.48) 0.914 0.699

IgM (g/L) 1.06 (0.83–1.49) 1.03 (0.75–1.39) 1.07 (0.87–1.39) 0.93 (0.67–1.39) 0.371 0.618
IgE (IU/L) 28.14 (14.34–69.35) 37.72 (10.19–101.55) 50.96 (12.43–130.75) 33.29 (6.70–75.84) 0.310 0.578

C3 (mg/dL) 107.84±14.54 99.31±20.08 105.57±19.00 91.73±18.92 0.001** 0.003**

C4 (mg/dL) 23.40 (20.85–28.10) 20.94 (16.83–26.28) 20.75 (17.44–25.41) 21.29 (16.33–27.56) 0.677 0.943
C3-C4 ratio 4.46 (3.88–5.16) 4.72 (3.94–5.61) 4.79 (4.20–5.82) 4.37 (3.62–5.02) 0.026* 0.261

Notes: *P<0.05; **P<0.01. 
Abbreviation: IU, indicates international unit.
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expression of immunological molecules in MMD patients and healthy individuals. Compared to healthy individuals, 
MMD patients had significantly lower expression of complement C3 (P = 0.003).

According to the average Suzuki stage of bilateral hemispheres, the 84 MMD patients were divided into two groups 
as early-stage patients (n = 46, 54.8%) and late-stage patients (n = 38, 45.2%). Age and sex were comparable between the 
two groups. The expression of complement C3 (P=0.001) and C3-C4 ratio (P=0.026) were significantly higher in early 
stage. Expression of C3 was significantly lower in the late-stage group (P = 0.001), but expression of other molecules 
was comparable between the two groups. An inverse linear correlation between complement C3 with average Suzuki 
stage was observed in linear regression analysis (β=−0.373, P<0.001).

Subgroup analysis further confirmed some different expression of immunological molecules in patients grouped 
according to age, sex, symptom, comorbidities, mRS and posterior circulation involvement (Supplement Table 2). 
Expression of IgA (P<0.001) and IgG (P=0.005) were significantly higher in older patients (age≥40y) while expression 
of IgM (P=0.010) was lower. In male patients, IgM (P=0.001) expression was higher in comparison with female patients. 
The patients with ischemic symptoms (including TIA and infarction) had higher IgM (P<0.001) expression and lower 
IgA (P=0.036) and complement C4 (P=0.047) expression than non-ischemic symptom (including hemorrhage, headache 
and others) patients. Distribution of immunological molecules expression showed no difference in comorbidities, mRS 
and posterior circulation involvement.

Follow Up and Expression of Immunological Molecules
Clinical and imaging follow-up information was available for 84 patients while 12 patients had no blood sample for 
follow-up immunological molecules detection. Median follow-up time was 13.0 (IQR, 9.5–20.0) months. At follow-up, 
27/84 (32.1%) patients in total suffered from vasculopathy progression, 6/84 (7.1%) of them experienced unilateral 
progression and 21/84 (25.0%) experienced bilateral progression. Among 27 patients with progression, 17/27 of them 
progressed from early stage to late stage, 10/27 of them progressed from late stage to an even later stage. 12/27 (44.4%) 
of patients progressed within 6–12 months post-operation, 6/27 (22.2%) progressed within 12–24 months post-operation, 
and 9/27 (33.3%) progressed within 24–36 months post-operation. The follow-up time had no difference in the two 
groups. Table 2 shows the baseline demographic, clinical characteristics and serum immunological molecules expression 
in patients with progressive disease and patients with stable disease. 17/27 (63.0%) patients with early-stage disease and 
10/27 (37.0%) patients with late stage in progressive group, while 29/57 (50.9%) patients with early-stage disease and 
28/57 (49.1%) patients with late-stage disease in non-progressive group. There were no significant differences between 
the two groups (P=0.299). Additionally, the distribution of the average Suzuki stage in the two groups showed no 
significant difference either (P=0.150). Age, sex, comorbidities, blood pressure, mRS and posterior circulation involve-
ment were comparable in the two groups. Among several immunological molecules, expression of serum IgA (P=0.031) 
was lower while expression of IgE (P=0.038) and complement C3 (P=0.006) was significantly higher in patients with 
progressive disease (Figure 2). Expression of IgG, IgM, C4 and C3-C4 ratio showed no difference in two groups.

Then, we analyzed how the levels of serum immunological molecules changed from baseline to follow-up 
(Supplement Table 3). The expression of C3 (P = 0.012) decreased in patients with progressive disease, whereas there 
was a significant increase in patients with stable disease (Figure 2D). In patients with progressive disease, the follow-up 
levels of C4 (Figure 2E) and IgE (Figure 2F) were significantly lower than the baseline levels (P < 0.001 and P = 0.002, 
respectively). In patients with stable disease, the follow-up levels were not significantly different from the baseline levels. 
Besides, expression of IgG had no difference at baseline and follow-up in progressive group. However, it increased at 
follow-up in stable group (P<0.001).

Finally, we estimated immunological molecules expression in revascularization. The Matsushima scale was used to 
evaluate the cerebral revascularization of 84 patients (60 accepted bilateral operation and 24 accepted unilateral 
operation, 144 hemispheres in total) who accepted EDAS. Good collateralization (Matsushima grade A and B) was 
found in 86/144 (59.7%) hemispheres. Expression of all immunological molecules showed no association with 
Matsushima grade (Supplement Table 4).
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Risk Factors for Vasculopathy Progression
Univariate and multivariate logistic analyses were performed to explore correlation between immunological molecules 
and vasculopathy progression. In univariate analysis, age (OR, 0.968 [95% CI 0.939–0.997], P=0.031), symptom (OR, 
4.324 [95% CI 1.158–16.151], P=0.029), diastolic blood pressure (OR, 1.044 [95% CI 1.001–1.089, P=0.045) and 
baseline expression of complement C3 (OR, 1.037 [95% CI 1.008–1.066], P=0.012) were associated with vasculopathy 
progression (Supplement Table 5). Then, these four variables were selected for multivariate analysis. After adjusting sex, 
smoking history, drinking history, family history, hypertension, diabetes, hyperlipidemia and hyperhomocysteinemia, we 
found that age (β=−0.066, OR, 0.922 [95% CI, 0.875–0.971], P=0.002) was protective factors associated with vasculo-
pathy progression while DBP (β=0.100, OR, 1.106 [95% CI, 1.029–1.190], P=0.006) and baseline expression of 
complement C3 (β=0.045, OR, 1.049 [95% CI, 1.009–1.091], P=0.015) were independently risk factors (Table 3).

Table 2 Clinical Characteristics and Immunological Molecules Expression in Progressive-Disease and Stable-Disease MMD Patients

Variables Overall (n=84) Progressive (n=27) Stable (n=57) P value

Demographics
Age, median (IQR) 35.0 (24.5–47.0) 30.00 (23.00–35.00) 41.00 (26.00–49.50) 0.014*

Sex, male, n (%) 38 (45.2%) 12 (44.4%) 26 (45.6%) 0.920

Cigarette smoking, n (%) 11 (13.1%) 4 (14.8%) 7 (12.3%) 0.740
Alcohol drinking, n (%) 6 (7.1%) 3 (11.1%) 3 (5.26%) 0.381

Comorbidities and family history, n (%)

Hypertension 33 (39.3%) 10 (37.0%) 23 (40.4%) 0.771
Diabetes 8 (9.5%) 4 (14.8%) 4 (7.0%) 0.263

Hyperlipidemia 13 (15.5%) 6 (22.2%) 7 (12.3%) 0.333
Hyperhomocysteinemia 5 (6.0%) 2 (7.4%) 3 (5.3%) 0.655

Family history of Stroke 7 (8.3%) 2 (7.4%) 5 (8.8%) 1.000

Clinical features
Primary symptom, n (%), ischemia 61 (72.6%) 24 (88.9%) 37 (64.9%) <0.001***

Systolic blood pressure, SBP (mmHg), median (IQR) 122.0 (114.0–131.5) 122.0 (110.0–140.0) 122.0 (115.0–130.0) 0.766

Diastolic blood pressure, DBP (mmHg), median (IQR) 80.0 (71.0–85.0) 80.0 (73.0–90.0) 80.0 (70.0–82.0) 0.056
Modified Rankin’s Scale, mRS, n (%) 0.553

0 6 (7.1%) 1 (3.7%) 5 (8.8%)

1 61 (72.6%) 20 (74.1%) 41 (71.9%)
2 13 (15.5%) 5 (18.5%) 8 (14.0%)

3 4 (4.8%) 1 (3.7%) 3 (5.3%)

Average Suzuki stage, n (%) 0.150
Early stage (≤3) 46 (54.8%) 17 (63.0%) 29 (50.9%)

Late stage (>3) 38 (45.2%) 10 (37.0%) 28 (49.1%)

Posterior circulation involvement, n (%) 0.198
Mugikura stage (<2) 52 (57.1%) 11 (40.7%) 41 (71.9%)

Mugikura stage (≥2) 32 (42.9%) 16 (59.3%) 16 (28.1%)

Immunological molecules expression
IgA 1.72 (1.23–2.40) 1.39 (0.95–2.07) 1.92 (1.29–2.60) 0.031*

IgG 11.35 (9.25–13.08) 10.60 (9.04–12.70) 11.56 (9.59–13.25) 0.166

IgM 1.03 (0.75–1.39) 1.16 (0.85–1.47) 0.98 (0.74–1.35) 0.264
IgE 37.72 (10.19–101.55) 97.30 (13.39–219.40) 31.14 (6.43–71.46) 0.038*

C3 99.31±20.08 107.92±21.81 95.22±18.00 0.006**

C4 20.94 (16.83–26.28) 20.80 (16.70–25.00) 21.07 (16.92–26.45) 0.829
C3-C4 ratio 4.72 (3.94–5.61) 4.74 (4.22–5.78) 4.63 (3.87–5.25) 0.322

Notes: *P<0.05; **P<0.01; ***P<0.001. 
Abbreviation: IQR, interquartile range.
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Table 3 Risk Factors Association with Vasculopathy Progression in Multivariate Analysis

Variables Model I Model II Model III

β-Coefficient OR (95% CI) P value β-Coefficient OR (95% CI) P value β-Coefficient OR (95% CI) P value

Age −0.062 0.939 (0.897–0.984) 0.009** −0.064 0.938 (0.894–0.984) 0.009** −0.080 0.923 (0.871–0.977) 0.006**

DBP 0.095 1.100 (1.032–1.173) 0.003** 0.095 1.100 (1.030–1.175) 0.005** 0.117 1.125 (1.038–1.219) 0.004**
Symptom, ischemia 0.913 2.492 (0.574–10.807) 0.223 0.916 2.500 (0.570–10.961) 0.224 1.206 3.341 (0.589–18.951) 0.173

C3 0.050 1.051 (1.014–1.090) 0.007** 0.050 1.051 (1.012–1.091) 0.009** 0.055 1.057 (1.011–1.105) 0.015*

Notes: Model I, unadjusted; Model II, adjusted sex, smoking history and drinking history; Model III, adjusted sex, smoking history, drinking history, hypertension, diabetes, hyperlipidemia, hyperhomocysteinemia and Suzuki stage; *P<0.05; 
**P<0.01. 
Abbreviations: OR, indicates odd ratio; CI, confidence interval; DBP, diastolic blood pressure.
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A Novel Nomogram Constructed for Predicting Vasculopathy Progression
A predictive nomogram was constructed basing on the results of multivariate analysis (Figure 3C). Three variables 
(including age, DBP and baseline expression of complement C3) were contained in the nomogram model finally. Besides, 
these 3 variables were also used to construct univariate models and compared with the nomogram, respectively. The VIF 
values were <2.0. The origin C-index value was 0.816 and was determined to be 0.794 after bootstrap. Hosmer– 
Lemeshow test was performed to exam the calibration of the model. The nomogram model (χ2 = 7.905, P = 0.443) and 
three univariate model (age model, χ2 = 14.635, P = 0.0673; DBP model, χ2 = 5.190, P = 0.6373 and C3 model, χ2 = 
7.020, P = 0.534) presented with good calibration. The calibration plot (Figure 3D) showed that the predicted probability 
had a high consistency with the actually probability.

The clinical utility of nomogram and other 3 univariate models were estimated by DCA. In decision curve 
(Figure 3E), when the threshold probabilities >0.08, the nomogram model had more benefits for predicting MMD 
progression than intervention-for-all and intervention-for-none. Besides, the nomogram model presented with higher 
clinical benefits in comparison with other univariate models.

Discussion
In the present study, we firstly found differential expression of serum immunoglobulin and complement between patients 
with moyamoya disease and healthy individuals. The expression of complement C3 was lower in MMD patients 
compared to healthy individuals, and an inverse correlation between the average Suzuki stage and complement C3 
was observed. Baseline expression of complement C3, age and diastolic blood pressure were identified as predictive 

Figure 2 Expression of immunological molecules in healthy individuals and MMD patients. (A–C) Differential expression of IgA, IgE and complement C3 in MMD patients 
with progressive-disease and stable-progressive. (D–F) There is wide variation in changes in C3, C4 and IgE levels between patients with progressive disease and patients 
with stable disease. *P<0.05; **P<0.01; ***P<0.001. 
Abbreviations: HC, indicates healthy control; ns, not significant.
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Figure 3 Nomogram for estimating the probability of vasculopathy progression in MMD patients and its predictive performance. (A and B) Representative DSA of 
vasculopathy progression. An adult patient with progressive bilateral vasculopathy. The average Suzuki stage upgraded from III (A) to V (B), with the decrease of complement 
C3 from 110 mg/dL to 75.4 mg/dL at the follow-up. (C) A nomogram to predict probability of vasculopathy progression in MMD was established. (D and E) Calibration plot 
and decision curve analysis (DCA) were used to assess the nomogram model and other models. The nomogram model presented with good accuracy and clinical benefits.
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factors for vasculopathy progression. No correlation between immunological molecules expression with revascularization 
was found. These findings indicated that dysfunction of immune system might participant in the onset and progression 
of MMD.

Up till now, rare studies about serum complement expression in MMD had been reported. We firstly investigated 
correlation between moyamoya vasculopathy progression with complement C3. In the present study, we observed lower 
serum level of complement C3 in late-stage moyamoya patients and inverse linearity between Suzuki stage and complement 
C3. In angiography, the most characteristic of late stage in comparison with early stage was the complete occlusion of arteries. 
Previous literature has also reported that inflammatory stimulation might induce proliferative response of smooth muscle cells. 
We hypothesized that complement-mediated immune dysfunction was involved in the formation of occlusive lesion and 
promoted progression from early- to late-stage. When the arteries occluded and the complement level decreased in the final 
period, this kind of stenosis-to-occlusion pathological changes appeared to be “completed”.

We also noticed other immunological molecules in different subtype of MMD patients. IgA and IgG expression in 
young (<40y) patients was lower than the older. Previous studies have reported that IgA is a potential regulator of 
immune complex formation, its reduced levels possibly promoting immune complex formation among other antibodies 
(like IgG-immune complex) and thus exacerbating the disease.26 In the absence of serum monomeric IgA, the IgA Fc 
receptor I (FcαRI) may not induce immune cell inhibition, which would favor the development of autoimmunity. An 
earlier study reported a higher incidence of autoimmune disease in IgA-deficient individuals than in healthy controls.27 

The differential serum complement and immunoglobulin expression in MMD patients suggested the possibility of 
autoimmune involvement in the pathological process of young MMD.

Our multivariate analysis identified three independent predictive factors for vasculopathy progression: serum com-
plement expression along with age and diastolic blood pressure. In our study, complement C3 expression was associated 
with Suzuki stage, therefore we adjusted the Suzuki stage to exam the predictive value of complement C3 expression in 
different disease stage. The result showed that complement C3 expression had good predictive value in all stages. 
Meanwhile, we also took other vascular risk factors such as sex, drinking history, smoking history and comorbidities into 
consideration and adjusted these variables to ensure the stability of the model. After adjusting these covariables, the 
predictive value of age, DBP and complement C3 expression remained significant. Finally, we constructed a nomogram 
model based on the multivariate logistic regression and conducted internal validation. The model presented with good 
discrimination, calibration and clinical utility to predict the vasculopathy progression.

Consistent with several previous studies, we found patients with lower age and higher DBP were more vulnerable to the 
vasculopathy progression. An analysis based on 394 consecutive adolescents unilateral moyamoya patients showed that an age 
at diagnosis <9 years old was an independent factor to predict contralateral progression.28 Several studies also showed that 
DBP reduction could significantly reduce the cardio- and cerebro-vascular risk and secondary stroke or cognitive 
impairment.29,30 In particular, after restricting inclusion of patients with high risk of atherosclerosis or other non-MMD artery 
diseases in our cohort, association between these risk factors and progression was still significant, indicating that these factors 
might not take part in the disease progression by mediating the occurrence of other stenosis-occlusion changes.

These findings have important clinical implications. The Suzuki staging system, to some extent, standardizes the 
description of MMD status and disease progression. In early-stage MMD, angiography reveals the initiation of steno- 
occlusive changes in the terminal internal carotid artery region and the development of abnormal moyamoya collateral 
vessels. As the disease progresses, there is occlusion of major intracranial arteries and the gradual disappearance of 
collateral vessels until, finally (at stage VI), there is disappearance of the intracranial internal carotid artery.1 However, 
angiography interpretation is relatively subjective and limited for long-term follow-up of chronic progressive diseases 
such as MMD. Our findings of progressive decrease in C3 in late-stage MMD could be useful for more accurate grading 
and stroke risk stratification. Generally, progressive-disease MMD patients tend to have a higher incidence of stroke and 
more postoperative complications due to the severe stenosis or occlusion and unstable blood flow.31 Furthermore, we 
implemented a more stringent criterion based on the Suzuki staging system to mitigate observer bias, which may have 
introduced an artificial ceiling effect on the potential progression of late-stage patients. Despite this, we found that the 
complement levels of patients in the progression group remained higher than those in the non-progression group, even 
when considering the similar proportions of early-stage/late-stage patients and the distribution of average Suzuki stage in 
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the two groups. This indicates that the higher complement levels in the progressive group were not solely due to the fact 
that most patients in the progressive group were in the early-stage. In other words, even in the late-stage, patients with 
subsequent progressive MMD exhibited relatively higher complement C3 levels than patients with non-progressive 
MMD. Therefore, we concluded that the ceiling effect for our study might be limited. Our study suggested that patients 
with high level of complement C3, along with low age and high DBP had more risk of vasculopathy progression and 
should accepted earlier intervention such as operation.

The mechanism by which complement C3 participates in MMD is unclear. Complement C3 is at the center of complement 
system activation and has, therefore, been used for evaluating immune status and for diagnosis and follow-up of many 
diseases.32 In the onset and progression of vasculopathies, C3 has been shown to mediate both endothelium injury and 
vascular remodeling.33 Buono et al reported that the progression of atheromas depended partly on the complement system. 
Complement activation was found to be associated with plaque stability and maturation of the lesion.34 A recent study 
revealed that inhibition of vascular smooth muscle cells (VSMCs) migration induced by low-density lipoprotein could be 
reversed by C3a and iC3b (C3 active fragment) and thereby lead to vasculopathy progression.35 Based on the opposite 
expression of complement C3 in early-Suzuki and late-Suzuki stage, we suspect that complement plays a dual role in disease 
development. At early stage, a high level of complement might mainly participant in intima injury and media VSMCs 
migration by mediating the immune response which responsible for further stenosis of lumen. At the late stage, there was 
a decrease in complement expression, and the arteries became occluded. During this period, the main pathophysiological 
changes observed were compensation for ischemia and remodeling of collateral vessels. It is still not known how the 
moyamoya collateral vessel formed and disappeared. Some investigators believe that these collateral vessels are composed 
of both dilated penetrating arteries and neovasculature.36 Complement system has shown capacity of pro-angiogenesis by 
mediating immune cell polarization.37 It indicates that complement has the potential to regulate the formation of smoke-like 
collateral vessels and decrease to a relative low expression as the vessels gradually disappearing. This provided us a new 
insights to understand the pathogenesis of moyamoya vessels and therapy targets.

This study has some limitations. First, this is a single-center and small-sample study; only 84 patients met our strict 
inclusion criteria (similar bilateral stage). Only stage II–V MMD patients were included in this study; stage I and VI 
MMD patients were excluded as these patients were diagnosed clinically (it is difficult to distinguish these stages in DSA 
images). The results are mainly applicable to patients with bilateral disease and similar Suzuki stages in both hemi-
spheres, especially for patients with early-stage disease. Further research is needed to clarify the predictive value of 
complement expression in patients with different Suzuki stages in the two hemispheres. Second, baseline levels of 
complements and fragments other than IgG, IgA, IgM, IgE, C3, and C4 were not measured, and so their effects were not 
elucidated. Third, due to the limited sample size, external validation was not conducted in this study. Further investiga-
tions are required to validate our nomogram model in future research.

Conclusion
To conclude, there are significant differences in complement expression between patients with moyamoya disease and 
healthy individuals, suggesting that autoimmune response plays an important role in the pathogenesis of the disease. 
Complement C3 expression could be used as a disease-specific biomarker for early diagnosis of moyamoya disease and 
prognosis prediction. A high baseline level of complement C3 expression, along with lower age and high DBP were risk 
factors associated with vasculopathy progression. Prospective studies of the complement system in moyamoya disease 
may be able to demonstrate the activation pathway. Such information might guide development new treatment strategies 
for moyamoya disease.

Abbreviations
C3, complement 3; C4, complement 4; C-index, concordance index; DCA, decision curve analysis; DSA, digital 
subtraction angiography; mRS, modified Rankin scale; MRI, magnetic resonance imaging; MMD, moyamoya disease; 
PCI, posterior cerebral involvement.
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