

[image: image1]
Movement Disorders Associated With Cerebral Artery Stenosis: A Nationwide Study












	
	ORIGINAL RESEARCH
published: 14 July 2022
doi: 10.3389/fneur.2022.939823






[image: image2]

Movement Disorders Associated With Cerebral Artery Stenosis: A Nationwide Study

Kye Won Park1†, Nari Choi2†, Eungseok Oh3, Chul Hyoung Lyoo4, Min Seok Baek5, Han-Joon Kim6, Dalla Yoo7, Jee-Young Lee8, Ji-Hyun Choi8, Jae Hyeok Lee9, Seong-Beom Koh10, Young Hee Sung11, Jin Whan Cho12, Hui-Jun Yang13, Jinse Park14, Hae-Won Shin15, Tae-Beom Ahn7, Ho-Sung Ryu16, Sooyeoun You17, Seong-Min Choi18, Bum Joon Kim19, Seung Hyun Lee19 and Sun Ju Chung19*


1Department of Neurology, Uijeongbu Eulji Medical Center, Eulji University School of Medicine, Uijeongbu, South Korea

2Department of Neurology, Heavenly Hospital, Goyang, South Korea

3Department of Neurology, Chungnam National University College of Medicine, Chungnam National University Hospital, Daejeon, South Korea

4Department of Neurology, Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul, South Korea

5Department of Neurology, Wonju Severance Christian Hospital, Yonsei University Wonju College of Medicine, Wonju, South Korea

6Department of Neurology, Movement Disorder Center, College of Medicine, Seoul National University Hospital, Seoul, South Korea

7Department of Neurology, Kyung Hee University College of Medicine, Seoul, South Korea

8Department of Neurology, Seoul National University-Seoul Metropolitan Government Boramae Medical Center and Seoul National University Medical College, Seoul, South Korea

9Department of Neurology, Pusan National University Yangsan Hospital, Pusan National University School of Medicine, Yangsan, South Korea

10Department of Neurology, Korea University College of Medicine, Guro Hospital, Seoul, South Korea

11Department of Neurology, Gachon University Gil Medical Center, Incheon, South Korea

12Department of Neurology, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, South Korea

13Department of Neurology, Ulsan University Hospital, University of Ulsan College of Medicine, Ulsan, South Korea

14Department of Neurology, Haeundae Paik Hospital, Inje University, Busan, South Korea

15Department of Neurology, Chung-Ang University College of Medicine, Seoul, South Korea

16Department of Neurology, Kyungpook National University Hospital, Daegu, South Korea

17Department of Neurology, Dongsan Medical Center, Keimyung University, Daegu, South Korea

18Department of Neurology, Chonnam National University Hospital, Gwangju, South Korea

19Department of Neurology, Asan Medical Center, University of Ulsan College of Medicine, Seoul, South Korea

Edited by:
Abhishek Lenka, MedStar Georgetown University Hospital, United States

Reviewed by:
Divyani Garg, Vardhman Mahavir Medical College and Safdarjung Hospital, India
 Sara Schaefer, Yale University, United States

*Correspondence: Sun Ju Chung, sjchung@amc.seoul.kr

†These authors have contributed equally to this work

Specialty section: This article was submitted to Movement Disorders, a section of the journal Frontiers in Neurology

Received: 09 May 2022
 Accepted: 20 June 2022
 Published: 14 July 2022

Citation: Park KW, Choi N, Oh E, Lyoo CH, Baek MS, Kim H-J, Yoo D, Lee J-Y, Choi J-H, Lee JH, Koh S-B, Sung YH, Cho JW, Yang H-J, Park J, Shin H-W, Ahn T-B, Ryu H-S, You S, Choi S-M, Kim BJ, Lee SH and Chung SJ (2022) Movement Disorders Associated With Cerebral Artery Stenosis: A Nationwide Study. Front. Neurol. 13:939823. doi: 10.3389/fneur.2022.939823



Background: Studies of secondary movement disorder (MD) caused by cerebrovascular diseases have primarily focused on post-stroke MD. However, MD can also result from cerebral artery stenosis (CAS) without clinical manifestations of stroke. In this study, we aimed to investigate the clinical characteristics of MD associated with CAS.

Materials and Methods: A nationwide multicenter retrospective analysis was performed based on the data from patients with CAS-associated MDs from 16 MD specialized clinics in South Korea, available between January 1999 and September 2019. CAS was defined as the >50% luminal stenosis of the major cerebral arteries. The association between MD and CAS was determined by MD specialists using pre-defined clinical criteria. The collected clinical information included baseline demographics, features of MD, characteristics of CAS, treatment, and MD outcomes. Statistical analyses were performed to identify factors associated with the MD outcomes.

Results: The data from a total of 81 patients with CAS-associated MD were analyzed. The mean age of MD onset was 60.5 ± 19.7 years. Chorea was the most common MD (57%), followed by tremor/limb-shaking, myoclonus, and dystonia. Atherosclerosis was the most common etiology of CAS (78%), with the remaining cases attributed to moyamoya disease (MMD). Relative to patients with atherosclerosis, those with MMD developed MD at a younger age (p < 0.001) and had a more chronic mode of onset (p = 0.001) and less acute ischemic lesion (p = 0.021). Eight patients who underwent surgical treatment for CAS showed positive outcomes. Patients with acute MD onset had a better outcome than those with subacute-to-chronic MD onset (p = 0.008).

Conclusions: This study highlights the spectrum of CAS-associated with MD across the country. A progressive, age-dependent functional neuronal modulation in the basal ganglia due to CAS may underlie this condition.
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INTRODUCTION

Movement disorder (MD) is considered primary when it occurs as an isolated syndrome and secondary as a symptom of various neurological disorders or systemic diseases (1). The causes of secondary MD include metabolic, infectious, traumatic, toxic, and cerebrovascular diseases. Among them, MD caused by cerebrovascular diseases is one of the most common forms, accounting for up to 22% of all secondary MDs (2).

Previous research on secondary MD caused by cerebrovascular diseases has mainly focused on post-stroke MDs (3). Post-stroke MD refers to movement complications associated with ischemic or hemorrhagic stroke leading to parenchymal destruction (4). Approximately 1–3% of patients with acute stroke develop MDs localizable to the stroke lesion (5, 6). Nevertheless, the clinical profile of post-stroke MD is diverse, both in terms of its forms and prognosis (4).

However, cerebrovascular diseases are not limited to stroke. Cerebral artery stenosis (CAS) and subsequent cerebral hypoperfusion can also cause MD even without overt parenchymal damage due to stroke. MD is also the predominant symptom of moyamoya disease (MMD), a non-atherosclerotic cause of intracranial artery stenosis. However, the clinical profile of MDs associated with arterial stenoses has not been comprehensively characterized due to the heterogeneity of MDs and arterial stenoses, as well as the difficulty in defining the association between the two conditions. These clinical entities are particularly important in the context of East Asia, where the prevalence of intracranial atherosclerosis and MMD is much higher than in Western countries (7, 8).

In this nationwide study, we aimed to characterize the clinical features of MD associated with CAS in Korean patients.



MATERIALS AND METHODS

We performed a nationwide multicenter retrospective analysis on CAS-associated MD cases collected from 16 major tertiary care hospital clinics in South Korea specializing in MDs. The 16 centers were Asan Medical Center, Chungnam National University Hospital, Seoul National University Hospital, Gangnam Severance Hospital, Seoul National University-Seoul Metropolitan Government Boramae Medical Center, Pusan National University Yangsan Hospital, Korea University College of Medicine Guro Hospital, Gachon University Gil Medical Center, Samsung Medical Center, Ulsan University Hospital, Haeundae Paik Hospital, Chung-Ang University College of Medicine, Kyung-Hee University College of Medicine, Kyungpook National University Hospital, Dongsan Medical Center, and Chonnam National University Hospital. The study was approved by the Institutional Review Board of each participating center. Informed consent of patients was waived due to the retrospective nature of this study.

Movement disorder (MD) specialists at each center reviewed the medical records of patients with CAS-associated MDs from their patient registries from January 1999 to September 2019. The inclusion criteria were as follows: (1) age of >18 years; (2) hyperkinetic or hypokinetic MD diagnosis; and (3) CAS diagnosis associated with MD, defined as >50% luminal stenosis of the anterior cerebral artery (ACA), middle cerebral artery (MCA), posterior cerebral artery (PCA), and distal or proximal internal carotid artery (ICA). The association between MD and CAS was determined by specialists according to the following criteria: (1) diagnosis of CAS preceding or coinciding with the onset of MD; (2) absence of other structural or primary neurological disorders better explaining the motor symptoms; (3) with lateralized symptoms, the localization of movement matching with the localization of CAS. The clinical information and the association between MD and CAS were cross-examined by an M.D. specialist from another center. The exclusion criteria were as follows: (1) diagnosis of primary MD during follow-up, including Parkinson's disease; (2) diagnosis of other neurological disorders that may manifest MD as a primary feature, including Wilson's disease, neurodegeneration with iron accumulation in the brain, infectious disease, etc.; (3) history of taking dopamine-blocking agents for more than a month, including neuroleptics and antiemetics.

The clinical information collected included baseline demographics, MD characteristics, CAS characteristics, and the outcome of MD. The baseline demographic data included age, sex, and risk factors for concomitant atherosclerosis, such as hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, and smoking. MD characteristics included subtype, distribution, and onset. As for the subtype, MDs were classified into one of the following: chorea (with or without ballism), dystonia, parkinsonism myoclonus, tremor or limb-shaking, and a mixed phenotype of the above. The phenotype was determined by an MD specialist using the generally accepted definitions of each phenotype. With regard to distribution, MDs were classified as focal (affecting one part of the body), unilateral (affecting the ipsilateral arm and leg), or generalized. Based on how MD symptoms developed after the patient first noticed them, the onset of MD was defined as acute (<1 week), subacute (1–4 weeks), or chronic (>4 weeks). According to the outcome of MDs, patients were divided into groups with a good outcome (self-limited, improved with medical treatment, improved with endovascular/surgical intervention) and with a poor outcome (static or progressive). The etiology of CAS was divided into atherosclerosis and MMD.

For statistical analysis, continuous variables were compared with the Student's t-test or Kruskal–Wallis test, as appropriate. Categorical variables were compared with the chi-square test or Fisher's exact test, as appropriate. The p-value of < 0.05 was considered statistically significant. All statistical analyses were performed using R v.4.1.0.



RESULTS


Baseline Characteristics

A total of 96 cases were initially examined. Fifteen patients were further excluded (age of <18 in 6 patients, insufficient association between MD and CAS in 9 patients), and 81 patients were included in the final analysis.

The mean age of all patients was 60.5 ± 19.7 years, ranging from 18 to 90 years (Table 1). Bimodal age distribution was observed in all patients and the subset of patients with chorea (Figure 1). Such age distribution pattern was not observed in patients with other MDs, possibly due to a small number of patients with those MDs. The sex ratio was near 1:1, with male patients comprising 57% of the sample. Hypertension was the most common risk factor for atherosclerosis (51%), followed by diabetes (27%) and smoking (22%) (Table 1).


Table 1. Baseline characteristics of patients (n = 81).
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FIGURE 1. Distribution of patients by age. (A) All patients. (B) Patients with chorea.




Characteristics of MDs

Chorea was the most common MD (n = 46, 57%) followed by tremor/limb-shaking (n = 12, 15%), myoclonus (n = 8, 10%), dystonia (n = 7, 9%), and mixed MDs (n = 5). About half (n = 40, 49%) of the patients had acute onset of the MDs, while a substantial portion of patients (n = 32, 40%) had a chronic onset. Most patients had symptoms in one limb (n = 28, 35%) or hemibody (n = 49, 60%), whereas 4 patients had generalized symptoms (Table 1). As shown in Figure 2A, there was no predominance of a specific movement phenotype over the stenosis of a particular vessel. The details of each MD phenotype are described below.


[image: Figure 2]
FIGURE 2. Characteristics of patients according to movement disorder phenotype: (A) Location and etiology of cerebral arterial stenosis (CAS), (B) mode of onset, (C) distribution of symptoms, and (D) the presence of acute stroke lesion.


In patients with chorea (n = 46), symptoms were either in one limb (n = 12, 26%) or in the hemibody (n = 34, 74%) (Figure 2). The onset of symptoms was acute in 25 patients (54%), subacute in 8 patients (17%), and chronic in 13 patients (29%). Atherosclerosis was the etiology of CAS in 39 patients (85%), whereas 7 patients had MMD (15%). Atherosclerosis included intracranial stenosis of the MCA (n = 17), PCA (n = 3), distal ICA (n = 3), proximal ICA (n = 6), and multiple arteries (n = 6). Eighteen patients had acute infarction lesions in various areas of the basal ganglia and brainstem. These lesions included a single lesion in the putamen (n = 4), globus pallidus (n = 1), thalamus (n = 3), and pons (n = 2), or multiple lesions (n = 9). Between choreic (n = 46) and non-choreic patients (n = 35), there was no statistically significant difference in the baseline demographics and MD or CAS characteristics (Supplementary Table 1).

In patients with tremor/limb-shaking (n = 12), the second most common form of MD, symptoms were generalized in 1 patient (Figure 2). The onset of symptoms was acute in half of the patients (n = 6) and chronic in the other half (n = 6). Atherosclerosis was the etiology of CAS in 9 tremor/limb-shaking patients, which included stenosis of the MCA (n = 1), PCA (n = 1), distal ICA (n = 3), proximal ICA (n = 2), and multiple arteries (n = 2). Three patients had MMD. Two patients had acute infarction lesions in the thalamus. Between patients with tremor/limb-shaking (n = 12) and the remaining patients with MD (n = 69), there was no statistically significant difference in the baseline demographics and MD or CAS characteristics (Supplementary Table 2).

In patients with myoclonus (n =8), the third most common form of MD, symptoms were generalized in 25% of patients (n = 2). Symptoms were focal in half of the patients (n = 4) and unilateral in two patients (Figure 2). The onset of symptoms was acute in 6 patients, subacute in one patient, and chronic in 1 patient. In myoclonic patients, the etiology of CAS was atherosclerosis of the distal ICA (n = 1), proximal ICA (n = 1), multiple arteries (n= 5), as well as MMD (n = 1). One patient had acute infarction lesions in the putamen and globus pallidus (Figure 2D).

In 7 patients with dystonia, symptoms were either focal (n = 5) or unilateral (n = 2) (Figure 2). The onset of symptoms was mostly chronic (n = 6), except for 1 case with an acute onset. The etiology of CAS was atherosclerosis of the MCA (n = 2), PCA (n = 1), multiple arteries (n = 1), as well as MMD (n = 3). One patient had an acute lesion in the putamen.

In three patients with parkinsonism, symptoms were either unilateral (n = 2) or generalized (n = 1) (Figure 2), and 1 patient had developed acute parkinsonism. The etiology of CAS was atherosclerosis of the MCA (n = 1), multiple arteries (n = 1), as well as MMD (n = 1). All three patients had acute ischemic lesions in the putamen.

Finally, there were five patients with mixed MD. Two patients had chorea and dystonia, two had chorea and tremor/limb-shaking, and one had dystonia and myoclonus. These symptoms were either focal (n =3) or unilateral (n = 2) (Figure 2). Four patients had a chronic onset of symptoms, and one patient had an acute onset. One patient had stenosis of the PCA, one had multiple intra-/extracranial atherosclerotic lesions, and two patients had MMD. One patient with chorea and dystonia had an acute ischemic lesion in the putamen.

The vascular status of representative cases for each movement phenotype is presented in Figure 3, and their clinical characteristics are shown in Supplementary Table 3.


[image: Figure 3]
FIGURE 3. Angiography of representative cases for each movement disorder phenotype. (A) A 76-year-old male with right hemichorea and contralateral proximal internal carotid artery (ICA) stenosis. (B) A 57-year-old male with limb-shaking of the left arm and contralateral proximal ICA stenosis. (C) A 56-year-old male with a myoclonus of the right arm and leg and contralateral proximal ICA stenosis. (D) A 24-year-old male with left arm dystonia and moyamoya disease. (E) A 46-year-old female with right hemiparkinsonism and contralateral middle cerebral artery (MCA) stenosis. (F) A 28-year-old female with a mixed phenotype (left hemichorea and hemidystonia) and moyamoya disease.




Characteristics of CAS

Overall, 78% of patients (n = 64) had atherosclerotic disease and the rest had MMD. Among those with atherosclerosis, 34 patients had intracranial atherosclerosis of the MCA (27%), PCA (7%), and distal ICA (7%). Nine patients (11%) had extracranial proximal ICA stenosis, and 21 patients (26%) had multiple atherosclerotic stenoses of various arteries.

Patients with MMD were significantly younger than those with atherosclerosis at symptom onset (p < 0.001) (Table 2). Most patients with MMD had a subacute or chronic onset of MD symptoms (n = 15.88%), whereas 41% (n = 26) of patients with atherosclerosis had an acute onset (p = 0.001). Only 1 patient with MMD had an overt stroke lesion at MD onset, while 25 patients with atherosclerosis (40%) also had it (p = 0.001). As expected, patients with atherosclerosis had significantly more risk factors for atherosclerosis than MMD patients (p = 0.013). However, there was no difference in the ratio of chorea between patients with atherosclerosis and MMD patients.


Table 2. Comparison between patients with atherosclerosis (n = 64) and moyamoya disease (n = 17).
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Acute stroke lesion was present in 26 patients (32%). Motor weakness was the most common neurological symptom associated with MD (n = 25, 31%), followed by dysarthria (n = 19, 24%) and sensory loss (n = 17, 21%).



Treatment and Outcome

In 20 patients (25%), MD spontaneously improved without medical or surgical intervention. Eight patients (10%) underwent surgical treatment for CAS, and all had full resolution of their MD. Two patients with proximal ICA stenosis underwent carotid endarterectomy, and 6 patients with MMD underwent bypass surgery. The duration of post-intervention follow-up ranged from 4 to 239 months.

Fifty-three (65%) patients received medical treatment, including antichoreic, antidystonic, or antiparkinsonian medications along with antithrombotic agents. Among them, 36 patients (44%) showed improvement after pharmacological treatment, while the remaining patients (n = 17.21%) had symptoms that persisted.

In summary, 64 patients (79%) showed a good outcome of MD regardless of whether they received treatment or not, which was characterized by the improvement in movement symptoms. Seventeen patients (21%), however, showed no improvement in MD despite receiving medical treatment. There was no significant association between the outcome and the baseline demographic factors, including age, sex, number of risk factors for atherosclerosis, MD phenotype (chorea vs. non-chorea), localization of MD, etiology of CAS, location of CAS, or the presence of acute stroke lesion (Table 3). However, patients with a good outcome had a more acute onset of MD (n = 37, 58%) than patients with a poor outcome (n = 3, 18%) (p = 0.008).


Table 3. Comparison of demographics, MD characteristics, and CAS characteristics between patients with a good outcome and a poor outcome.
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DISCUSSION

Given the diverse nature of CAS and hyperkinetic or hypokinetic MDs, few attempts have been made to examine the nature of MD-related CAS in a large series. Our study explored the characteristics of secondary MD associated with CAS across the country. Chorea was the most common type of MD associated with CAS. All movement phenotypes resulted from stenoses of various vascular localization without a specific predominance of the phenotype over a specific area of stenosis. However, we observed that MDs resulting from MMD appear at a younger age, and have a more chronic onset and less acute ischemic lesion compared with MDs caused by atherosclerosis. In our study, patients who received surgical treatment for arterial stenosis showed a good prognosis of MD. In patients with a good outcome of CAS-associated MD, the onset was more acute than in patients with a poor outcome.

In this study, chorea was the most frequent MD associated with CAS, present in 57% of patients. It is also the most frequent movement phenotype among post-stroke MDs, with a prevalence of 36–38% reported in previous studies (5). Traditionally, the subthalamic nucleus was considered to be a typical anatomical correlate for hemichorea and hemiballism (9). However, it has been found that various stroke lesions involved in the striato-pallido-thalamo-cortical feedback loop, including the caudate nucleus, putamen, thalamus, and subcortical white matter, also cause chorea or ballism (10–13). Moreover, there is accumulated evidence of CAS-associated chorea without overt stroke lesions (14–17). These studies uniformly demonstrated striatal hypoperfusion on neuroimaging and chorea reversal after carotid stenting or endarterectomy.

Tremor/limb-shaking was the second most common form of MD in our study. In post-stroke MDs, tremor is usually associated with lesions of the thalamus or structures of the dentato-rubro-thalamic tract or the cerebello-thalamo-cortical network (4, 18). Limb-shaking, often referred to as “limb-shaking transient ischemic attack (TIA),” was first reported in association with carotid stenosis by Miller-Fisher (19). TIA refers to transient attacks of repetitive brief limb-shaking of the leg or arm associated with carotid stenosis, which lasts from a few seconds to several days (20). Like other vascular paroxysmal dyskinesia, these clinical entities are explained by the hypoperfusion theory. A regional decrease of cerebral blood flow in the dorsofrontal and upper rolandic regions was observed during episodes of limb-shaking (21). Cases show remission of limb-shaking attacks after successful revascularization of carotid stenosis (20–23).

Myoclonus was the third most common phenotype of CAS-associated MD, followed by dystonia. Tremor/limb-shaking and myoclonus are difficult to differentiate, and limb-shaking is sometimes classified as myoclonus (22–24). Theoretically, myoclonus can be the result of any lesion involving the cortical and subcortical white matter (25). Since the basal ganglia are more vulnerable to hypoxia than these areas (26), it seems that myoclonus was not a frequent phenotype.

Dystonia in post-stroke MD is usually reported with stroke lesions in the striato-pallido-thalamo-cortical loop, including the lenticular nucleus, putamen, and thalamus (18). Dystonia is also frequently reported as a movement symptom of MMD without an overt stroke lesion, especially as a form of transient dystonia during hyperventilation (27–29). In our study, MMD was also the cause of dystonia in about half of the cases (3 out of 7).

Taken together, various hyperkinetic MDs including chorea, tremor/limb-shaking, dystonia, and myoclonus, may arise from CAS. Studies have shown hypoperfusion of the basal ganglia and the reversal of movement symptoms with successful revascularization of the stenosed vessel. In all eight patients in our study who underwent surgical treatment to restore blood supply, the remission of MD was observed. The basal ganglia, especially the striatum, are particularly vulnerable to ischemia or hypoxia (26). Hypoperfusion of the basal ganglia by CAS appears to alter the functional balance of motor circuits, leading to various hyperkinetic MDs (30). However, there was no predominance of a specific movement phenotype over a specific localization of stenosis. It can be hypothesized that the motor loop predominantly affected by hypoperfusion (e.g., dentato-rubro-thalamic loop, striato-pallido-cortical loop) determines the dominant motor phenotype.

Then how does hypoperfusion of the basal ganglia alter the motor loop? Experimental studies have shown that energy deprivation causes a surge of dopamine in the striatum (31). In other words, hypoperfusion of the basal ganglia may lead to a relative dominance of the direct pathway over the indirect pathway of the basal ganglia motor circuit. Moreover, glutamatergic activity appears to be altered in animal models of hypoxic-ischemic brain damage (32). In other words, ischemia-trigged glutamatergic excitotoxicity may contribute to the development of CAS-associated MD. In contrast to the usual clinical course of ischemic stroke, 40% of our patients had a gradual onset of symptoms, which further developed within 4 weeks. Overall, these findings suggest a progressive, ongoing functional modulation of neurons in the basal ganglia due to CAS. Such functional modulation may include dopaminergic hypersensitivity, excitotoxicity, and possibly other neurobiological processes such as neuroinflammation. These mechanisms are similar to levodopa-induced dyskinesia in Parkinson's disease (33). The fact that patients with a good outcome have a more acute onset rather than a chronic one may also be in line with the functional modulation hypothesis, suggesting that early initiation of treatment to improve blood supply prevents the perpetuation of MD before ongoing functional neuromodulation prevails. However, the reasons why hypoperfusion of the basal ganglia due to CAS causes MD in only a subgroup of patients, why this phenotype is manifested in patients with various MDs, and why chorea is the most common form of MD should be further clarified.

MD associated with MMD had several notable features. First, MMD was present in more than 20% of patients. The previous case reports on MD associated with MMD mainly present individuals from the East Asian population, which confirms the importance of our study for the region (27, 34–36). Second, the bimodal age distribution was characteristic. MD often occurs as a symptom of MMD and is a poor prognostic factor, especially in children and young adults (34, 37, 38). Moreover, a bimodal age distribution pattern is a distinct epidemiological characteristic of the MMD population (39). According to this pattern, patients with MMD were younger than patients with atherosclerosis and all patients in our study. Third, MD associated with MMD had a more chronic onset and less acute lesion compared to MD associated with atherosclerosis. In other words, synaptic plasticity changes in accordance with the changes in hypoxia that occur with age (40). This finding may support our hypothesis that functional neuronal modulation in the basal ganglia caused by CAS is progressive and age-dependent.

To the best of our knowledge, this is the first nationwide study that systematically examines heterogeneous clinical characteristics of MD associated with CAS. Our study has several limitations. First, the clinical data were collected by an MD specialist who reviewed the patient registry at their respective center. Due to the inherent limitation of a retrospective study, the source of patient registries varied across the centers, including those from MD-oriented registries and those from stroke-oriented registries. Patients who had only minimal MD treated by non-MD specialists could have been overlooked, which might affect epidemiological estimates. Second, the evidence for an association between MD and CAS was based solely on clinical judgment. Since there is no definitive diagnostic work to ascertain the causality of CAS with MD, we have developed clinical criteria ourselves to determine this association. Third, although patients who underwent surgical treatment for CAS showed a good prognosis of MD, this study would not be sufficient to provide recommendations on the treatment guidelines for CAS-associated MD due to its retrospective design. Further prospective studies are warranted.

In conclusion, this study analyzed the nature of CAS associated with MD on a nationwide scale. Progressive, ongoing functional neuronal modulation in the basal ganglia due to CAS may lead to MD. Further studies should focus on the epidemiology of these clinical entities and the identification of the pathogenic mechanism underlying the heterogeneity of CAS-associated MD.
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