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SYNOPSIS 

 

        Imaging plays a crucial role in the diagnosis and prognostication of patients with 

Moyamoya disease (MMD). The gold standard DSA comes with the pitfalls of cumbersome 

procedure, risk of exposure to contrast and radiation, and requiring expertise. It has long been 

known that with progressive steno-occlusive disease, collaterals develop to mitigate the 

ischemia. However, this was not demonstrated with functional studies in MMD. Newer 

imaging modalities without the drawbacks of DSA have been the areas of interest for a long. 

The current study aimed to use the MR-ASL technique to demonstrate the functional change 

(i.e. the change in perfusion with a change in collateral status at various brain regions across 

various stages of severity of MMD) and its utility in predicting the collaterals compared to 

DSA.          

        This was a single-center observational cohort study with retrospective and prospective 

arms where consecutive MMD patients with DSA and MR-ASL done within 3 months of each 

other were included. A total of 46 patients with 88 hemispheres (4 hemispheres which were 

operated were excluded) were included in the final analysis. Both the DSA and the MR-ASL 

images of all these patients were reviewed by two neuroradiologists. The severity of the MMD 

was graded according to Suzuki staging on DSA. Collaterals were graded in 7 different regions 

of the brain (BG, M1, M2, A1, A2, P1, P2) both in DSA and MR-ASL using a 4-point grading 

system (except in BG on MR-ASL where only 3-point grading was used). Also, ASL-SIR was 

used as a quantitative measure to quantify the perfusion instead of direct CBF measurement. 

                The study has shown that with the progression of the severity of the disease, the 

collaterals appear and disappear at different regions, i.e. the perfusion deficit in MMD is 

dynamic. The collaterals were maximum in the basal ganglia region and were maximum in 



 

xix 
 

Suzuki stage 3, and with further disease progression, they disappeared. The collaterals appeared 

late in the disease course in the superficial cortical surfaces due to pial-pial and ECA collaterals 

development. The change in collaterals was accompanied by a change in the perfusion deficit 

as demonstrated by the MR-ASL technique. This change in collaterals with the disease 

progression was statistically significant. Also, the study has shown that the MR-ASL technique 

can be reliably used to predict collateralization compared to DSA. The study showed a strong 

agreement in the collateral scores done on DSA and MR-ASL techniques which was 

statistically significant. 

 

                     Thus, the study showed a changing perfusion deficit in different brain regions 

depending on the severity of the MMD using MR-ASL technique. Also, the MR-ASL 

technique can be used to predict the collaterals in MMD patients which is comparable to DSA.  
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INTRODUCTION 

      Moyamoya Disease (MMD) is a rare chronic progressive steno-occlusive disease of 

intracranial internal carotid arteries and their proximal branches (Kuroda and Houkin, 2008), 

of unknown etiology, presenting with various clinical manifestations in pediatric and adult 

populations. It is a rare disease worldwide but is more commonly seen in East Asian countries, 

with an annual incidence of 0.5-1.5 per 100,000 individuals. In contrast, the incidence in North 

America is estimated to be only 0.1 per 100,000 (Uchino et al., 2005). Also, it was noted that 

this disease is more common among Asian Americans compared to Hispanics in the American 

population, making it a predominant disease of the East Asian countries (Uchino et al., 2005). 

Also, various studies confirmed this gradient in incidence between East and West across the 

globe (Shang et al., 2020). Various aspects of the disease have been studied extensively since 

the time of its discovery in 1957 (Suzuki, 1969) in countries with high prevalence, like Japan, 

but there are many areas that need explanation and research, especially regarding the tissue 

perfusion patterns and mechanisms. 

            The incidence of MMD in India is not exactly known, and it is a diagnosis rarely made 

in our clinics. Understanding the disease pathophysiology is vital in elucidating better 

management options for these patients. It is imperative that with progressive stenosis, 

hypoperfusion occurs and subsequent collateralization occurs to mitigate the same (Schubert 

et al., 2014). However, depending on the stage of the disease whether the perfusion patterns 

follow this hypothesis was never studied before in detail.  

               Digital subtraction angiography (DSA) is the gold standard for diagnosing and 

staging MMD. However, it is an invasive procedure that involves the use of contrast agents 

and radiation exposure. It is also challenging to use for serial monitoring or in uncooperative 
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patients. Hence, alternate methods to look at the tissue perfusion in determining patient 

management are warranted. Various Magnetic resonance imaging (MRI) techniques have been 

tried in the past (Calamante et al., 2001; Togao et al., 2006; Zaharchuk et al., 2011), but each 

has its limitations, like the usage of contrast agents, which raises problems, especially in 

pediatric cases in whom this disease is common. Magnetic resonance -Arterial Spin Labelling 

(MR-ASL) has been studied previously to predict the collateral status compared to gold 

standard DSA (Zaharchuk et al., 2011). Techniques other than MRI have also been used to 

study the perfusion status in these patients (Schubert et al., 2014; Yin et al., 2018), but their 

availability and contrast usage limit their routine use in clinical practice.  

           

Aims and Objectives: 

Null Hypothesis:  

The perfusion deficit in Moyamoya disease is dynamic. Non-invasive techniques like MR-ASL 

can be used to quantify and follow-up these patients 

Aim/goal:  

The purpose of this study is to: 

1. To evaluate perfusion patterns in patients with MMD 

2. To compare the perfusion patterns in different angiographic stages of MMD 

3. To compare the utility of the MR-ASL technique in predicting the perfusion and collateral 

status as compared to gold standard DSA 
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Scope of the study: 

Our study hopes to look into the utility of the MR-ASL technique to identify the collateral 

status in MMD patients depending on their Suzuki stage determined by DSA, to look if the 

perfusion patterns follow the Suzuki staging, and to determine if MR-ASL can be used an 

alternative for DSA in determining the collaterals and serial follow-up in these patients. 

 

The following sections cover the existing literature in detail, the complete methodology, 

thorough results and succinct discussion of the study results. 
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REVIEW OF LITERATURE 

       Moyamoya disease (MMD) is a non-atherosclerotic vasculopathy characterized by 

progressive stenosis or occlusion of the intracranial internal carotid arteries (ICA) and their 

proximal branches, with subsequent abnormal collateral vessel development. (Shang et al., 

2020) Takeuchi et al. were the first ever to describe this clinical entity in 1957 when they called 

it "hypoplasia of bilateral internal carotid arteries." However, it was later recognized as an 

acquired and progressive disease rather than an inherited static disease. (Demartini Jr. et al., 

2022) The first use of the term 'Moyamoya' dates back to 1969, when Suzuki et al. coined this 

term, which in Japanese would mean 'hazy like a puff of smoke' due to its angiographic 

appearance caused by sprouting collaterals. (Suzuki, 1969) Furthermore, this nomenclature is 

ICD recognized by the code I67.5. When MMD occurs as a part of another genetic syndrome, 

it is termed moyamoya syndrome (MMS). 

Epidemiology 

            MMD is a disease found worldwide in varied ethnic and genetic backgrounds. 

However, it is evident from the studies that this is a disease of Asian descent, and more 

particularly of East Asian ethnicity, mainly Japanese, Korean, and Chinese. Even in the USA, 

the disease is more common among patients of Asian descent. (Demartini Jr. et al., 2022; 

Uchino et al., 2005) The data regarding the epidemiology from India is scarce due to the rarity 

of the diagnosis and the lack of prospective databases looking at this uncommon disease. Only 

small case series and retrospective cohort studies are available regarding Indian MMD patients. 

(Das et al., 2022; Sadashiva et al., 2016; Sreenivasan et al., 2022; Sundaram et al., 2014) Das 

et al. (Das et al., 2022), in their single-center study from East India, where five years of 

retrospective data of 10,250 consecutive stroke patients showed a frequency of Moyamoya 
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angiopathy in 1.56% of patients. Lack of awareness regarding this disease entity among health 

care providers also leads to assumed low prevalence due to misdiagnosis. A single-center 

retrospective study from Germany showed that up to 62% of MMD cases had initial 

misdiagnosis. (Graf et al., 2019) Studies from East Asian countries and the USA showed higher 

incidence among females. From the studies in India, the Eastern Indian cohort has female 

preponderance, while studies from central and southern India had no significant difference in 

male and female patient numbers. (Das et al., 2022; Demartini Jr. et al., 2022; Kim, 2016; 

Sadashiva et al., 2016; Sreenivasan et al., 2022; Sundaram et al., 2014; Uchino et al., 2005) 

Large population-based studies are required to determine the true epidemiology of MMD in 

India. MMD can affect individuals of all age groups. Bimodal incidence has been described 

with MMD where the first peak occurs at 5-14 years of age and the second at 45-54 years of 

age. (Kim, 2016) Thus, MMD also forms an important cause of stroke in the pediatric age 

group and young stroke. 

Etiology and pathogenesis 

        The exact pathomechanisms and etiological factors in the development of MMD are not 

entirely understood and are thought to be multifactorial due to the interaction of genetic, 

environmental, and vessel-related mechanical factors.  

          Single nucleotide polymorphisms (SNP) in the gene encoding for Ring finger protein 

213 (RNF 213) on chromosome 17q25.3 are found to confer genetic susceptibility for 

cerebrovascular disease. (Wang et al., 2018) RNF 213 p.R4810K variant is found to be 

associated with MMD in people of Asian ancestry. This association was also proven in the 

Indian population. (K. et al., 2020) Since this SNP was identified in MMD patients, various 

hypotheses to explain the pathobiology of this gene leading to disease were postulated, 

including its action as a metabolic gatekeeper in lipid metabolism, coordinator of cellular 
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response to hypoxia, and ubiquitination pathways.(Ahel et al., 2020; Wang et al., 2018) It is 

also thought to be important in maintaining vascular endothelial integrity. (Roy et al., 2022) 

Other genetic determinants are poorly understood including HLA association, genes coding for 

Transforming growth factor beta-1 (TGF-B1), Vascular endothelial growth factor (VEGF), 

Matrix metalloproteinases (MMP) 2,3 and 9, and few genetic loci on 3p, 17q, etc. (Mertens et 

al., 2022)  

      Various cytokines, including VEGF, TGFB, and Hepatocyte growth factor (HGF), are 

postulated to have a role in MMD pathogenesis as they are expressed in amounts higher than 

in healthy subjects. (Shang et al., 2020) An autopsy study of 3 MMD patients has shown 

increased and abnormal expression of S100A4 protein and IgG in the vascular smooth muscles 

that have migrated into the intima. (Lin et al., 2012) CD34+ cells, Th17 cells, and other 

proinflammatory markers like IL-6, TGFB1, and IL17 were found to be higher in MMD 

patients compared to healthy controls. (Lin et al., 2012; Ni et al., 2011; Weng et al., 2017) 

Tanghetti et al. reported MMD in only one of the identical twins, thus leaving a lacuna beyond 

genetic susceptibility in the pathogenesis of MMD.(Tanghetti et al., 1983) Even with strong 

susceptibility with certain genes, familial association, and ethnic predisposition, not all first 

degree relatives develop MMD. Thus, the role of environmental factors cannot be ruled out 

with the current knowledge. All the above mechanisms culminate in intimal thickening, smooth 

muscle hyperplasia, thinned-out media, and disruption of internal elastic lamina without 

obvious histopathological evidence for inflammation or atherosclerosis.(Lin et al., 2012; Shang 

et al., 2020) 

          With the postulated genetic and inflammation-mediated pathways, the question of why 

distal ICAs alone are most prone to disease remains unexplained. Sudhir et al. have postulated 

a unifying hypothesis of mechanobiological theory for the pathogenesis of MMD based on 



 

SCTIMST, Trivandrum                                                         7 
 

their systematic review. (Sudhir et al., 2021) In the mysterin (another name for RNF 213) 

deficient zebra fish larvae model, impaired neuromuscular regulation due to absent mysterin 

led to the delayed extension of the head over the trunk along with abnormal and excess 

sprouting of vessels. But the proximal large vessel formation was normal in these larvae. 

(Kotani et al., 2015; Liu et al., 2011) Similar analogous changes in humans were postulated to 

have caused abnormal cavernous-supraclinoid angle of ICA in MMD patients with RNF 213 

SNPs, along with stretching and loss of tortuosity of ICA. These, in turn, lead to excess shear 

stress on the vessel wall, which, combined with increased metalloproteinases, altered blood 

viscosity, and associated inflammation, will culminate in pathological changes of 

MMD.(Sudhir et al., 2021) The association of collagen diseases like Marfan syndrome, Ehler-

Danlos syndrome, sickle cell disease, and thrombophilias with Moyamoya vasculopathy 

supports this hypothesis. 

Clinical features of MMD 

           MMD can present with either cerebral ischemia (ischemic stroke or transient ischemic 

attack[TIA]) or hemorrhage. Ischemic symptoms are attributed to the reduced blood supply 

due to steno-occlusive disease affecting the proximal ICAs. The hemorrhage is thought to occur 

due to rupture of immature and excess collaterals or aneurysms formed due to ischemia and 

abnormal shear stress of the vessel wall.(Scott and Smith, 2009) The MMD affects most 

commonly the middle cerebral artery (MCA) followed by the anterior cerebral artery (ACA); 

the corresponding vascular territories involving frontal, parietal, and temporal lobes are the 

most affected areas. So, limb weakness, speech abnormalities, including dysarthria and 

aphasia, are the common presentations. Seizures are the next common manifestation in these 

patients. Other less common presentations include cognitive impairment, visual deficits, 

syncope, and headache. The accompanying personality changes in some may cause 
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misdiagnosis of psychiatric illness. (Scott and Smith, 2009) Clinical manifestations described 

in Indian studies are also similar.(Sadashiva et al., 2016; Sreenivasan et al., 2022; Sundaram et 

al., 2014) 

          Various precipitating factors for ischemic events in MMD were described. Common 

ones include hyperventilation, crying, dehydration, and anesthesia used for even minor 

procedures or severe exertion. This is presumed to be due to reduced cerebral perfusion 

secondary to reduced intravascular volume or sudden constriction in already maximally dilated 

diseased collateral vessels. (Das et al., 2023; Scott and Smith, 2009) Das et al., in their study, 

found out fever, emotional stress, heavy exercise, and diarrhea are the common precipitants of 

symptoms in MMD patients. (Das et al., 2023) 

      Hemorrhagic stroke is seen in up to 1/3rd of MMD patients and is more commonly 

described in adults than in children. The association of higher age with hemorrhagic 

presentation in MMD patients is consistent in Indian studies as well. (Das et al., 2022; 

Sadashiva et al., 2016; Shang et al., 2020; Sreenivasan et al., 2022) The clinical manifestations 

depend on the location of the bleed, which can vary from parenchymal, intraventricular or 

subarachanoid space. Bleeds may be more commonly seen with arteries involving the posterior 

circle of Willis due to the hypothesis that these arteries are at increased risk for higher vessel 

wall shear stress, thus leading to a higher percentage of aneurysms and bleeds. Headaches in 

MMD patients are likely due to vasodilatation of meningeal collateral vessels. Thus, the 

headache character is mostly similar to migraine in these patients. Chorea is an uncommon 

manifestation due to the development of basal ganglia collaterals. (Scott and Smith, 2009)  

       The Moyamoya disease is classically known to be a disease afflicting bilateral 

hemispheres. However, unilateral cases have been described, which were initially thought to 

be a subtype of MMS, even in the absence of other identifiable associated diseases or risk 
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factors. Hayashi et al. found unilateral MMD presents with a mean age of 39 years with female 

preponderance, while pediatric cases tend to become bilateral on follow-up. (Hayashi et al., 

2010; Kelly et al., 2006) 

Diagnosis of MMD 

                      Radiology plays a pivotal role in MMD diagnosis. When patients present with 

acute manifestations, CT or MRI brain is the first line investigation usually done. The CT or 

MR angiography may show the steno-occlusive nature of the disease. These investigations also 

reveal infarcts or bleed, either acute or chronic. Ivy sign on MRI is thought to be a characteristic 

sign for MMD, which indicates the compensatory leptomeningeal collaterals.(Sivrioglu et al., 

2016) Digital subtraction angiography (DSA) is mandatory for the diagnosis of MMD. DSA is 

considered the gold standard investigation for this purpose. After the DSA is done, the disease 

severity is graded using the Suzuki staging system.(Suzuki and Kodama, 1983) This staging 

system was first devised in 1971 by Suzuki et al. and has been used for more than half a century, 

even today. This staging not only gives the picture of the progressive steno-occlusive disease 

but also characterizes the extent of the collaterals.  

           But DSA being an invasive test involving contrast agent, people have tried to devise 

other modalities to visualize the disease process. Notable of this is magnetic resonance vessel 

wall imaging (MR-VWI), which can be used to differentiate between various intracranial 

vasculopathies, especially when there is isolated focal stenosis. The involved segment shows 

concentric thickening with concentric contrast enhancement and negative remodeling without 

juxtaluminal T2 hyperintensity. (Adhithyan et al., 2018) 

Perfusion studies in MMD 

          Modalities measuring the perfusion, like Xe-CT scan (Xenon enhanced CT scan), 
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positron emission tomography (PET), single photon emission CT (SPECT), etc, were variably 

used to measure the perfusion deficit developing with disease progression in MMD. (Hara et 

al., 2022; Togao et al., 2023, 2006; Zaharchuk et al., 2011) Nevertheless, limited availability 

of these techniques and the use of contrast in some of them puts them at a disadvantage. So, 

efforts were made to include Magnetic resonance arterial spin labeling (MR-ASL), a readily 

available and reproducible MRI sequence to predict perfusion in MMD patients. The 

advantages of MR-ASL are that it does not require contrast and can be acquired in a short time, 

thereby reducing the need for sedation as compared to standard DSA. Also, it is included with 

the most newer MRI machines, thus increasing its availability. (Grade et al., 2015) 

        ASL technique employs magnetic labeled water molecules as an 'endogenous tracer' 

instead of an external contrast agent. The magnetic label is given at the upper neck to the blood 

in the carotids, and the decay of the magnetization is measured at the target site. The biggest 

disadvantage of ASL is the low signal-to-noise ratio because of the fluctuating signal from 

static tissue because of physiologic or thermal effects. Due to this reason, ASL requires longer 

acquisition times and is also susceptible to motion artifacts. Once a label is given, the water 

molecules in the blood reach the target tissue, and the time lapsed during this process is called 

post-labeling delay (PLD). The t1 relaxation time of these water molecules is measured in the 

target tissue. This signal is also transferred to surrounding water molecules and static tissue. 

Keeping this into account, different types of ASL sequences were developed: continuous ASL 

(CASL), pseudo-continous ASL (pCASL), and pulsed ASL (PASL). (Grade et al., 2015) 

         Various studies have looked into the utility of ASL in MMD patients. Zaharchuk et al. 

showed good agreement between collaterals determined by DSA and ASL, and ASL 

collateralization is proportional to the CBF measured by ASL and Xe-CT scans. (Zaharchuk et 

al., 2011) In 2014, Wang et al. studied 4 PLD pCASL in 17 patients with moyamoya disease 
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and compared it with computed tomography perfusion (CTP). They showed a significant 

association between the perfusions measured by subjective ratings and voxel-wise analysis in 

different regions of interest using normalized perfusion means. (Wang et al., 2014) Fan et al., 

in 2017, studied different ASL techniques' utility in estimating CBF compared to 15O-PET 

scans in 15 moyamoya patients. They showed that standard delay ASL acquisition has 

underestimated the CBF. When multi-delayed ASL was obtained, there was increased 

consistency in predicting CBF compared to PET scan, but underestimation was still noted. 

Long-label long-delay ASL showed the maximum correlation with 15O-PET scan. (Fan et al., 

2017) Recently, 3D pCASL was shown to be comparable in assessing the perfusion status of 

the brain in MMD patients compared to dynamic susceptibility contrast (DSC-MRI) by Zhang 

et al. in their study, which included 174 MMD cases. (Zhang et al., 2022) In a most recent 

study, Togao et al. showed a moderate but significant correlation in CBF values when measured 

using dynamic pseudo-continuous arterial spin labeling and SPECT. (Togao et al., 2023) 

Change in collaterals with disease progression 

         Yamamoto et al. have looked into the relationship between collateral shifting and 

hemorrhagic presentation in MMD patients. Among the 71 hemispheres from the 41 MMD 

cases, they showed the collaterals shift from anterior to posterior, i.e., from lenticulostriate and 

anterior choroidal artery towards posterior communicating artery and posterior choroidal 

artery. This was shown by using collateral grading from 0 to 3 – a qualitative measure across 

all MMD stages in all four arteries of interest. They also showed that this shift was indeed 

associated with progressing age and was shown to be a predictor for hemorrhagic stroke in 

them. (Yamamoto et al., 2019) 
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MATERIALS AND METHODS 

Study design 

This was a hospital based observational cohort study with both prospective and retrospective 

arms. For the retrospective arm, MMD patients were recruited from the electronic medical 

records (EMR) from January 2016 to December 2021 were included, if they fulfilled the 

inclusion criteria. Cases from 2016 were included as MR-ASL technique was introduced in the 

institute from 2016. For the prospective arm of the study, MMD patients were consecutively 

recruited from the neurology wards, between January 2022 to March 2023 if they satisfied the 

inclusion criteria. 

Patients 

Inclusion criteria: 

Patients diagnosed with MMD who have underwent DSA either at our hospital or elsewhere, 

and with MR-ASL done from our hospital within 3 months of one another, and images are 

available for review in the institution picture archiving and communication (PACS) system 

were included.    

Patients of all age groups and both the sexes were included. All the patients who fulfil the 

inclusion criteria were recruited into the study by the principal and co-principal investigator 

after taking the informed consent from either the patient or from the care giver in case of 

pediatric cases. For the retrospectively included patients, consent was waived by the 

institutional ethics committee. 
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Exclusion criteria: 

 In the patients who have already underwent revascularization procedure on one side, 

then the corresponding hemisphere was excluded. If MR-ASL is obtained after 

revascularisation patient was not included 

 Patients with associated sickle cell disease, Neurofibromatosis (NF 1), Down’s 

syndrome, history of cranial therapeutic irradiation, hyperthyroidism, renal artery 

stenosis, giant cervicofacial hemangiomas, congenital cardiac anomalies. 

 Patients with pre-operative MRI done from other hospitals or institutions before being 

referred to our institute for further management 

 Claustrophobic patients and patients who could not undergo MRI 

 Patients whose images were not available for analysis 

Study population: 

The number of patients who had MMD were 65 in the retrospective arm and 19 in the 

prospective arm. Finally, 46 patients were included (37 patients in the retrospective arm and 9 

patients in the prospective arm of the study (Figure 1). 

The study was started only after the institutional ethics committee approval. Informed consent 

was waivered for the retrospectively included patients and it was obtained from the 

prospectively included patients. 
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Figure 1: Patient recruitment flowchart 

 

Demographics and clinical history: 

The gender and demographic characteristics were recorded for all patients. The clinical data of 

the retrospectively included patients was retrieved from the electronic medical records (EMR). 

For the prospectively included patients, it was collected from the patients and their bystanders. 
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The clinical history details recorded include the age, gender, type of presentation, clinical 

symptoms of the patient, admission NIHSS and mRS, and the interval between DSA and MR-

ASL scans. 

Imaging analysis: 

          The MR-ASL sequence was acquired on a GE 3T discovery 750W scanner (GE 

healthcare, Milwaukee, WI, USA). In ASL, tagging was done using the pseudocontinuous 

technique (pCASL). The labelling plane was placed in the upper part of the neck, about 2-

2.5cm lower to the inferior most slice of the acquisition plane. The acquisition time was about 

5 mins. The slice thickness of the 3D pseudocontinous ASL was 4mm, field of view was 24 x 

24cm, time to repetition was 4850millisec, time to echo was 10.7 millisecs. The post labeling 

delay was varied depending on the age of the patient. For pediatric patients, it was about 1525 

millisecs and for adult patients it is 2025 millisecs.  

           The DSA was done under local or general anesthesia depending on patient co-operation 

and patient general condition. Seldinger technique was used for access of  the common femoral 

artery and selective angiograms of the both common carotid arteries (CCAs), internal carotid 

arteries (ICAs), external carotid arteries (ECAs) and the vertebral arteries (VAs) were obtained. 

If DSA done at another hospital was available, that was analysed without repeating another 

DSA at our institute. 

         The DSA and the MR-ASL images in the PCAS were reviewed by two Radiologists (VK 

and BT) after being blinded to the clinical findings. Each investigator has rated the DSA and 

ASL scans independently and the disagreements were resolved by consensus. Both the DSA 

and ASL were analysed for each hemisphere independently. The severity of the MMD was 

determined by Suzuki grading (Table 3.1).  
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Table 1: Suzuki Grading 

Grade 1 Narrowing of ICA apex 

Grade 2 Initiation of Moyamoya collaterals 

Grade 3 Progressive ICA stenosis with intensification of Moyamoya 

associated collaterals 

Grade 4 Development of ECA collaterals 

Grade 5 Intensification of ECA collaterals and reduction of Moyamoya 

associated collaterals 

Grade 6 Total occlusion of ICA and disappearance of Moyamoya associated 

collaterals 

 

For the qualitative collateral assessment on DSA and ASL, a total of 7 regions in each 

hemisphere were analysed (figure 1-6). These 7 regions were: 

1. BG – basal ganglia 

2. M1 – in the MCA cortical territory at basal ganglia level in the insular region 

3. M2 – in the MCA cortical territory above basal ganglia level in the perirolandic region 

4. A1 – in the ACA cortical territory at basal ganglia level in the parasagittal frontal region 

5. A2 – in the ACA cortical territory above basal ganglia level in the paracentral lobule 

region 

6. P1 – in the PCA cortical territory at basal ganglia level in the mesial occipital region 

7. P2 – in the PCA cortical territory above basal ganglia level in mesial posterior parietal 

lobe. 
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Figure 2 – Regions used for grading collaterals at basal ganglia level on ASL – 

depicting BG, M1, A1 and P1 regions on both sides. 

 

 

 

Figure 3: Regions used for grading collaterals on ASL above the basal ganglia level – 

depicting M2 and A2 on both sides 
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Figure 4: Regions used for grading collaterals on ASL above the basal ganglia level – 

depicting P2 on both sides 
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Figure 5: Regions used for grading collaterals on DSA – depicting BG, M1, M2, A1, 

A2 regions – On ICA injection in arterial phase (above pane) and capillary phase 

(below pane). 
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Figure 6 - Regions used for grading collaterals on DSA – depicting P1 and P2 regions 

– On VA injection in arterial phase (above pane) and in capillary phase (below pane) 
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Collaterals were graded on DSA at each region using the following grading system shown in 

Table 2 and figure 7-10. The perfusion deficit is assessed by the capillary blush. 

Table 2: Collateral grading system on DSA 

Grade 0 No collaterals visible (absence of any capillary blush) with perfusion deficit 

Grade 1 Mild to moderate collaterals with some perfusion deficit 

Grade 2 Extensive collaterals with no perfusion deficit 

Grade 3 Normal antegrade flow with no collaterals or perfusion deficit 

 

 

Figure 7: Grade 0 perfusion on DSA in left M1 region – no visible collaterals with large 

perfusion deficit 
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Figure 8: Grade 1 collaterals on DSA in right M1 region – above panel shows collaterals in 

the M1 region during the arterial phase and below panel shows a perfusion deficit in the same 

region during capillary phase. 
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Figure 9: Grade 2 collaterals on DSA at M1 region – well-formed pial-pial collaterals can be 

seen originating from ACA with no perfusion deficit. 
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Figure 10: Grade 3 collaterals on DSA in the left M1 region – there is very good capillary 

blush without any evidence for collaterals 

Collaterals were graded on ASL at each region (except basal ganglia) using the following 

grading system shown in Table 3 and figure 11-14. 

Table 3: Collateral grading system on ASL 

Grade 0 No or minimal ASL signal 

Grade 1 Moderate ASL signal with arterial transit artefact (ATA) 

Grade 2 High signal with ATA 

Grade 3 Normal perfusion without ATA 



 

SCTIMST, Trivandrum                                                         25 
 

 

Figure 11: Grade 0 perfusion on ASL in the left M1 region – There is absent ASL signal in 

the left insular region 

 

 

Figure 12: Grade 1 collaterals on ASL in right M1 region – Moderate ASL signal with ATA 

seen in right insula. 
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Figure 13: Grade 2 collaterals on ASL in right M1 region – Very good ASL signal with ATA 

is seen in right insula 

 

Figure 14: Grade 3 collaterals on ASL in the right M1 region – Normal ASL signal intensity 

without ATA in right insula. 
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For grading the collaterals at the basal ganglia using ASL, only 3 grades were used because of 

difficulty in analysing ATA in this region as shown in Table 4. 

Table 4: Collateral grading at basal ganglia on ASL 

Grade 0 No or minimal ASL signal 

Grade 1 Mild to Moderate ASL signal 

Grade 2 High ASL signal  

 

The quantitative analysis was done by calculating ASL signal intensity ratio (ASL-SIR) by 

placing regions of interest (ROIs) of area 7-15mm2 on ASL source images in the above said 7 

regions in each hemisphere. ASL signal intensity ratio (SIR) is derived with the numerator as 

the signal intensity from the ROI, and the denominator as the signal intensity from a similar 

sized ROI in a normally perfused cortical area of the ipsilateral cerebellum (figure 15). 

 

Figure 15: Calculation of ASL-SIR: ASL signal intensity calculated from left insula (right 

panel) and left cerebellum (left panel) 
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Statistical analysis: 

Categorical variables were summarized as numbers and percentages. Continuous variables 

were summarized using mean +/- standard deviation and median. When there was non-normal 

distribution of data, non-parametric tests were used. Normally distributed quantitative data was 

analyzed with the independent t test.  Qualitative variables were compared with the Chi-square 

test. When any cell had a count of less than 5, Fisher’s exact test was used. The correlation 

between ASL and DSA collateral assessments was quantified using kappa values. 

Interpretation of Kappa values is as shown in table-5. 

      The data was collected and tabulated using a Microsoft EXCEL spreadsheet. Final 

statistical analysis was done using Jamovi 2.3.26 software. A  p -value < 0.05 was considered 

statistically significant. 

Table 5: Interpretation of Kappa values 

Kappa value Strength of agreement  

< 0.20 Poor 

0.21 - 0.40 Fair 

0.41 - 0.60 Moderate 

0.61 - 0.80 Good 

0.81 - 1.00 Very good 
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RESULTS 

 

Total number of patients = 46 

Demographics and clinical characteristics 

 

 

Figure 16: Frequency distribution of patient’s according to age 

 

 

Figure 17: Forrest plot of age distribution 
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Figure 18: Plot depicting bimodal distribution of age 

 

Table 6: Age descriptives 

 Age 

Mean Age 22.5 years 

Median 24 years 

Standard deviation  14  

Minimum age 3 years 

Maximum age 50 years  

  

The mean age of presentation is 22.5 years, while median age of presentation is 24 years and 

standard deviation of age is 22.5 +/- 14 years. The age range is between 3 and 50 years. There 

is bimodal distribution with one peak in 1st decade and 2nd peak in 3rd and 4th decade. 
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Table 7: Gender distribution 

Gender N (%) 

Males 22 (47.8%) 

Females 24 (52.2%) 

 

  

 

 

 

 

 

Figure 19: Gender distribution 

Out of the 46 patients 22 were male (47.8%) and remaining 24 were female (52.2%). 

Table 8: Frequency distribution of various clinical symptoms 

Symptom N % 

Weakness 30 65.2% 

Seizure 11 23.9% 

Headache 9 19.6% 

Paresthesia 7 15.2% 

Vertigo 3 6.5% 

Behavioural change 2 4.3% 

Ataxia 1 2.2% 

 

48%52%

Gender

Males

Females
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Figure 20: Frequency distribution of clinical symptoms 

 

Of the 46 patients, 65.2% patients had weakness, 23.9% had seizures, 19.6% had headache, 

15.2% had paresthesias, 6.5% had vertigo, 4.3% had behavioural change and 2.2% had ataxia.  

Table 9: Frequency distribution of type of presentation – ischemic vs hemorrhagic 

 N (%) 

Ischemic  40 (89.1%) 

Hemorrhagic 5 (10.9%) 

TIA 22 (47.8%) 

 

Of the 46 patients, 40 of them had ischemic presentation (either TIA or an ischemic stroke) and 

5 patients had hemorrhagic presentation (parenchymal bleed or SAH). 22 of the 46 patients had 

history of TIA. 1 patient was detected to have MMD while he was evaluated for headache.  

Weakness Seizure Headache Paresthesia Vertigo
Bheavioura

l change Ataxia

Clinical features 65.20% 23.90% 19.60% 15.20% 6.50% 4.30% 2.20%
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Figure 21: Type of presentation – ischemic vs hemorrhagic 

Out of the 92 hemispheres from the 46 patients, 4 hemispheres were excluded as the patient 

underwent revascularisation in the corresponding hemisphere. Of the remaining 88 

hemispheres included for the study, 7 were normal on angiography.  

Of the 45 patients with either ischemic or hemorrhagic presentation, 28 were symptomatic 

unilaterally (14 on left side and 14 on right side), while 17 were symptomatic bilaterally.  

 

Figure 22: Symptomatically involved side 

87%

11%2%

Presentation

Ischemic Hemorrhagic Neither

37%

31%

30%

2%
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Bilateral Right Left Neither
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Table 10: Symptomatically involved side 

Symptomatic side N (%) 

Bilateral 17 (37%) 

Right side 14 (30.4%) 

Left side 14 (30.4%) 

Neither 1 (2.2%) 

 

Admission NIHSS scores 

The mean NIHSS score is 1 with a standard deviation of 2.3 with minimum being 0 and while 

maximum was 13. 

 

Figure 23: Forrest plot distribution of the NIHSS score 

Table 11: Frequency distribution of admission mRS scores 

mRS score N (%) 

0 23 (50%) 

1 10 (21.7%) 

2 9 (19.6%) 

3 3 (6.5%) 

4 1 (2.2%) 
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Admission mRS score 

 

Figure 24: Frequency distribution of admission mRS scores 

 

Interval between the DSA and MR-ASL scans 

The mean interval between DSA and MR-ASL was 21.1 days with a standard deviation of 26.9 

days. [minimum duration was 1 day and maximum was 88 days] 

 

Figure 25: Forrest plot of distribution of time interval between DSA and MR-ASL scans 
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DSA findings 

The Suzuki staging of the 88 hemispheres is described in the following table and diagrams. 

Table 12: Frequency of various Suzuki grades in total 88 hemisphere 

Suzuki stage N % 

0 7 8% 

1 10 11.4% 

2 13 14.8% 

3 24 27.3% 

4 29 33% 

5 5 5.7% 

 

 

s  

Figure 26: Frequency of various Suzuki stages in total 88 hemispheres 
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DSA collateral scoring in all the regions of interest 

Table 13: Frequency distribution of various grades of collaterals on DSA in basal ganglia 

region 

DSA collateral grade N (%) 

1 44 (50%) 

2 30 (34.1%) 

3 14 (15.9%) 

 

 

 

 

Figure 27: Frequency distribution of various grades of collaterals on DSA in basal ganglia 

region 
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Table 14: Frequency distribution of various grades of collaterals on DSA in M1 region 

DSA collateral grade N (%) 

0 1 (2.2%) 

1 42 (47.7%) 

2 28 (31.8%) 

3 17 (19.3%) 

 

 

Figure 28: Frequency distribution of various grades of collaterals on DSA in M1 region 

 

Table 15: Frequency distribution of various grades of collaterals on DSA in M2 region 

DSA collateral grade N (%) 

0 4 (4.5%) 

1 54 (61.4%) 

2 14 (15.9%) 

3 16 (18.2%) 
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Figure 29: Frequency distribution of various grades of collaterals on DSA in M2 region 

 

Table 16: Frequency distribution of various grades of collaterals on DSA in A1 region 

DSA collateral grade N (%) 

0 0 

1 42 (47.7%) 

2 27 (30.7%) 

3 19 (21.6%) 

 

 

Figure 30: Frequency distribution of various grades of collaterals on DSA in A1 region 
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Table 17: Frequency distribution of various grades of collaterals on DSA in A2 region 

DSA collateral grade N (%) 

0 0 

1 39 (44.3%) 

2 27 (30.7%) 

3 22 (25%) 

 

 

Figure 31: Frequency distribution of various grades of collaterals on DSA in A2 region 

 

Table 18: Frequency distribution of various grades of collaterals on DSA in P1 region 

DSA collateral grade N (%) 

0 0 

1 13 (14.8%) 

2 9 (10.2%) 

3 66 (75%) 
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Figure 32: Frequency distribution of various grades of collaterals on DSA in P1 region 

 

Table 19: Frequency distribution of various grades of collaterals on DSA in P2 region 

DSA collateral grade N (%) 

0 1 (1.1%) 

1 19 (21.6%) 

2 2 (2.3%) 

3 66 (75%) 

 

 

 

Figure 33: Frequency distribution of various grades of collaterals on DSA in P2 region 
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At various Suzuki grades, the degree of collaterals graded on DSA were compared at each ROI 

to look for change in collateral status on DSA with the DSA Suzuki stage. This is done to 

predict the collateral shift with increasing severity of the MMD. On chi-square test this change 

in collateral grading with Suzuki staging is statistically significant at all the ROIs (p<0.001). 

Table 20: DSA collateral grading at basal ganglia across various Suzuki grades 

 DSA collateral grading at basal ganglia  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 4 0 6 10 

2 5 7 1 13 

3 8 16 0 24 

4 23 5 0 29 

5 4 1 0 5 

Total 44 30 14 88 

 

 

Figure 34: DSA collateral grading at basal ganglia across various Suzuki grades 
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Table 21: DSA collateral grading at M1 region across various Suzuki grades 

 DSA collateral grading at M1 region 
 

 

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 1 2 7 10 

2 0 1 9 3 13 

3 0 13 11 0 24 

4 1 23 5 0 29 

5 0 4 1 0 5 

Total 1 42 28 17 88 

 

 

Figure 35: DSA collateral grading at M1 region across various Suzuki grades 
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Table 22: DSA collateral grading at M2 region across various Suzuki grades 

 DSA collateral grading at M2 region  

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 2 1 7 10 

2 0 8 3 2 13 

3 1 16 7 0 24 

4 3 26 0 0 29 

5 0 2 3 0 5 

Total 4 54 14 16 88 

 

 

 

Figure 36: DSA collateral grading at M2 region across various Suzuki grades 
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Table 23: DSA collateral grading at A1 region across various Suzuki grades 

 DSA collateral grading at A1 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 2 3 5 10 

2 3 8 2 13 

3 11 10 3 24 

4 23 4 2 29 

5 4 2 0 5 

Total 42 27 19 88 

 

 

 

Figure 37:  DSA collateral grading at A1 region across various Suzuki grades 
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Table 24: DSA collateral grading at A2 region across various Suzuki grades 

 DSA collateral grading at A2 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 2 2 6 10 

2 2 7 4 13 

3 9 12 3 24 

4 24 3 2 29 

5 2 3 0 5 

Total 39 27 22 88 

 

 

 

Figure 38: DSA collateral grading at A2 region across various Suzuki grades 
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Table 25: DSA collateral grading at P1 region across various Suzuki grades 

 DSA collateral grading at P1 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 0 1 9 10 

2 0 0 13 13 

3 0 3 21 24 

4 12 5 12 29 

5 1 0 4 5 

Total 13 9 66 88 

 

 

 

Figure 39: DSA collateral grading at P1 region across various Suzuki grades 
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Table 26: DSA collateral grading at P2 region across various Suzuki grades 

 DSA collateral grading at P2 region  

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 0 1 9 10 

2 0 0 0 13 13 

3 0 3 0 21 24 

4 1 16 0 12 29 

5 0 0 1 4 5 

Total 1 19 2 66 88 

 

 

Figure 40: DSA collateral grading at P2 region across various Suzuki grades 
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ASL signal intensity ratio 

Table 27: ASL signal intensity ratio at various ROIs 

ASL SIR Mean  ± SD Median Range 

BG 0.97  ± 0.2 0.96 0.56-1.5 

M1 0.94  ± 0.27 0.96 0.26-1.73 

M2 0.78  ± 0.31 0.74 0.18-1.5 

A1 0.91  ± 0.27 0.94 0.36-1.6 

A2 0.94  ± 0.27 0.95 0.36-1.6 

P1 1.1  ± 0.24 1.12 0.3-1.7 

P2  1.07  ± 0.27 1.14 0.2-1.6 

 

 

Table 28: Correlation between Suzuki stage and ASL SIR at various ROIs 

 χ² p value 

BG 8.39 0.136 

M1 26 <0.001 

M2 27 <0.001 

A1 14.1 0.015 

A2 21.6 <0.001 

P1 6.49 0.262 

P2 16 0.007 

 

On non-parametric One-way ANNOVA (Kruskal-Wallis) test, when Suzuki stage was 

compared with ASL signal intensity ratio at various ROIs, it has shown statistically significant 

correlation in the M1, M2, A1, A2 and P2 regions, while it did not show correlation in the 

remaining ROIs (BG and P1). (Table 27)  
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Correlation between DSA collaterals and the ASL-SIR at various ROIs 

On One-way ANNOVA (Kruskal-Wallis) test, the DSA collaterals grade was compared to the 

ASL-SIR at each ROI to look whether ASL-SIR can be used to predict the different grades of 

collaterals. The ASL-SIR could predict the collateral grade on DSA across all the ROIs 

(p<0.001).  

Table 29: Correlation between DSA collateral grade and ASL SIR at various ROIs 

 χ² p value 

BG 18.1 <0.001 

M1 43.2 <0.001 

M2 41.1 <0.001 

A1 41.1 <0.001 

A2 49.1 <0.001 

P1 12.4 0.002 

P2 39.9 <0.001 

 

When pair wise comparisons were done using Dwass-Steel-Critchlow-Fligner test in One-way 

ANNOVA, the difference was more obvious between collateral grades 0 and 1, 0 and 2, 1 and 

2. But these values cannot be used to differentiate between grades 2 and 3 of collaterals on 

DSA.  

Table 30: Pairwise comparisons at BG between DSA collateral grades using ASL-SIR 

    W P 

1  2  5.57  < .001  

1  3  3.36  0.046  

2  3  -2.43  0.198  
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Table 31: Pairwise comparisons at M1 between DSA collateral grades using ASL-SIR 

                 W                        P 

0  1  2.39  0.331  

0  2  2.37  0.337  

0  3  2.29  0.367  

1  2  7.65  < .001  

1  3  7.06  < .001  

2  3  2.12  0.438  

 

  

 

Table 32: Pairwise comparisons at M2 between DSA collateral grades using ASL-SIR 

                   W                     P 

0  1  4.66  0.006  

0  2  4.22  0.015  

0  3  4.21  0.016  

1  2  5.12  0.002  

1  3  7.41  < .001  

2  3  1.11  0.862  

 

  

Table 33: Pairwise comparisons at A1 between DSA collateral grades using ASL-SIR 

    W P 

1  2  7.34  < .001  

1  3  7.30  < .001  

2  3  2.55  0.169  
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Table 34: Pairwise comparisons at A2 between DSA collateral grades using ASL-SIR 

    W P 

1  2  8.48  < .001  

1  3  7.89  < .001  

2  3  1.35  0.605  

 

 

  

Table 35: Pairwise comparisons at P1 between DSA collateral grades using ASL-SIR 

    W P 

1  2  3.584  0.030  

1  3  4.860  0.002  

2  3  -0.909  0.797  

 

  

Table 36: Pairwise comparisons at P2 between DSA collateral grades using ASL-SIR 

    W p 

0  1  2.31  0.360  

0  2  1.73  0.611  

0  3  2.41  0.322  

1  2  3.18  0.110  

1  3  8.64  < .001  

2  3  -1.15  0.850  
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ASL collateral scoring in all the regions of interest 

Table 37: Frequency distribution of various grades of collaterals on ASL in basal ganglia region 

ASL collateral grade N (%) 

0 0 

1 38 (43.2%) 

2 50 (56.8%) 

 

 

Figure 41: Frequency distribution of various grades of collaterals on ASL in basal ganglia 

region 

 Table 38: Frequency distribution of various grades of collaterals on ASL in M1 region 

ASL collateral grade N (%) 

0 1 (1.1%) 

1 42 (47.7%) 

2 28 (31.8%) 

3 17 (19.3%) 

0%

43
.2

0%

56
.8

0%

0 1 2

ASL COLLATERAL GRADE IN 
BASAL GANGLIA REGION
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Figure 42: Frequency distribution of various grades of collaterals on ASL in M1 region 

 

 Table 39: Frequency distribution of various grades of collaterals on ASL in M2 region 

 

 

 

1%

47
.7

0%

31
.8

0%

19
.3

0%

0 1 2 3

ASL COLLATERAL GRADE IN 
M1 REGION

5%

64
.8

0%

12
.5

0% 18
.2

0%

0 1 2 3

ASL COLLATERAL GRADE IN M2 
REGION

ASL collateral grade N (%) 

0 4 (4.5 %) 

1 57 (64.8%) 

2 11 (12.5%) 

3 16 (18.2%) 
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Figure 43: Frequency distribution of various grades of collaterals on ASL in M2 region 

Table 40: Frequency distribution of various grades of collaterals on ASL in A1 region 

ASL collateral grade N (%) 

0 0 

1 43 (48.9%) 

2 26 (29.5%) 

3 19 (21.6%) 

  

 

Figure 44: Frequency distribution of various grades of collaterals on ASL in A1 region 

 

Table 41: Frequency distribution of various grades of collaterals on ASL in A2 region 

ASL collateral grade N (%) 

0 0 

1 40 (45.5%) 

2 28 (31.8%) 

3 20 (22.7%) 

  

0%

48
.9

0%

29
.5

0%

21
.6

0%

0 1 2 3

ASL COLLATERAL GRADE IN A1 
REGION



 

SCTIMST, Trivandrum                                                         56 
 

 

 

Figure 45: Frequency distribution of various grades of collaterals on ASL in A2 region 

 

Table 42: Frequency distribution of various grades of collaterals on ASL in P1 region 

ASL collateral grade N (%) 

0 0 

1 11 (12.5%) 

2 11 (12.5%) 

3 66 (75%) 
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Figure 46: Frequency distribution of various grades of collaterals on ASL in P1 region 

Table 43: Frequency distribution of various grades of collaterals on ASL in P2 region 

ASL collateral grade N (%) 

0 1 (1.1%) 

1 19 (21.6%) 

2 2 (2.3%) 

3 66 (75%) 

  

 

Figure 47: Frequency distribution of various grades of collaterals on ASL in P2 region 

 

At various Suzuki grades, the degree of collaterals graded on ASL were compared at each ROI 

to look for change in collateral status on ASL with the DSA Suzuki stage. This is done to 

predict the collateral shift with increasing severity of the MMD. On chi-square test this change 

in collateral grading with Suzuki staging is statistically significant at all the ROIs (p<0.001). 
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Table 44: ASL collateral grading at Basal ganglia region across various Suzuki grades 

 ASL Collateral grading at BG  

Suzuki grading 1 2 Total 

0 0 7 7 

1 2 8 10 

2 4 9 13 

3 8 16 24 

4 22 7 29 

5 2 3 5 

Total 38 50 88 
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Figure 48:  ASL collateral grading at Basal ganglia region across various Suzuki grades 

Table 45: ASL collateral grading at M1 region across various Suzuki grades 

 ASL Collateral grading at M1 region  

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 1 2 7 10 

2 0 3 7 3 13 

3 0 13 11 0 24 

4 1 22 6 0 29 

5 0 3 2 0 5 

Total 1 42 28 17 88 

 

 

 

Figure 49:  ASL collateral grading at M1 region across various Suzuki grades 
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Table 46: ASL collateral grading at M2 region across various Suzuki grades 

 ASL Collateral grading at M2 region  

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 1 2 7 10 

2 0 9 2 2 13 

3 1 18 5 0 24 

4 3 26 0 0 29 

5 0 3 2 0 5 

Total 4 57 11 16 88 

 

 

 

Figure 50:  ASL collateral grading at M2 region across various Suzuki grades 
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Table 47: ASL collateral grading at A1 region across various Suzuki grades 

 ASL Collateral grading at A1 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 3 2 5 10 

2 3 8 2 13 

3 12 9 3 24 

4 22 5 2 29 

5 3 2 0 5 

Total 43 26 19 88 

 

 

 

 

Figure 51:  ASL collateral grading at A1 region across various Suzuki grades 
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Table 48: ASL collateral grading at A2 region across various Suzuki grades 

 ASL collateral grading at A2 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 2 3 5 10 

2 3 7 3 13 

3 9 12 3 24 

4 23 4 2 29 

5 3 2 0 5 

Total 44 28 20 88 

 

 

 

Figure 52:  ASL collateral grading at A2 region across various Suzuki grades 



 

SCTIMST, Trivandrum                                                         63 
 

 

Table 49: ASL collateral grading at P1 region across various Suzuki grades 

 ASL collaterals in P1 region  

Suzuki grading 1 2 3 Total 

0 0 0 7 7 

1 0 1 9 10 

2 0 0 13 13 

3 0 3 21 24 

4 11 6 12 29 

5 0 1 4 5 

Total 11 11 66 88 

 

 

 

 

 

Figure 53:  ASL collateral grading at P1 region across various Suzuki grades 
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Table 50: ASL collateral grading at P2 region across various Suzuki grades 

 ASL collaterals at P2 region  

Suzuki grading 0 1 2 3 Total 

0 0 0 0 7 7 

1 0 0 1 9 10 

2 0 0 0 13 13 

3 0 3 0 21 24 

4 1 16 0 12 29 

5 0 0 1 4 5 

Total 1 19 2 66 88 

 

 

 

Figure 54:  ASL collateral grading at P2 region across various Suzuki grades 
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Whether collateral grading using ASL can predict the collaterals graded using DSA was tested 

using Cohen Kappa’s method, and it was found that ASL can be used to predict collaterals 

graded by DSA with very good agreement in all the ROIs (p<0.001). The kappa value was low 

when used for basal ganglia region, and this is may be due to use of 3 grades in ASL as opposed 

to 4 grades in DSA for basal ganglia region.  

 

Table 51: Agreement between collateral grading using DSA and ASL 

 Agreement % Kappa p-value 

Basal ganglia 75% 0.577 <0.001 

M1 93% 0.892 <0.001 

M2 92% 0.855 <0.001 

A1 94% 0.910 <0.001 

A2 88% 0.806 <0.001 

P1 98% 0.944 <0.001 

P2 100% 1.000 <0.001 
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DISCUSSION 

               MMD is an uncommon cause of stroke in both pediatric and adult patients. The 

current study showed bimodal age distribution but no difference in gender predilection. Patients 

most commonly had ischemic presentation overall, while hemorrhagic presentation is more 

common in adults compared to the pediatric age group. While the most common presenting 

complaint is weakness of limbs, a significant proportion of patients also had seizures and 

headaches. Uncommon symptoms include syncope, behavioral changes, or ataxia. These 

findings are consistent with previous Indian studies. (Sadashiva et al., 2016; Sreenivasan et al., 

2022; Sundaram et al., 2014) While the disease is unilateral in 7 patients, the remaining 39 

patients had bilateral involvement. Among these, 17 patients had symptoms related to bilateral 

cerebral hemispheres at the time of evaluation, while the remaining had symptoms of a silent 

disease process in one hemisphere. Most of the patients had minor stroke as the manifestation 

or had low NIHSS and mRS at the time of evaluation. The mean interval between both the 

studies with either one obtained first is 21 days with a range of 1 day to 88 days.  

Natural history of the progression of collaterals  

           The primary aim of the study was to determine the natural history of MMD with respect 

to collateral development and shifting. With the development of ischemia, the body tries to 

maintain perfusion through various mechanisms, including the development of collaterals, 

which may be in the form of the opening of preexisting vascular conduits or with the 

development of new collateral sprouts. (Maguida and Shuaib, 2023) This mainly occurs with 

long-standing ischemia, as in cerebrovascular intracranial atherosclerotic disease. A similar 

mechanism is also responsible for the characteristic collateral formation in MMD. In the initial 

stages of the disease, with the development of the progressive steno-occlusive disease 
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involving the distal ICA, hypoperfusion occurs in the areas surrounding the circle of Willis, 

eventually leading to a net-like collateral development in this region. (Suzuki, 1969) Collaterals 

in the basal brain region surrounding the circle of Willis are most prominent during Suzuki 

stage 3 of the MMD. (Yamamoto et al., 2019) However, with further disease progression 

(Suzuki stage IV and V), the leptomeningeal pial collaterals at the cortical surface and ECA 

collaterals are recruited. By this time (Suzuki stage V) usually, there is a reduction in the basal 

collaterals. With more advanced disease, as in Suzuki stage VI, all the Moyamoya collaterals 

disappear entirely, leaving a severe perfusion deficit. (Scott and Smith, 2009; Suzuki, 1969)  

            Much of this understanding has accrued from angiographic studies. There are no 

studies, except one (Yamamoto et al., 2019), which looked at the natural progression of the 

collateral shift with advancing disease. Yamamoto et al. described the shift of collaterals 

posteriorly with advancing disease. (Yamamoto et al., 2019) This study showed that in the 

early disease, most collateral circulation is derived from lenticulostriate branches and anterior 

choroidal artery. Then, the posterior basal vessels (posterior communicating artery and the 

posterior choroidal artery) dilate more with increased collaterals as the disease advances. This 

is because the posterior circulation is least involved in MMD, thus contributing most to the 

compensation to maintain the perfusion. However, this study only studied the basal and deep 

collaterals and did not study the perfusion and collateral status at the cortical level. 

Angiographic studies depict the structural changes occurring with the disease. But does this 

translate to the functional change that is expected with these structural changes is not well 

studied. Therefore, we have employed the MR-ASL technique to study the change in perfusion 

status with changing disease stages. To the best of our knowledge, the current study is the first 

to look into the association of the progression of the disease with the collateral development 

and shift both at basal and cortical levels across all the Suzuki stages in MMD both structurally 

(by DSA) as well as functionally (by ASL). The maximum time interval between these two 
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investigations was arbitrarily decided as three months, assuming periods longer than that may 

lead to disease progression, thereby affecting the imaging findings.  

              The study included patients with normal cerebral hemispheres (n=7) and those with 

all subsequent stages of the disease but lacked any patients with Suzuki stage VI. The sample 

size of 81 diseased cerebral hemispheres, spanning Suzuki grades 1 through 5, gives a fair 

sample size to study the disease progression with respect to collaterals across all the stages. In 

the current study, the collaterals started appearing from Suzuki grades 1 and 2 and were 

maximum in stage 3. Following this, they decreased in all the regions studied. This change was 

statistically significant on the Chi-square test (p<0.001). The collaterals were maximum in the 

basal region, as depicted by a greater number of patients having grade 2 collaterals compared 

to grade 1 collaterals in Suzuki grade 3 and 4 in BG, M1, and A1 regions. This is in contrast to 

the surface collaterals observed in M2 and A2 regions, where a greater number of patients had 

grade 1 collaterals compared to grade 2 collaterals in Suzuki grades 3 and 4.  

                These findings are in agreement with the previous understanding that the 

hypoperfusion is maximum at the cortical surface as the disease progresses. (Scott and Smith, 

2009) Togao et al. used MR perfusion imaging and showed that the mean transit time (MTT) 

corresponded to the degree of the stenosis of the ICA and PCA in the basal ganglia and ROIs 

in medial and posterior frontal cortical surfaces, where the cortical ROIs were also placed at 

the basal ganglia level.(Togao et al., 2006) In the current study, in addition to cortical ROIs at 

the basal ganglia level (M1, A1, and P1), ROIs were also placed in the supra-ganglionic level 

(M2 and A2), which showed the least collaterals with the disease progression. The current 

study has shown that posterior circulation involvement in MMD is uncommon and, in the 

advanced disease state, contributes to the collateral blood supply in some. These findings are 

similar to Yamamoto et al.'s previous study, which demonstrated an anterior-to-posterior shift 
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of basal collaterals with advancing disease.(Yamamoto et al., 2019) 

           The current study has depicted the development and disappearance of collaterals in 

various ROIs using both the DSA collateral grading and the ASL collateral grading. This 

proves that the structural changes occurring with progressing disease are accompanied by 

corresponding functional perfusion change, as the ASL shows. The current study did not 

employ the quantification of CBF on ASL. Accurate quantification of CBF could be obtained 

with multi-delay ASL, which was not available in our retrospectively studied patients. So, we 

have employed qualitative collateral grading on ASL images as a surrogate for the perfusion 

assessment as used in previous studies.(Wang et al., 2014; Zaharchuk et al., 2011) For 

quantitative measures, we have used the ASL signal intensity ratio, which uses the signal value 

obtained from the ROI in these regions as the numerator and the signal value from the ipsilateral 

cerebellum as the denominator. Only 78 hemispheres scans had the source images available in 

the hospital records. Hence, only 78 of the 88 hemispheres were used to calculate ASL-SIR. 

The Suzuki stage has also had a statistically significant correlation with the ASL-SIR in all the 

ROIs (except BG and P1). At basal ganglia, the surrounding white matter may have confounded 

the ASL-SIR measurement. The mean ASL-SIR was found to be effective in differentiating 

collateral grades 0 from 1, 0 from 2, and 1 from 2, while it is ineffective in differentiating 

collateral grades 2 from 3. Thus, when perfusion if dichotomized as low to moderate vs. good, 

ASL-SIR can be used to differentiate these groups, though the differentiation of whether the 

good perfusion is because of normal circulation or secondary to collateral development cannot 

be done. 

Role of ASL in determining the collaterals 

       Previous studies where ASL was employed to assess perfusion in MMD showed that the 

cerebral blood flow (CBF) calculated by ASL had a good correlation with the CBF calculated 
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by CT perfusion (CTP) or Xe-CT perfusion or dynamic susceptibility contrast MRI (DSC-

MRI).(Fan et al., 2017; Togao et al., 2023; Wang et al., 2014; Zaharchuk et al., 2011). Thus, 

ASL can be used as an alternative for predicting the CBF without employing any contrast agent 

like with CTP or PET or Xe-CT scans in MMD. Two of these studies have also used visual 

subjective ratings to determine perfusion and have proven to be effective. Zaharchuk et al. have 

formulated a new grading system for grading collaterals by visual impression using both DSA 

and ASL. The same study has also compared the CBF from ASL and Xe-CT scans and found 

they are correlating. The study also showed that the ASL collateral score increased as the CBF 

increased. (Zaharchuk et al., 2011) The current study has also used a similar collateral grading 

system. Wang et al., in their study, used pseudo-continuous ASL and compared it with CTP in 

determining the accuracy of predicting the perfusion. They have also used a subjective scale 

from 0 to 3 for determining the severity of hypoperfusion within predefined regions for both 

ASL and CTP, and found they a statistically significant correlation between the methods and 

also with the quantitative measurements of the perfusion. (Wang et al., 2014) Therefore, the 

ASL technique can be employed to make a qualitative assessment of the perfusion, which in 

turn correlates with qualitative perfusion measures, as shown in these two studies.  

          The current study has shown good agreement between qualitative collateral grading 

using DSA and ASL in all the studied regions. This is in line with the results of the Zaharchuk 

et al. study, where a moderate to strong agreement was obtained in the consensus reading of 

the qualitative collateral grading done by two separate neuroradiologists. The study also 

showed a 0.83 sensitivity and 0.82 specificity in identifying collaterals with ASL as compared 

to DSA. (Zaharchuk et al., 2011) The agreement between the methods is higher in the current 

study compared to Zaharchuk et al. One principal difference is that in the Zaharchuk et al study, 

only cortical ROIs were taken in the regions used for ASPECTS scoring. They avoided 

subcortical and white matter regions as the visualization of blush on DSA and ASL signal on 
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imaging may be difficult. However, in the current study, we chose to select ROIs in the basal 

ganglia level as well, as this area is the first and foremost, as well as maximum collateral 

development.  

                 With the above results, it can be said that ASL can be used as effective alternative 

to determine the collaterals and perfusion in the various regions of the brain, and the results are 

comparable to gold standard DSA or other perfusion techniques like CTP, PET, etc. Though 

DSA is the gold standard for MMD diagnosis, it is an invasive procedure requiring contrast 

infusion and has difficulty in obtaining images in pediatric patients, sometimes requiring 

anesthesia. These can themselves precipitate stroke in MMD patients and hence may be 

avoided. ASL technique has the advantages of being able to obtain without the need for skilled 

interventional radiologists, without exposure to contrast, and also the advantage of using 

serially to follow-up the patients to study the disease progression and also to determine the 

timing of revascularization. Also, the perfusion deficit is maximum around the circle of Willis 

in the initial stages of the disease, which is corrected with the development of the collaterals. 

As the disease advances, the basal collaterals disappear, and the cortical regions have the 

highest hypoperfusion.  

Strengths: 

1. This is the first study to look into the natural history of the MMD with respect to 

collaterals, both basal as well as superficial cortical, across various Suzuki stages. 

2. This is the first study to employ the MR-ASL technique in addition to DSA for 

determining the functional change i.e., change in perfusion status with the disease 

progression, in addition to the structural change, i.e., collaterals development and 

disappearance. 
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3. It is an easily reproducible collateral grading system used for both DSA and ASL 

techniques. 

4. Two independent investigators have rated the DSA and ASL collaterals, and consensus 

values are used for the comparison.  

Limitations 

1. A small sample size precludes non-uniform representation of different Suzuki stages 

2. Longitudinal follow-up of individual patients was not done 

3. Single centre study 

        

         In the future, large multi-center pooled cohorts may be used to increase the sample size 

and more uniform representation of all age groups, ethnicities, and all MMD stages. 

Longitudinal follow-up studies with ASL may be done, which, if proved effective, can be used 

as a non-invasive, simple, and easily reproducible test for determining the collateral status and 

the disease progression, thereby helping in determining the treatment plan and timing of 

revascularisation. 
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CONCLUSION 

MMD is a progressive steno-occlusive disease of the ICAs with varied clinical presentation. The 

perfusion deficit in MMD is dynamic. MMD collaterals typically appear in the basal region in stage 3 

disease, and with further progression, collaterals disappear with maximum hypoperfusion in the cortical 

areas in the advanced stages. MR-ASL may be used as a simple, safe, effective, and reproducible 

alternative for DSA in determining the collaterals and perfusion status in MMD patients without 

untoward effects like contrast or radiation exposure. 
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Curriculum Vitae – Dr S M Krishna Mohan M 

Name: Dr. Sambha Murthy Krishna Mohan Mavuru 
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Sex: Male 
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Ph: +918985885589 
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Month and Year  Title Institution/Company, Country 
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Neurology, SCTIMST 

 Sree Chitra Tirunal Institute of 

Medical Sciences and Technology 
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Indus Hospital, Visakhapatnam, 

Andhra Pradesh, India 
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 Andhra Medical College, 

Visakhapatnam, India 

2016-2019 

Junior Resident, Department of 

General Medicine 
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Brief summary of relevant research experience:  

 

Research done as a Neurology resident: 
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Finished projects as Principal Investigator / First author: 

1. Perfusion Patterns in Varying Angiographic stages (Suzuki Grading) of Indian 

Moyamoya patients. [submitted as thesis for DM neurology degree] 

 

2. Post COVID-19 Neurological Spectrum– Experience from a single centre. Presented 

at NSI-CON 2022 (Kerala Chapter), submitted for publication (under peer review) 

 

3. ‘Precuneus epilepsy – a distinct presurgical entity? Electroclinical profile and 

outcomes in precuneal epilepsy – a retrospective cohort’ – presented at ECON 2023 

(National epilepsy conference of India), being prepared for publication. [Largest series 

in the world on Precuneus epilepsy and 2nd largest precuneus epilepsy surgical cohort] 

 

4. ‘CNVs in refractory epilepsy – a diagnostic odyssey’ – accepted for poster 

presentation at ILAE Congress 2023, Dublin, Ireland; being prepared for publication 

[first and the largest study on CNVs in Indian refractory epilepsy patients] 

 

Finished projects as Co-investigator / one of the authors: 

1. Sequential Multimodality Stimulation – A Novel intervention strategy for post stroke 

Hemineglect: Results from a randomised controlled trial – 2nd author; submitted for 

publication (under peer review) 

 

2. Primary focal dystonias and response to botulinum toxin’ – 3rd author, being prepared 

for publication 

 
 

3. Primary CNS Angitis – a retrospective cohort study from South India. – being 

prepared for publication. [4th largest PACNS cohort in the world] 

 

Current project/s at hand as Principal Investigator:  

Clinical Profile of Immunotherapy Responsive Chronic Progressive Axonal Polyneuropathy 
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Research done as a medical (MBBS) student or during MD (general medicine) residency: 
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comparison to clinical TIMI score.’ 

2. Poster Presentation at AP-APICON 2018: A Case Of Atypical Paraneoplastic 

Syndrome Associated With Anti-Yo Antibodies. [Received BEST POSTER 

AWARD]. 

 

3. Paper Presentation at APICON 2019: Thrombolysis In Acute Ischemic Stroke With 

Tenecteplase In A Government Tertiary Hospital In Andhra Pradesh. 

 
 

4. Paper presentation at IPHA state and national conference 2012: Hospital 

Antibiogram of Government General Hospital, Kakinada  

Publications:  

Reversible Cerebral Vasoconstriction Syndrome with Spontaneous Spinal Subdural 

Hemorrhage—a Perplexing Conundrum!!!. https://doi.org/10.1177/25166085231172869 

 

Book chapter in CME book for NSI conference 2023 – ‘Alteplase vs. Tenecteplase for Acute 

Ischemic stroke management’ 

 

Many other case reports and the above mentioned studies are either submitted or being prepared 

for publication. 
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APPENDIX – A: IEC APPROVAL FORM
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APPENDIX B– DATA COLLECTION PROFORMA 

 

Serial No. 

Age 

Gender 

Presenting complaints – weakness / seizure / headache / sensory symptoms / vertigo/ etc 

History of TIA  - Yes / No 

Admission NIHSS 

Admission mRS 

Symptomatic side – right / left / both / neither 

Interval between DSA and MR-ASL 

Type of stroke – Ischemic / Hemorrhagic / neither 

DSA findings: 

 Right Left 

Suzuki stage   

Collateral grading 

BG   

M1   

M2   

A1   

A2   

P1   

P2   
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ASL findings 

 Right Left 

 Signal 
intensity 

SIR Collateral 
grade 

Signal 
intensity 

SIR Collateral 
grade 

Cerebellum       

BG       

M1       

M2       

A1       

A2       

P1       

P2       
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APPENDIX C - DATA MASTER CHART 
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APPENDIX D - INFORMED CONSENT FORM 

 

Title of Study:  

Perfusion Patterns In Varying Angiographic Stages Of Indian Moyamoya Patients 
 
Principal Investigator: 
Dr. S M Krishna Mohan M, Senior Resident, Department of Neurology, SCTIMST 
 
Co-Principal Investigator: 
Dr. Sajith S, Professor, Department of Neurology, SCTIMST 
 

Please tick the following points: 

 I agree to participate as a participant in the study described in the Participant 

Information Sheet attached to this form. 
[   ] 

 I acknowledge that I have read the Participant Information Sheet, which 
explains why I have been selected, the aims of the study and the nature and 
the possible risks of the investigation, and the information sheet has been 
explained to me to my satisfaction.  

 

[   ] 

 Before signing this consent form, I have been given the opportunity of 
asking any questions relating to any possible physical and mental harm I 
might suffer as a result of my participation and I have received satisfactory 
answers. 

 

[   ] 

 I understand that my participation is voluntary and that I am free to 
withdraw at any time, without giving any reason, without my medical care 
or legal rights being affected. 

 

[   ] 

 I agree that research data gathered from the results of the study may be 
published, provided that I cannot be identified. 

 

[   ] 

 I understand that if I have any questions relating to my participation in this 
research, I may contact my doctor, who will be happy to answer them. 

 

[   ] 

 I acknowledge receipt of a copy of this Consent Form and the Participant 
Information Sheet attached to this form 

 

[   ] 

 



 

SCTIMST, Trivandrum                                                         94 
 

___________________________________________________ 

Name of Participant                

 

___________________________________________________ _____________    

Signature of Participant       Date                      
     

___________________________________________________ 

Name of Caretaker or Next of Kin             

(If patient not directly consented) 

 

___________________________________________________ 

Relationship with the patient               

 

___________________________________________________                 _____________     

Signature of Caretaker or Next of Kin                 Date                 

 

___________________________________________________ 

Name of Witness               

___________________________________________________                 _____________     

Signature of Witness                   Date  
                   

___________________________________________________ 

Name of Person conducting Informed Consent discussion               

 

___________________________________________________                     ___________     

Signature of Person conducting Informed Consent discussion                        Date               
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APPENDIX D – INFORMED CONSENT FORM IN MALAYALAM 
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APPENDIX D- PATIENT INFORMATION SHEET 
 

 

Title of the study:  

Perfusion Patterns In Varying Angiographic Stages Of Indian Moyamoya Patients 

Principal Investigator: 

Dr. S M Krishna Mohan M, Senior Resident, Department of Neurology, SCTIMST 

 

Co-Principal Investigator: 

Dr. Sajith . S., Professor, Department of Neurology, SCTIMST 

 

Sir/ Madam, 

We invite you to take part in our study titled “PERFUSION PATTERNS IN VARYING 

ANGIOGRAPHIC STAGES OF INDIAN MOYAMOYA PATIENTS” an observational study. 

Before you agree to participate in this research study, it is important that you read and 

understand this information sheet which will provide you with all the information needed for 

participation in this study so that you can make a well informed and considered decision about 

participation. In addition, should you have any questions, the investigator and his team 

members will be happy to answer them and explain to you more about this research study, the 

procedure involved and the related issues. You may ask them any questions you may have 

regarding the study, or ask them to explain any word or information that you don’t clearly 

understand. 

 

Study Overview 

You are invited to take part in this study as you have stenosis in one of the major blood vessels 

supplying  the brain called Moyamoya disease. As part of investigative workup, a procedure 
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called DSA is done to stage the severity of the disease. A special MR sequence called ASL is 

also done and will give more information of the perfusion pattern and the severity of the 

disease. Patients diagnosed with MMD who are admitted in Comprehensive stroke care centre, 

Department of Neurology, SCTIMST will be included in the study. 

 

Purpose of this study 

The purpose of this study is to evaluate perfusion patterns in patients with MMD and to 

compare the perfusion patterns in different angiographic stages of MMD 

 

Study Procedures 

If you are willing to participate, you will be interviewed and examined by neurologist and the 

clinical findings will be noted. This shall be planned when you are admitted for evaluation or 

revascularisation surgery. As a part of your management plan you will have to undergo MRI 

brain including ASL sequence and DSA as per standard protocol, data of  which will be used 

in this study.  

 

Risks and Discomfort 

 

This study involves only a structured interview by neurologist along with MR imaging and 

DSA done as part of standard management protocol. There are no additional risks or costs 

associated with the study. 

 

Benefits 

Taking part in this research study may not benefit you. However, we do hope that this study 

will shed light whether the natural history of the MMD and its various stages demonstrated by 
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DSA  follows expected perfusion patterns on MR ASL imaging modality. Thus help in better 

understanding of the MMD and formulating better care in the future.  

 

Confidentiality 

 

Your privacy is very important to us and the results of the tests performed on you will be treated 

as highly confidential, and nobody other than the investigators listed above will be knowing 

the test results. Your name or any other identifiable details will not be published in any research 

paper or scientific presentation arising out of the study. 

 

Rights 

Your participation in the trial is voluntary. You do not have to take part in this study if you are 

unwilling and you will not be losing any of your rights as a patient if you choose not to 

participate. You will also be at the liberty to withdraw from the study at any stage (even after 

signing this consent form) of the study in case you want to withdraw. 

 

Contact Information 

  When you read this information, your treating doctor will be available to discuss and 
answer any questions you may have.  If you have any queries please contact: 

Dr S M Krishna Mohan M 

Senior Resident, Department of Neurology, 

Sree Chitra Tirunal Institute for Medical Sciences and Technology 

Tel: +91 8985885589, Email: kmrmc08msm@sctimst.ac.in 

 If you have any questions, concerns or complaints about the research please contact:  

Dr. Srinivas G 

Member Secretary, Institutional Ethics Committee,  

Sree Chitra Tirunal Institute for Medical Sciences and Technology 

Tel: 0471- 2524689, Email: iec.mem.sec@sctimst.ac.in 
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APPENDIX D- PATIENT INFORMATION SHEET IN MALAYALAM 
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APPENDIX E– PLAGIARISM CERTIFICATE 

 


