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A B S T R A C T   

Axenfeld-Rieger Syndrome (ARS) is comprised of a group of autosomal dominant disorders that 
are each characterized by anterior segment abnormalities of the eye. Mutations in the tran-
scription factors FOXC1 or PITX2 are the most well-studied genetic manifestations of this 
syndrome. 

Due to the rarity this syndrome, ARS-associated neurological manifestations have not been well 
characterized. The purpose of this systematic review is to characterize and describe ARS neuro-
logic manifestations that affect the cerebral vasculature and their early and late sequelae. 

PRISMA guidelines were followed; studies meeting inclusion criteria were analyzed for study 
design, evidence level, number of patients, patient age, whether the patients were related, ge-
notype, ocular findings, and nervous system findings, specifically neurostructural and neuro-
vascular manifestations. 

63 studies met inclusion criteria, 60 (95%) were case studies or case series. The FOXC1 gene 
was most commonly found, followed by COL4A1, then PITX2. The most commonly described 
structural neurological findings were white matter abnormalities in 26 (41.3%) of studies, fol-
lowed by Dandy-Walker Complex 12 (19%), and agenesis of the corpus callosum 11 (17%). 
Neurovascular findings were examined in 6 (9%) of studies, identifying stroke, cerebral small 
vessel disease (CSVD), tortuosity/dolichoectasia of arteries, among others, with no mention of 
moyamoya. 

This is the first systematic review investigating the genetic, neurological, and neurovascular 
associations with ARS. Structural neurological manifestations were common, yet often benign, 
perhaps limiting the utility of MRI screening. Neurovascular abnormalities, specifically stroke and 
CSVD, were identified in this population. Stroke risk was present in the presence and absence of 
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cardiac comorbidities. These findings suggest a relationship between ARS and neurovascular 
findings; however, larger scale studies are necessary inform therapeutic decisions.   

1. Introduction 

Axenfeld-Rieger Syndrome (ARS) is a group of autosomal dominant disorders characterized by ocular, neurological, and systemic 
developmental abnormalities. ARS has a global prevalence of one in 50,000 and has been observed broadly across ethnic backgrounds 
[1]. Previously known as four separate conditions– Axenfeld anomaly (AA), Rieger anomaly (RA), Axenfeld syndrome (AS), and Rieger 
syndrome (RS)– these syndromes have since been combined due to extensive phenotypic and genotypic overlap [1,2]. 

While about 60% of ARS is secondary to an unknown genetic mutation, ARS has been highly linked with the genes forkhead box 
protein C1 (FOXC1; 6p25) and pituitary homeobox 2 (PITX2; 4q25), transcription factors that regulate ocular, neurological, cranio-
facial, and cardiovascular development [3–5]. Both PITX2 and FOXC1 are involved in embryogenesis. PITX2 functions as a tran-
scription regulator during embryogenesis and in the development of the tissues of the anterior segment. FOXC1 is suggested to have a 
key role in cardiac, renal, ocular, and cerebral morphogenesis. 

Though the syndrome is primarily a disorder of the anterior segment of the eye, it is frequently found to include abnormalities in 
other systems as well. Characteristically these patients exhibit craniofacial dysmorphisms of the midface which includes hyper-
telorism, telecanthus, maxillary hypoplasia, flattening of the midface, prominent forehead, and a flat nasal bridge. Many also have 
dental abnormalities including small crowns. The neurological manifestations of ARS tend to include sella anomalies, hydrocephalus, 
and white matter changes [2,6]. Though not as extensively studied, neurovascular anomalies have been shown to include cerebral 
small vessel disease (CSVD) and cerebrovascular accidents [4,6]. 

Patients with ARS are diagnosed through a combination of clinical evaluation, routine examinations, and investigations such as 
genetic testing or imaging studies. Frequently, the ocular manifestations of ARS are the first anomalies detected through routine eye 
examinations or in patients exhibiting symptoms of corectopia, glaucoma, or iris hypoplasia [7]. Dental and craniofacial anomalies 
may be identified in routine dental visits or in the workup of hypodontia or mid-face hypoplasia [8]. Hearing loss, a common feature of 
ARS due to otosclerosis, may be noted during routine hearing screenings or with clinical changes in auditory function [9]. The clinical 
diagnosis of ARS involves a comprehensive evaluation of the patient’s ocular and systemic manifestations along with a thorough family 
history analysis. 

Given that the structural neurological and neurovascular findings in ARS are poorly defined in the literature, and the impact these 
associations may have on management of ARS is unknown, a systematic review was conducted to examine the genetic underpinnings, 
structural neurological manifestations, and neurovascular associations of ARS to better inform care for these patients. 

2. Methods 

A systematic review was conducted to identify genetic, neurostructural, and neurovascular findings associated with Axenfeld- 
Rieger syndrome (ARS) to better inform clinical decision-making about screening and management in this patient population. The 
search protocol, including research question, inclusion, and exclusion criteria, was developed in accordance with the PRISMA 
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. 

2.1. Search strategy 

A comprehensive literature search in English-text performed on March 26, 2022 retrieved articles from PubMed, Embase, and 
Scopus, with no date restrictions. Concept categories were searched, and results were combined using the appropriate Boolean op-
erators. The concepts searched included: Axenfeld-Rieger syndrome, genetic mutations associated with ARS (identified by brief 
literature search of ARS), neurological conditions, and neurovascular anomalies– including stroke and moyamoya. 

2.2. Selection criteria 

Articles were screened by title and abstract for relevance by two authors; duplicate articles were removed, and conflicts resolved by 
discussion. Remaining articles were screened by full text. Inclusion criteria included: patients with ARS or confirmed mutations in 
either FOXC1 or PITX2 and a neurological defect; available in English; full-text availability. Patients with only FOXC1 or PITX2 
mutations but no ocular phenotype were still included if they had a neurologic defect because these mutations are known to cause ARS 
with near complete penetrance [5]. ARS was defined as some combination of posterior embryotoxon, corectopia, pseudopolycoria, iris 
hypoplasia, and iridocorneal adhesions. Exclusion criteria included: abstracts; full text not available; not available in English-text; not 
otherwise meeting inclusion criteria. Epilepsy, sensorineural hearing loss, and neuropsychiatric conditions without structural intra-
cranial radiographic abnormalities were excluded. Conflicts about article eligibility after full-text review were resolved by discussion 
between the two authors. 

L. Muzyka et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e18225

3

2.3. Data extraction 

Data was extracted from all included articles and comprised of first author, publication year, study design, number of eligible 
patients, age range of patient(s), whether patients were related, genotype involved (if available), ocular findings relevant to ARS, 
neurological variables, and neurovascular associations if specified. Age range was defined as the age at diagnosis of the first neuro-
logical or relevant ocular phenotype. Ocular phenotypes recorded were only those related to ARS. 

2.4. Variables 

Structural neurological findings were defined as radiographic abnormalities identified by cranial imaging and detailed in the 
included studies. These were found to include several categories: white matter abnormalities, agenesis of the corpus callosum, hy-
drocephalus, Dandy-Walker Complex: including Dandy-Walker malformation, mega cisterna magna, cystic cisterna magna, posterior 
fossa cyst, and cerebellar vermis hypoplasia, among others. Neurovascular manifestations were further explored due to association 
with stroke. The manifestations explored included hemorrhage, an arteriovenous malformation (AVM), tortuosity/dolichoectasia of 
arteries, and CSVD. Of note, Moyamoya was not mentioned in any of the screened articles. 

2.5. Statistical analysis 

No meta-analysis was performed due to heterogeneity of studies and data reported, precluding pooling. Data is reported 
descriptively with the number or frequency of studies which report findings examined. 

2.6. Quality assessment 

Quality of evidence from each article was rated based on study design using a grading system extrapolated from Shadish et al. 
(Table 1) [10]. 

3. Results 

3.1. Search results 

63 articles were included in the study (Fig. 1). Data extracted from all included articles is detailed in Table 2. 

3.2. Study characteristics 

Of the 63 articles included, none were randomized controlled trials. Sixty (95.2%) were case reports or series, two genome-wide 
association studies (GWAS) (3.2%), and two case control studies (3.2%). Overall quality ratings were low, with 61 (96.8%) of the 
studies receiving a D or E quality ranking. 

3.3. Genetic associations in ARS 

Genetic information was available in 49 (77.8%) studies. FOXC1 was the most frequently identified gene (67.3%), followed by the 
gene, collagen type IV alpha 1 (COL4A1) (14.3%), and PITX2 (10.2%) (Table 3). Out of the total number of patients, PITX2 was the 
most prevalent (98.2%). Of note, out of the five studies that identified patients with PITX2 mutations, three studies exclusively focused 
on this gene [11–13], whereas two studies identified PITX2 along with the analyses of other genes, including FOXC1, ZFHX3, and 
HDAC9 [4,14]. FOXC1 was the most commonly mutated gene in patients with white matter abnormalities (69.2%), followed by 

Table 1 
Evidence level and quality of study design.  

Grade Design 

AA Systematic review or meta-analysis of randomized trials 
A Systematic review or meta-analysis of non-randomized controlled 

Randomized trial or cluster randomized trial 
B Systematic review or meta-analysis of controlled studies without a pretest or uncontrolled study with a pretest 

Non-randomized trial 
Controlled before-after study 
Retrospective or prospective cohort study 
Interrupted time series 

C Systematic review or meta-analysis of cross-sectional studies 
Non-controlled before-after study 

D Cross-sectional study 
E Case studies, case reports, traditional literature reviews, theoretical papers  
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COL4A1 (26.9%). PITX2 was most commonly identified in those with stroke (50.0%) (Table 2). 

3.4. Neurological manifestations 

The most common structural neurological finding was white matter abnormalities– including white matter hyperintensities, leu-
koencephalopathy, and periventricular white matter lesions– reported in 26 (41.3%) papers. Dandy-Walker Complex (19.0%)– 
including findings of Dandy-Walker malformation, mega cisterna magna, cystic cisterna magna, posterior fossa cyst, and cerebellar 
vermis hypoplasia– was the second most commonly reported abnormality in 12 (19.0%) papers. Ventriculomegaly was reported in 11 
(17.5%) papers, with a diagnosis of hydrocephalus in nine (14.3%) (Table 4). 

3.5. Neurovascular associations 

Given the known role of FOXC1 in vascular development [70], we examined all studies for neurovascular associations. Stroke was 
the most prevalent neurovascular disease manifestation, found in four papers (6.3%). The large number of patients in the studies 
reporting stroke strengthens the evidence for an association of FOXC1 and PITX2 with stroke risk [4,11,14]. One COL4A1 mutated 
patient also had a hemorrhagic stroke and microhemorrhages [47]. The next most prevalent neurovascular anomaly included three 
cases of intracranial vascular dolichoectasia (4.8%) [31,47]. Other neurovascular anomalies included eighteen patients with cerebral 
small vessel disease (CSVD), one arteriovenous malformation (AVM), and one report of thickened small-caliber blood vessels with 
disrupted basement membranes [4,43,47]. Of note, moyamoya was not specifically reported in any of these studies (Table 5). 

4. Discussion 

This systematic review was conducted to better characterize the connection between ARS and its genetic, neurological, and 
neurovascular manifestations, in the hopes of better understanding ARS. This study identifies areas where further study should be 

Fig. 1. PRISMA flow diagram demonstrates search results and yield of included articles.  
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Table 2 
Summary of all studies included in the review.  

Author Publication 
Year 

Design Evidence 
Level 

N Agea Genetic 
Findingsb 

Neurological Findingsc Ocular Findings 

Adkins et al. [55] 1979 Case 
report 

E 1 14 m Not reported Aprosencephaly Rieger anomaly 

Aldinger et al. 
[15] 

2009 Case 
series 

D 21 Not 
reported 

FOXC1 Dandy-Walker, cerebellar 
vermis hypoplasia, mega- 
cisterna magna, white matter 
hyperintensities, partial 
agenesis of the corpus callosum 

Anterior segment 
dysgenesis 

Ali et al. [51] 2018 Case 
report 

E 1 3 d FGFR Partial agenesis of the corpus 
callosum 

Axenfeld’s 
anomaly 

Avasarala et al. 
[16] 

2018 Case 
report 

E 2 20 y FOXC1 White matter hyperintensities None 

Awan et al. [56] 1977 Case 
report 

E 1 19 y Not reported Tilted optic disc, inferiorly 
displaced macula, dysversion 
and hypoplasia of optic disc 

Rieger’s anomaly 

Balasubramanian 
et al. [17] 

2012 Case 
report 

E 1 5 y FOXC1 White matter tigroid pattern, 
polymicrogyria, hypoplasia of 
the cerebellum, corpus 
callosum, and brainstem 

Posterior 
embryotoxon, iris 
adhesions to 
cornea 

Barkana et al. [57] 2012 Case 
report 

E 2 3 y Not reported Subcortical white matter 
lesions 

Posterior 
embryotoxon 

Beby et al. [18] 2012 Case 
report 

E 1 26 y FOXC1 Dandy-Walker, optic disc 
coloboma 

Posterior 
embryotoxon, 
corectopia 

Bellenguez et al. 
[14] 

2012 GWAS D 9520 Not 
reported 

PITX2 Stroke None 

Bozza et al. [19] 2013 Case 
report 

E 2 6 y FOXC1 Increase of R peri-frontal 
subarachnoid space, shallow 
sulci 

None 

Breningstall et al. 
[20] 

2017 Case 
report 

E 1 27 m FOXC1 White matter hyperintensities, 
ventriculomegaly 

Posterior 
embryotoxon, iris 
adhesions to 
cornea 

Caluseriu et al. 
[21] 

2006 Case 
report 

E 1 36 y FOXC1 Subcortical atrophy, 
periventricular white matter 
attenuation 

Posterior 
embryotoxon, iris 
atrophy 

Cellini et al. [22] 2012 Case 
report 

E 2 8–25 y FOXC1 White matter hyperintensities, 
supratentorial atrophy, mega- 
cisterna magna, cerebellar 
hypoplasia 

None 

Cok et al. [58] 2005 Case 
report 

E 1 6 y Not reported Suprasellar arachnoid cyst Axenfeld Rieger 

Corona-Rivera 
et al. [23] 

2018 Case 
report 

E 1 3 m FOXC1 Mild frontal lobe atrophy, 
colpocephaly 

Posterior 
embryotoxon, 
corectopia, iris 
hypoplasia 

Coupry et al. [3] 2010 Case 
report 

E 2 8–58 y COL4A1 Periventricular 
leukoencephalopathy 

Posterior 
embryotoxon 

Davies et al. [24] 1999 Case 
report 

E 2 9–20 y FOXC1 Hydrocephalus, died of 
intracranial HTN, 
macrocephaly, cerebral atrophy 

Coloboma 

Delahaye et al. 
[25] 

2012 Case 
series 

D 5 Prenatal 
(18w 
gestation) 
–27 y 

FOXC1 Vermis hypoplasia, white 
matter hyperintensities, mega- 
cisterna magna 

Schwalbe’s Ring, 
corectopia 
Axenfeld anomaly 

DeScipio et al. 
[26] 

2005 Case 
series 

D 5 27w–10 y FOXC1 Posterior fossa cyst, 
polymicroglia, Dandy-Walker 

Posterior 
embryotoxon 

Eid et al. [27] 2020 Case 
report 

E 1 9 m FOXC1 Leukoencephalopathy, cavum 
septum pellucidum, 
polymicrogyria, occipital 
pachygyria 

None 

Fan et al. [28] 2020 Case 
report 

E 2 24–53 y FOXC1 White matter hyperintensities, 
basal ganglia calcifications 

Posterior 
embryotoxon 

French et al. [4] 2014 Case 
series, 
GWAS 

D 18 1 y FOXC1 & 
PITX2 

Cerebral small vessel disease 
(white matter hyperintensities, 
dilated perivascular spaces, 
lacunar infarcts) 

None 

(continued on next page) 

L. Muzyka et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e18225

6

Table 2 (continued ) 

Author Publication 
Year 

Design Evidence 
Level 

N Agea Genetic 
Findingsb 

Neurological Findingsc Ocular Findings 

Gould et al. [29] 2004 Case 
report 

E 4 Not 
reported 

FOXC1 Dandy-Walker, agenesis of the 
corpus callosum and brainstem 

Rieger anomaly 

Idrees et al. [13] 2006 Case 
series 

D 3 16–64 y PITX2 Enlarged cisterna magna, 
flattened sella turcica 

Posterior 
embryotoxon, 
corectopia 

Kapoor et al. [76] 2011 Case 
report 

E 1 6 y FOXC1 Demyelination of subcortical 
and periventricular white 
matter 

Posterior 
embryotoxon, 
corectopia 

Kearns et al. [31] 2019 Case 
series 

E 2 6–11 y FOXC1 Enlarged perivascular spaces, 
white matter hyperintensities, 
shortened corpus callosum, 
short vermis, mega cisterna 
magna, arterial tortuosity, 
dolichoectasia of 
vertebrobasilar system, 
enlargement of occipital horns 
of lateral ventricles 

None 

Kerrigan et al. 
[69] 

2007 Case 
report 

E 1 8.6 y FOXC1 Microcephaly at birth, 
hypothalamic hamartoma 

None 

Kleinmann et al. 
[59] 

1981 Case 
series 

D 7 2w– 41 + y Not reported Enlarged sella Rieger’s anomaly 

Koçak-Midillioglu 
et al. [77] 

2003 Case 
report 

E 1 Birth Not reported Indistinctness of margins of 
optic disc, elevated optic nerve 
head surface, yellow-pink disc, 
optic nerve drusen 

Axenfeld Rieger 

Kumar et al. [32] 2017 Case 
report 

E 1 8 y FOXC1 Leukoencephalopathy Axenfeld Rieger 

Levin et al. [33] 1986 Case 
report 

E 1 5w FOXC1 Hydrocephalus Axenfeld Rieger 

Linhares et al. 
[34] 

2015 Case 
report 

E 1 12 y FOXC1 Diffuse leukopathy, CSF fistula 
(CSF rhinorrhea) 

Corectopia 

Lopes et al. [35] 2019 Case 
report 

E 1 Not 
reported 

FOXC1 White matter hyperintensities, 
intracranial calcifications 

Posterior 
embryotoxon 

Lowry et al. [68] 2007 Case 
report 

E 1 23 y Normal for 
FOXC1, 
PITX2, & 
BARX1 

De Hauwere syndrome (Axenfeld Rieger, 
hydrocephalus, hearing loss) 

Maclean et al. [36] 2005 Case 
report 

E 1 22 m FOXC1 Hydrocephalus; hypoplasia of 
the cerebellum, brainstem, and 
corpus callosum 

Axenfeld Rieger 

Martinez-glez 
et al. [37] 

2006 Case 
report 

E 1 22 y FOXC1 Hydrocephalus None 

McCann et al. [52] 2005 Case 
report 

E 1 3w FGFR Scaphocephaly, Chiari I Axenfeld Rieger 

Megighian et al. 
[62] 

2003 Case 
report 

E 1 32 y Not reported Dysmorphism of the acoustic 
channels 

Bilateral 
dysgenesis of the 
iris 

Meuwissen et al. 
[46] 

2015 Case 
series 

D 24 Not 
reported 

COL4A1 Periventricular leukomalacia Posterior 
embryotoxon 

Moog et al. [61] 1998 Case 
report 

E 2 35–39 y Not reported Hydrocephalus, 
leptomeningeal calcifications 

Axenfeld Rieger 

Nandeesh et al. 
[47] 

2020 Case 
report 

E 1 18 y COL4A1 Leukoencephalopathy, 
microhemorrhagic lesions, 
hemorrhagic stroke, 
porencephalic cyst, right 
vertebral dolichoectasia 

Axenfeld Rieger 

Nastasi et al. [63] 2018 Case 
report 

E 1 1w Not reported Occipital-cervical meningocele, 
ventriculomegaly 

Posterior 
embryotoxon 

Nielsen et al. [54] 1984 Case 
report 

E 1 4 m 21q22.2 
Monosomy 

Cerebral atrophy Posterior 
embryotoxon 

Pace et al. [38] 2017 Case 
report 

E 1 49 y FOXC1 Microcephaly None 

Puklin et al. [64] 1981 Case 
report 

E 1 6w Not reported Elevated optic discs with 
blurred margins and slight 
pallor 

Axenfeld anomaly 

Reis et al. [53] 2011 Case 
series 

D 1 6 y BMP4 Macrocephaly Rieger anomaly 

(continued on next page) 
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directed to inform screening and clinical decision making for these patients. 

4.1. Implications of genetic findings 

In addition to FOXC1 and PITX2, we found that COL4A1 was associated with ARS and neurological findings. FOXC1 has a well- 
established role in ocular development defined by its prevalence in ARS, but its known role in cardiovascular development impli-
cates a role in structural neurologic and neurovascular development as well, which was corroborated in the current study [5]. We 
found more reports of neurological abnormalities with COL4A1 than PITX2. PITX2 was less frequently encountered in the current 
review, perhaps because this gene is typically associated with eye, dental, and umbilical abnormalities rather than neurological ones 
[5]. However, COL4A1 was discovered to be frequently involved in the neurological manifestations of ARS, implicated in leu-
koencephalopathy and small vessel vascular disease [47,49]. Literature suggests that COL4A1 tends to be highly pathogenic, asso-
ciated with porencephaly, perinatal hemorrhage, and epilepsy, among other cardiac and renal anomalies [46,47]. Genetic testing in an 

Table 2 (continued ) 

Author Publication 
Year 

Design Evidence 
Level 

N Agea Genetic 
Findingsb 

Neurological Findingsc Ocular Findings 

Rodahl et al. [48] 2013 Case 
series 

D 45 Birth–90 y COL4A1 Cerebral hemorrhages, 
leukoencephaly, calcifications, 
ventriculomegaly, cerebellar 
atrophy 

Iris hypoplasia, 
posterior 
embryotoxon, 
corectopia, 
peripheral 
anterior synechiae 

Saffari et al. [39] 2020 Case 
report 

E 2 Adolescent FOXC1 & 
COL4A1 

White matter hyperintensities Axenfeld Rieger 

Schumann et al. 
[40] 

2016 Case 
control 

C 4 Prenatal FOXC1 Dandy-Walker, 
ventriculomegaly 

None 

Shah et al. [50] 2012 Case 
report 

E 1 Birth COL4A1 Periventricular white matter 
change, progressive 
microcephaly 

Anterior segment 
dysgenesis 

Shields et al. [2] 1983 Case 
series 

D 5 15–50 y Not reported Empty sella, parasellar 
arachnoid cyst 

Posterior 
embryotoxon 
Corectopia 

Sibon et al. [49] 2007 Case 
report 

E 5 8–58 y COL4A1 Leukoencephalopathy Axenfeld Rieger 

Steinsapir et al. 
[65] 

1990 Case 
report 

E 1 Birth Not reported Brachycephalic skull, spina 
Bifida occulta 

Rieger’s anomaly 

Titheradge et al. 
[12] 

2014 Case 
report 

E 4 4–40 y PITX2 Microcephaly, optic nerve 
drusen 

Posterior 
embryotoxon, 
peripheral 
anterior synechiae 

Van Bever et al. 
[67] 

2007 Case 
report 

E 1 Birth Normal for 
PAX6, 
FOXC1, 
PITX2, & 
MYNC 

Microcephaly, occipito- 
temporal hematoma 

Iris adhesions to 
cornea 

Van Daele et al. 
[66] 

1996 Case 
report 

E 1 Birth Not reported Enlarged frontal and 
temporoparietal subarachnoid 
spaces 

Axenfeld anomaly 

Van Der Knaap 
et al. [41] 

2006 Case 
report 

E 3 1–2 y FOXC1 White matter hyperintensities, 
white matter tigroid pattern 

Posterior 
embryotoxon 

Vernon et al. [42] 2013 Case 
report 

E 1 41 y FOXC1 Leukoencephalopathy Axenfeld Rieger 

Whitehead et al. 
[6] 

2013 Case 
report 

E 1 19 m Not reported Deep periventricular white 
lesions, pineal and pars 
intermedia cysts 

Axenfeld Rieger 

Wu et al. [43] 2020 Case 
series 

D 11 Not 
reported 

FOXC1 AVM Axenfeld Rieger 

Yararbas et al. 
[44] 

2019 Case 
report 

E 1 2.5 y FOXC1 Cystic cisterna magna, 
macrocephaly, ventricular 
dilatation 

None 

Zhang et al. [45] 2004 Case 
report 

E 1 Birth FOXC1 Cortical atrophy, cerebellar 
hypoplasia, brachycephaly, 
microcephaly 

None 

Zhao et al. [11] 2022 Case 
control 

C 977 x = 64 y PITX2 Stroke None  

a d = days, w = weeks, m = months, y = years. 
b FOXC1 = forkhead box protein C1, COL4A1 = collagen type IV alpha 1, PITX2 = pituitary homeobox 2, FGFR = fibroblast growth factor receptor, 

BMP4 = bone morphogenetic protein 4. 
c HTN = hypertension, CSF = cerebrospinal fluid, AVM = arteriovenous malformation. 
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Table 3 
Genetic findings associated with AR.  

Genea N (%) of studiesb N (%) of total patientsb Abnormality N (%) Studies 

FOXC1 (6p25) 33 (67.3) 100 (0.9) Deletion 
Missense Mutation 
Ring Chromosome 
Unbalanced Translocation 
Duplication 
Monosomy 
Unknown 

18 (54.5) 
4 (12.1) 
4 (12.1) 
2 (6.0) 
2 (6.0) 
1 (3.0) 
2 (6.0) 

[4,11,15–45] 

COL4A1 (13q34) 7 (14.3) 83 (0.8) Missense Mutation 
Unknown 

6 (85.7) 
1 (14.3) 

[3,39,46–50] 

PITX2 (4q25) 5 (10.2) 10,504 (98.2) Missense mutation Deletion/microdeletion 3 (60) 
2 (40) 

[4,11–14] 

FGFR (8p11) 2 (4.1) 2 (.02) Missense mutation 
Unbalanced Translocation 

1 (50) 
1 (50) 

[51,52] 

BMP4 (14q22) 1 (2.0) 5 (.05) Loss of function (Missense, Nonsense, Frameshift)  [53] 
21q22.2 1 (2.0) 1 (.01) Partial Monosomy [54]  

a FOXC1 = forkhead box protein C1, COL4A1 = collagen type IV alpha 1, PITX2 = pituitary homeobox 2, FGFR = fibroblast growth factor receptor, 
BMP4 = bone morphogenetic protein 4. 

b The total number of studies and patients in this table is out of those that included genetic data, which excludes 14 studies [2,6,46,55–66] without 
data and 2 studies [67,68] with no genetic abnormalities noted. 

Table 4 
Neurological findings.  

Structural Neurological Finding Number of 
Papers 

Associated Genes (number of 
occurrences)a 

Studies 

White Matter Abnormalities (Including white matter hyperintensities, 
leukoencephalopathy, periventricular white matter lesions on 
cranial imaging) 

26 6p25/FOXC1(18), COL4A1 (7), 5p15 
(1), 17q25(1), PITX2 (1), 7q33-q36 
(1) 

[3,4,6,15–17,20–22,25,27, 
28,30–32,34–36,39,41,42, 
46–50,57] 

Dandy-Walker Complex 12 6p25/FOXC1(9), 5p15(1), 15q26(1), 
PITX2(1) 

[13,15,17,18,22,25,26,29, 
31,40,41,44] 

Agenesis/Hypoplasia of The Corpus Callosum 11 6p25/FOXC1(9), 4p16-p15(1), Xp22 
(2), 5p15(1) 

[15,17,22,24,25,29,31,36, 
40,45,51] 

Ventriculomegaly (W/O Explicit Mention of Hydrocephalus) 11 6p25/FOXC1(8), 17q25(1), 15q26 
(1), 6q27(1), COL4A1(1) 

[20,23,25,26,31,40,41,44, 
45,48,63] 

Hydrocephalus 9 6p25/FOXC1 (6) [24,26,29,33,36,37,61,66, 
68] 

Optic Disc/Nerve Abnormality (Not Secondary to Glaucoma) 7 6p25/FOXC1(3), 17q25(1), PITX2(1) [12,20,26,45,56,60,64] 
Microcephaly 6 6p25/FOXC1(3), COL4A1(2), PITX2 

(1) 
[12,38,45,50,67,69] 

Brain Atrophy 6 6p25/FOXC1(4), 21q22(1), COL4A1 
(1) 

[21,23,24,45,48,54] 

Macrocephaly/Enlarged Subarachnoid Spaces 5 6p25/FOXC1(3), 15q26(1), BMP4(1) [19,24,44,53,66] 
Synostosis 5 6p25/FOXC1(1), FGFR2(1), 6p24(1) [6,24,45,52,65] 
Stroke 4 6p25/FOXC1(1), COL4A1(1), PITX2 

(2) 
[4,11,14,47] 

Gyral Abnormalities 4 6p25/FOXC1(4), 5p15(1), 7q33-q36 
(1) 

[17,19,26,27] 

Calcifications 4 6p25/FOXC1(2), COL4A1(1) [28,35,48,61] 
Skull Variations 4 PITX2(1) [6,13,59,62] 
Intracranial Hemorrhage/Microhemorrhage 3 COL4A1 (3) [3,47,48] 
Brainstem Agenesis/Hypoplasia 3 6p25/FOXC1(3), 5p15(1) [17,29,36] 
Dilated Virchow-Robin Spaces 3 6p25/FOXC1(3) [4,22,31] 
Aprosencephaly/Porencephaly 2 COL4A1(1) [47,55] 
Suprasellar/Parasellar Arachnoid Cyst 2 Not reported [2,58] 
Cerebellar Hypoplasia 2 6p25/FOXC1(2) [36,45] 
Other Neurovascular Findings 3 6p25/FOXC1(2), COL4A1(1) [31,43,47] 
Other 14 See Table 2 [2,4,15,22,27,28,34,42,45, 

47,52,63,65,69]  

a FOXC1 = forkhead box protein C1, COL4A1 = collagen type IV alpha 1, PITX2 = pituitary homeobox 2, FGFR = fibroblast growth factor receptor, 
BMP4 = bone morphogenetic protein 4. 
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ARS patient may be warranted for the identification of implicated genes, confirming diagnosis, identifying potential therapeutic 
targets in implicated pathways, and stratifying disease pathogenicity to inform screening and prevention measures in the future. 

4.2. Implications of neurological findings 

The most common ARS associated neurological finding was white matter abnormalities, followed by Dandy-Walker Complex, 
agenesis of the corpus callosum, ventriculomegaly, and hydrocephalus, among other neurological conditions. In ARS patients that have 
Dandy-Walker Complex and agenesis of the corpus callosum, a neurology consultation would be appropriate as these findings are 
associated with neurodevelopmental delay [34,51]. Most of the structural ARS-associated neurological anomalies described were 
nonspecific findings and considered to be non-intervenable. However, a few studies identified ARS-associated hydrocephalus and 
craniosynostosis, which if present, could have indications for surgical intervention. Therefore, it is important that physicians diag-
nosing and evaluating patients with ARS have a firm understanding of the signs and symptoms of such neurologic conditions. However, 
given the limited data, no definitive association could be identified; therefore, no imaging recommendations could be made for pa-
tients presenting with ARS, unless specific symptoms warrant further evaluation. 

4.3. Implications of neurovascular findings 

ARS-associated neurovascular findings included ischemic and hemorrhagic stroke, CSVD, tortuosity/dolichoectasia of arteries, and 
arteriovenous malformation (AVM). The association with stroke and other neurovascular abnormalities was independent of cardiac 
abnormalities in all but the PITX2-associated studies; however, one of the three studies discussing PITX2 and stroke found an increased 
stroke risk independent of atrial fibrillation, suggesting there is a cerebrovascular component of the PITX2-related stroke risk as well 
[4]. As a result, measures for detection and prevention of neurovascular disease may be warranted and primary stroke prevention 
measures may be of importance for consultation and management in at-risk patients. Dolichoectasia of arteries and arteriovenous 
malformation (AVM) were identified in a few studies, however, were too rare to make can definitive connections between ARS and 
warrant screening for these abnormalities alone. Nonetheless, in the presence of clinical symptoms, suspicion for potentially morbid 
neurovascular findings should be higher and screening pursued. Ultimately, recommendations should continue to be made on a 
patient-by-patient basis, keeping in mind their possible predisposition for stroke and other neurovascular anomalies. It is necessary 
that larger-scale, prospective, multicentered studies be done to quantify rates of findings, identify associated risk, and better define the 
disease process in ARS to inform management and treatment. 

4.4. Future directions 

Several genes associated with ARS in addition to the neurological and neurovascular findings seen in ARS have been identified, 
however no definitive connections can be made to inform screening and management of the ARS population. Several areas of future 
study were identified which could lead to a better understanding of the disease pathogenesis and potential management. 

While the FOXC1 and PITX2 genes have been well-characterized, COL4A1 is lesser known in relation to this syndrome. COL4A1 has 
been associated with anterior segment dysgenesis but is not classically connected to ARS. This gene was studied in the context of case 
reports and case series, thus further investigation into the role of COL4A1 in ARS, such as through GWAS, may be warranted. COL4A1 
autosomal dominant mutations are known to cause a spectrum of neurological conditions including epilepsy and cerebrovascular 
disease. Both focal and generalized epilepsy have been described, but genotype-phenotype correlations have not been established [71]. 

Table 5 
Neurovascular findings.  

Abnormality Author Brief Description of Studya 

Stroke Bellenguez et al. 
[14] 

GWAS of ischemic stroke with 3548 affected patients and 5972 controls. Replicated association between 
cardioembolic stroke and variants close to PITX2. 

French et al. [4] GWAS of 9361 patients with FOXC1 mutation found 18 patients with cerebral small vessel disease (CSVD), 
defined as white matter hyperintensities, dilated perivascular spaces, microbleeds, and lacunar infarcts. Case 
series found 9 PITX2-attributable ARS patients had white matter hyperintensities and CSVD, independent of 
atrial fibrillation or other cardiac abnormalities. 

Nandeesh et al. 
[47] 

Case study of 18yo girl with COL4A1 and bilateral Axenfeld Rieger who had hemorrhagic stroke, 
microhemorrhages, right vertebral dolichoectasia, periventricular white matter changes, and a porencephalic 
cyst. On histology, found thickening of small-caliber blood vessels and disruption of basement membrane. No 
cardiac abnormalities. 

Zhao et al. [11] GWAS of 476 stroke patients and 501 controls found single nucleotide polymorphisms in PITX2 were 
associated with increased stroke risk. 

Other Neurovascular 
Findings 

Kearns et al. [31] Case series of 2 siblings with 6p25 deletion had intracranial vascular dolichoectasia, which were not thought to 
be associated until this study. No cardiac abnormalities. 

Wu et al. [43] Case series of 11 patients with FOXC1 mutations found AVM in one patient with Axenfeld Rieger anomaly. No 
cardiac abnormalities.  

a GWAS = genome-wide association studies, PITX2 = pituitary homeobox 2, FOXC1 = forkhead box protein C1, CSVD = cerebral small vessel 
disease, ARS = Axenfeld Rieger Syndrome, COL4A1 = Collagen type IV alpha 1, AVM = arteriovenous malformation. 
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In COL4A1-associated cerebrovascular disease, onset occurs from fetal timing onward with reports ranging from small-vessel disease to 
fatal intracranial hemorrhage [46,71–75]. The above has overlap with neurological findings that occur with ARS as identified in the 
literature. 

The true frequency or prevalence with which ARS associated structural neurological findings occur remains unknown. Knowing 
these metrics could be helpful in informing screening, referrals and consultations with collaborating services, and treatment decisions 
over time. Specifically, such with additional knowledge, treatment decisions affecting management are informed, such as screening 
and surveillance imaging or therapies for modifying stroke risk. This review was limited to ARS associated structural neurological 
abnormalities to evaluate support for neuroradiographic imaging and intracranial screening. The broader understanding of neuro-
logical sequela of ARS was not in the scope of this study, and thus synthesis of the understanding of non-structural neurological 
findings, such as epilepsy and psychiatric conditions, and structural abnormalities in other organ systems were deferred. Future di-
rections would entail further investigation into ARS in both non-structural neurological conditions and other systemic abnormalities, 
contributing to the holistic care of these patients with anticipated healthcare needs over their lifetime. Neurovascular manifestations of 
ARS were found to be common, especially stroke and CVSD, which were corroborated by multiple groups and larger population 
studies. This finding suggests a future role of primary stroke prevention in ARS patients. 

4.5. Limitations 

This systematic review has several additional limitations. Only published studies were included, putting results at risk for publi-
cation bias. Results may overestimate the number of positive and significant study results. The quality of evidence was low. There were 
no randomized trials, prospective or retrospective cohort studies. This phenomenon limits the quality of evidence from which our 
conclusions are derived. Many of the included studies were case reports or case series, limiting the generalizability of the conclusions. 
Additionally, articles were limited to the English language; therefore, studies not written in English or not yet translated were not 
included and may have excluded findings in non-English speaking regions. Lastly, meta-analysis was not possible from the existing 
data and thus not conducted as part of this systematic review. 

5. Conclusion 

This study is the first systematic review investigating the genetic underpinnings, neurological manifestations, and neurovascular 
associations of Axenfeld-Rieger Syndrome (ARS). FOXC1, COL4A1, and PITX2 genes were most frequent in this population. Intra-
cranial radiographic findings included white matter abnormalities and Dandy-Walker Complex. Neurovascular findings were iden-
tified, with cerebral small vessel disease and ischemia being the most common. The risk of stroke in ARS is described both in the 
absence and presence of cardiac comorbidities. The presence of neurological and neurovascular abnormalities in this population may 
warrant further investigation in these patients, should clinical concern arise, as potential surveillance or treatment paradigms may 
prove to be helpful. 

Ethics approval and consent to participate 

No ethics approval or consent to participate was required in this study, as the patient information used was from already published 
sources. 

Availability of data and material 

Due to the nature of the research, there was no primary data collected. Materials were obtained from searches of PubMed, Scopus, 
and Embase. 

Author contribution statement 

All authors listed have significantly contributed to the development and the writing of this article. 

Funding 

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. 

Data availability statement 

Data included in article/supp. material/referenced in article. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

L. Muzyka et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e18225

11

Acknowledgements 

There are no acknowledgments for this review. 

References 

[1] M. Seifi, M.A. Walter, Axenfeld-Rieger syndrome, Clin. Genet. 93 (2018) 1123–1130, https://doi.org/10.1111/cge.13148. 
[2] M.B. Shields, Axenfeld-Rieger syndrome: a theory of mechanism and distinctions from the iridocorneal endothelial syndrome, Trans. Am. Ophthalmol. Soc. 81 

(1983) 736–784. 
[3] I. Coupry, I. Sibon, B. Mortemousque, F. Rouanet, M. Mine, C. Goizet, Ophthalmological features associated with COL4A1 mutations, Arch. Ophthalmol. 128 

(2010) 483–489, https://doi.org/10.1001/archophthalmol.2010.42. 
[4] C.R. French, S. Seshadri, A.L. Destefano, M. Fornage, C.R. Arnold, P.J. Gage, et al., Mutation of FOXC1 and PITX2 induces cerebral small-vessel disease, J. Clin. 

Invest. 124 (2014) 4877–4881, https://doi.org/10.1172/JCI75109. 
[5] C.R. French, Mechanistic insights into Axenfeld–Rieger syndrome from zebrafish foxc1 and pitx2 mutants, Int. J. Mol. Sci. 22 (2021), 10001, https://doi.org/ 

10.3390/ijms221810001. 
[6] M.T. Whitehead, A.F. Choudhri, S. Salim, Magnetic resonance imaging findings in Axenfeld–Rieger syndrome, Clin. Ophthalmol. 7 (2013) 911–916, https://doi. 

org/10.2147/OPTH.S42933. 
[7] K. Michels, B.L. Bohnsack, Ophthalmological manifestations of Axenfeld-Rieger syndrome: current perspectives, Clin. Ophthalmol. 17 (2023) 819–828, https:// 

doi.org/10.2147/OPTH.S379853. 
[8] Badnaware S, Srivastava VK, Chandel M, Gupta P, Fulzele P. Dental and Craniofacial Manifestation of Axenfeld-Rieger Syndrome: A Case Report. Cureus n.d.;14: 

e26442. https://doi.org/10.7759/cureus.26442. 
[9] R. Wang, W.-Q. Wang, X.-Q. Li, J. Zhao, K. Yang, Y. Feng, et al., A novel variant in FOXC1 associated with atypical Axenfeld-Rieger syndrome, BMC Med. 

Genom. 14 (2021) 277, https://doi.org/10.1186/s12920-021-01130-7. 
[10] W.R. Shadish, T.D. Cook, D.T. Campbell, Experimental and Quasi-Experimental Designs for Generalized Causal Inference, Houghton Mifflin, Boston, 2001. 
[11] W. Zhao, X. Hu, J. Hao, L. Guo, W. Zhang, J. Liu, et al., Effect of PITX2 genetic variants on the susceptibility to stroke in the Chinese Han population, Infect. 

Genet. Evol. 98 (2022), 105201, https://doi.org/10.1016/j.meegid.2021.105201. 
[12] H. Titheradge, F. Togneri, D. McMullan, L. Brueton, D. Lim, D. Williams, Axenfeld-Rieger syndrome: further clinical and array delineation of four unrelated 

patients with a 4q25 microdeletion, Am. J. Med. Genet. 164 (2014) 1695–1701, https://doi.org/10.1002/ajmg.a.36540. 
[13] F. Idrees, A. Bloch-Zupan, S.L. Free, D. Vaideanu, P.J. Thompson, P. Ashley, et al., A novel homeobox mutation in the PITX2 gene in a family with Axenfeld- 

Rieger syndrome associated with brain, ocular, and dental phenotypes, Am. J. Med. Genet. B Neuropsychiatr. Genet. 141B (2006) 184–191, https://doi.org/ 
10.1002/ajmg.b.30237. 

[14] C. Bellenguez, S. Bevan, A. Gschwendtner, C.C.A. Spencer, A.I. Burgess, M. Pirinen, et al., Genome-wide association study identifies a variant in HDAC9 
associated with large vessel ischemic stroke, Nat. Genet. 44 (2012) 328–333, https://doi.org/10.1038/ng.1081. 

[15] K.A. Aldinger, O.J. Lehmann, L. Hudgins, V.V. Chizhikov, A.G. Bassuk, L.C. Ades, et al., FOXC1 is required for normal cerebellar development and is a major 
contributor to chromosome 6p25.3 Dandy-Walker malformation, Nat. Genet. 41 (2009) 1037–1042, https://doi.org/10.1038/ng.422. 

[16] J.R. Avasarala, J.R. Jones, C.R. Rogers, Forkhead box C1 gene variant causing glaucoma and small vessel angiopathy can mimic multiple sclerosis, Multiple 
Sclerosis Related Disord. 22 (2018) 157–160, https://doi.org/10.1016/j.msard.2018.04.004. 

[17] M. Balasubramanian, K. Smith, S. Williams, P.D. Griffiths, M.J. Parker, S.R. Mordekar, Tigroid pattern of cerebral white matter involvement in chromosome 
6p25 deletion syndrome with concomitant 5p15 duplication, J. Pediatr. Genet. 1 (2012) 247–252, https://doi.org/10.3233/PGE-12040. 

[18] F. Beby, V. Des Portes, M. Till, C. Mottolese, P. Denis, Chromosome 6p25 Deletion Syndrome: report of a case with optic disc coloboma and review of published 
ophthalmic findings, Ophthalmic Genet. 33 (2012) 240–248, https://doi.org/10.3109/13816810.2012.675396. 

[19] M. Bozza, L. Bernardini, A. Novelli, P. Brovedani, E. Moretti, R. Canapicchi, et al., 6p25 Interstitial deletion in two dizygotic twins with gyral pattern anomaly 
and speech and language disorder, Eur. J. Paediatr. Neurol. 17 (2013) 225–231, https://doi.org/10.1016/j.ejpn.2012.09.008. 

[20] G.N. Breningstall, R. Patterson, B. Hirsch, B. Doyle, Leukoencephalopathy with 6p25 deletion, Pediatr. Neurol. 67 (2017) e1–e2, https://doi.org/10.1016/j. 
pediatrneurol.2016.11.002. 

[21] O. Caluseriu, G. Mirza, J. Ragoussis, E.W.C. Chow, D. MacCrimmon, A.S. Bassett, Schizophrenia in an adult with 6p25 deletion syndrome, Am. J. Med. Genet. A 
140 (2006) 1208–1213, https://doi.org/10.1002/ajmg.a.31222. 

[22] E. Cellini, V. Disciglio, F. Novara, J.A. Barkovich, M.A. Mencarelli, J. Hayek, et al., Periventricular heterotopia with white matter abnormalities associated with 
6p25 deletion, Am. J. Med. Genet. 158A (2012) 1793–1797, https://doi.org/10.1002/ajmg.a.35416. 

[23] J.R. Corona-Rivera, A. Corona-Rivera, L.C. Zepeda-Romero, I.M. Rios-Flores, J. Rivera-Vargas, M. Orozco-Vela, et al., Ring chromosome 6 in a child with 
anterior segment dysgenesis and review of its overlap with other FOXC1 deletion phenotypes, Congenital. Anom. 59 (2019) 174–178, https://doi.org/10.1111/ 
cga.12309. 

[24] A.F. Davies, G. Mirza, G. Sekhon, P. Turnpenny, F. Leroy, F. Speleman, et al., Delineation of two distinct 6p deletion syndromes, Hum. Genet. 104 (1999) 64–72, 
https://doi.org/10.1007/s004390050911. 

[25] A. Delahaye, S. Khung-Savatovsky, A. Aboura, F. Guimiot, S. Drunat, J.-L. Alessandri, et al., Pre- and postnatal phenotype of 6p25 deletions involving the FOXC1 
gene, Am. J. Med. Genet. 158A (2012) 2430–2438, https://doi.org/10.1002/ajmg.a.35548. 

[26] C. DeScipio, L. Schneider, T.L. Young, N. Wasserman, D. Yaeger, F. Lu, et al., Subtelomeric deletions of chromosome 6p: molecular and cytogenetic 
characterization of three new cases with phenotypic overlap with Ritscher–Schinzel (3C) syndrome, Am. J. Med. Genet. 134A (2005) 3–11, https://doi.org/ 
10.1002/ajmg.a.30573. 

[27] M. Eid, O. Eid, I. Hegazy, M. Girgis, A. Mohamed, G.M.H. Abdel-Salam, Further insights into developmental brain malformations and leukoencephalopathy 
associated with 6p25.3 deletion, Neuropediatrics 51 (2020) 76–82, https://doi.org/10.1055/s-0039-1698421. 

[28] S.-P. Fan, N.-C. Lee, C.-H. Lin, Novel phenotype of 6p25 deletion syndrome presenting Juvenile parkinsonism and brain calcification, Mov. Disord. 35 (2020) 
1457–1462, https://doi.org/10.1002/mds.28079. 

[29] D.B. Gould, M.S. Jaafar, M.K. Addison, F. Munier, R. Ritch, I.M. MacDonald, et al., Phenotypic and molecular assessment of seven patients with 6p25 deletion 
syndrome: relevance to ocular dysgenesis and hearing impairment, BMC Med. Genet. 5 (2004) 17, https://doi.org/10.1186/1471-2350-5-17. 

[30] S. Kapoor, S. Banerjee Mukherjee, D. Shroff, R. Arora, D. Mukhopadhyay, A. Ghosh, et al., Dysmyelination of the cerebral white matter with microdeletion at 
6p25, Indian Pediatr. 48 (2011) 727–736, https://doi.org/10.1007/s13312-011-0108-8. 

[31] K.N. Kearns, K. Yagmurlu, C.-J. Chen, J. Jane Jr., M.S. Park, M.Y.S. Kalani, Deletion of 6p25.3 is associated with cerebrovascular dolichoectasia: report of 2 
cases, PNE 54 (2019) 196–200, https://doi.org/10.1159/000497148. 

[32] M. Kumar, C. Chambers, R. Dhamija, Axenfeld–rieger syndrome and leukoencephalopathy caused by a mutation in FOXC1, Pediatr. Neurol. 66 (2017) 113–114, 
https://doi.org/10.1016/j.pediatrneurol.2016.08.020. 

[33] H. Levin, R. Ritch, R. Barathur, M.W. Dunn, C. Teekhasaenee, S. Margolis, et al., Aniridia, congenital glaucoma, and hydrocephalus in a male infant with ring 
chromosome 6, Am. J. Med. Genet. 25 (1986) 281–287, https://doi.org/10.1002/ajmg.1320250212. 

[34] N.D. Linhares, M. Svartman, T.C. Rodrigues, C. Rosenberg, E.R. Valadares, Subtelomeric 6p25 deletion/duplication: report of a patient with new clinical 
findings and genotype–phenotype correlations, Eur. J. Med. Genet. 58 (2015) 310–318, https://doi.org/10.1016/j.ejmg.2015.02.011. 

[35] E. Lopes, S. Pires, C. Candeias, M.M. Freitas, C.F. Reis, N. Oliva-Teles, Axenfeld Rieger anomaly associated with a 6p25 interstitial deletion Case report, Mol. 
Cytogenet. 12 (2019). 

L. Muzyka et al.                                                                                                                                                                                                        

https://doi.org/10.1111/cge.13148
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref2
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref2
https://doi.org/10.1001/archophthalmol.2010.42
https://doi.org/10.1172/JCI75109
https://doi.org/10.3390/ijms221810001
https://doi.org/10.3390/ijms221810001
https://doi.org/10.2147/OPTH.S42933
https://doi.org/10.2147/OPTH.S42933
https://doi.org/10.2147/OPTH.S379853
https://doi.org/10.2147/OPTH.S379853
https://doi.org/10.7759/cureus.26442
https://doi.org/10.1186/s12920-021-01130-7
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref10
https://doi.org/10.1016/j.meegid.2021.105201
https://doi.org/10.1002/ajmg.a.36540
https://doi.org/10.1002/ajmg.b.30237
https://doi.org/10.1002/ajmg.b.30237
https://doi.org/10.1038/ng.1081
https://doi.org/10.1038/ng.422
https://doi.org/10.1016/j.msard.2018.04.004
https://doi.org/10.3233/PGE-12040
https://doi.org/10.3109/13816810.2012.675396
https://doi.org/10.1016/j.ejpn.2012.09.008
https://doi.org/10.1016/j.pediatrneurol.2016.11.002
https://doi.org/10.1016/j.pediatrneurol.2016.11.002
https://doi.org/10.1002/ajmg.a.31222
https://doi.org/10.1002/ajmg.a.35416
https://doi.org/10.1111/cga.12309
https://doi.org/10.1111/cga.12309
https://doi.org/10.1007/s004390050911
https://doi.org/10.1002/ajmg.a.35548
https://doi.org/10.1002/ajmg.a.30573
https://doi.org/10.1002/ajmg.a.30573
https://doi.org/10.1055/s-0039-1698421
https://doi.org/10.1002/mds.28079
https://doi.org/10.1186/1471-2350-5-17
https://doi.org/10.1007/s13312-011-0108-8
https://doi.org/10.1159/000497148
https://doi.org/10.1016/j.pediatrneurol.2016.08.020
https://doi.org/10.1002/ajmg.1320250212
https://doi.org/10.1016/j.ejmg.2015.02.011
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref35
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref35


Heliyon 9 (2023) e18225

12

[36] K. Maclean, J. Smith, LSt Heaps, N. Chia, R. Williams, G.B. Peters, et al., Axenfeld–Rieger malformation and distinctive facial features: clues to a recognizable 
6p25 microdeletion syndrome, Am. J. Med. Genet. 132A (2005) 381–385, https://doi.org/10.1002/ajmg.a.30274. 

[37] V. Martinez-Glez, I. Lorda-Sanchez, J.M. Ramirez, P. Ruiz-Barnes, M. Rodriguez de Alba, D. Diego-Alvarez, et al., Clinical presentation of a variant of 
Axenfeld–Rieger syndrome associated with subtelomeric 6p deletion, Eur. J. Med. Genet. 50 (2007) 120–127, https://doi.org/10.1016/j.ejmg.2006.10.005. 

[38] N.P. Pace, F. Maggouta, M. Twigden, I. Borg, Molecular cytogenetic characterisation of a novel de novo ring chromosome 6 involving a terminal 6p deletion and 
terminal 6q duplication in the different arms of the same chromosome, Mol. Cytogenet. 10 (2017) 9, https://doi.org/10.1186/s13039-017-0311-y. 

[39] A. Saffari, A. Ziegler, A. Merkenschlager, S. Krüger, S. Kölker, G.F. Hoffmann, et al., Axenfeld-rieger anomaly and neuropsychiatric problems—more than meets 
the eye, Neuropediatrics 51 (2020) 192–197, https://doi.org/10.1055/s-0039-3402037. 

[40] M. Schumann, A. Hofmann, S.K. Krutzke, A.C. Hilger, F. Marsch, D. Stienen, et al., Array-based molecular karyotyping in fetuses with isolated brain 
malformations identifies disease-causing CNVs, J. Neurodev. Disord. 8 (2016) 11, https://doi.org/10.1186/s11689-016-9144-y. 

[41] M.S. van der Knaap, M. Kriek, W.C.G. Overweg-Plandsoen, K.B. Hansson, K. Madan, J.S. Starreveld, et al., Cerebral white matter abnormalities in 6p25 deletion 
syndrome, AJNR Am. J. Neuroradiol. 27 (2006) 586–588. 

[42] H.J. Vernon, A. Bytyci Telegrafi, D. Batista, M. Owegi, R. Leigh, 6p25 microdeletion: white matter abnormalities in an adult patient, Am. J. Med. Genet. 161 
(2013) 1686–1689, https://doi.org/10.1002/ajmg.a.35937. 

[43] C.-H.W. Wu, N. Mann, M. Nakayama, D.M. Connaughton, R. Dai, C.M. Kolvenbach, et al., Phenotype expansion of heterozygous FOXC1 pathogenic variants 
toward involvement of congenital anomalies of the kidneys and urinary tract (CAKUT), Genet. Med. 22 (2020) 1673–1681, https://doi.org/10.1038/s41436- 
020-0844-z. 

[44] K. Yararbas, C. Sayar, S. Tumer, D. Ozciger, C. Tavukcu, N. Oncu, et al., Possible effect of IGFR1 gene on macrocephaly in a patient with unbalanced 6;15 
translocation with 6p25 deletion and 15q26 duplication, Eur. J. Hum. Genet. 27 (2019). 

[45] H.Z. Zhang, P. Li, D. Wang, S. Huff, M. Nimmakayalu, M. Qumsiyeh, et al., FOXC1 gene deletion is associated with eye anomalies in ring chromosome 6, Am. J. 
Med. Genet. 124A (2004) 280–287, https://doi.org/10.1002/ajmg.a.20413. 

[46] M.E.C. Meuwissen, D.J.J. Halley, L.S. Smit, M.H. Lequin, J.M. Cobben, R. de Coo, et al., The expanding phenotype of COL4A1 and COL4A2 mutations: clinical 
data on 13 newly identified families and a review of the literature, Genet. Med. 17 (2015) 843–853, https://doi.org/10.1038/gim.2014.210. 

[47] B.N. Nandeesh, P.S. Bindu, G. Narayanappa, T. Chickabasaviah Yasha, A. Mahadevan, K. Kulanthaivelu, et al., Cerebral small vessel disease with hemorrhagic 
stroke related to COL4A1 mutation: a case report, Neuropathology 40 (2020) 93–98, https://doi.org/10.1111/neup.12607. 

[48] E. Rødahl, P.M. Knappskog, J. Majewski, S. Johansson, W. Telstad, J. Kråkenes, et al., Variants of anterior segment dysgenesis and cerebral involvement in a 
large family with a novel COL4A1 mutation, Am. J. Ophthalmol. 155 (2013) 946–953.e2, https://doi.org/10.1016/j.ajo.2012.11.028. 

[49] I. Sibon, I. Coupry, P. Menegon, J.-P. Bouchet, P. Gorry, I. Burgelin, et al., COL4A1 mutation in Axenfeld–Rieger anomaly with leukoencephalopathy and stroke, 
Ann. Neurol. 62 (2007) 177–184, https://doi.org/10.1002/ana.21191. 

[50] S. Shah, S. Ellard, R. Kneen, M. Lim, N. Osborne, J. Rankin, et al., Childhood presentation of COL4A1 mutations, Dev. Med. Child Neurol. 54 (2012) 569–574, 
https://doi.org/10.1111/j.1469-8749.2011.04198.x. 

[51] M.H. Ali, N.F. Azar, V. Aakalu, F.Y. Chau, J. Abbasian, P. Setabutr, et al., Congenital cavitary optic disc anomaly and Axenfeld’s anomaly in Wolf-Hirschhorn 
syndrome: a case report and review of the literature, Ophthalmic Genet. 39 (2018) 271–274, https://doi.org/10.1080/13816810.2017.1408850. 

[52] E. McCann, S.B. Kaye, W. Newman, G. Norbury, G.C.M. Black, I.H. Ellis, Novel phenotype of craniosynostosis and ocular anterior chamber dysgenesis with a 
fibroblast growth factor receptor 2 mutation, Am. J. Med. Genet. 138A (2005) 278–281, https://doi.org/10.1002/ajmg.a.30944. 

[53] L.M. Reis, R.C. Tyler, K.F. Schilter, O. Abdul-Rahman, J.W. Innis, B.A. Kozel, et al., BMP4 loss-of-function mutations in developmental eye disorders including 
SHORT syndrome, Hum. Genet. 130 (2011) 495–504, https://doi.org/10.1007/s00439-011-0968-y. 

[54] F. Nielsen, L. Trånebjaerg, A case of partial monosomy 21q22.2 associated with Rieger’s syndrome, J. Med. Genet. 21 (1984) 218–221. 
[55] W.N. Adkins Jr., E.G. Kaveggia, Sporadic case of apparent aprosencephaly, Am. J. Med. Genet. 3 (1979) 311–314, https://doi.org/10.1002/ajmg.1320030312. 
[56] K. Awan, Peters-Rieger’s syndrome, J. Pediatr. Ophthalmol. Strabismus 14 (1977) 112. 
[57] Y. Barkana, N. Shoshany, Z. Almer, E. Pras, Familial Juvenile normal-tension glaucoma with anterior segment dysgenesis: a clinical report of a new phenotype, 

J. Glaucoma 22 (2013) 510–514, https://doi.org/10.1097/IJG.0b013e318255dbcf. 
[58] O. Yalcin Cok, Z. Ozkose, S. Atabekoglu, S. Yardim, Intravenous patient-controlled analgesia using remifentanil in a child with Axenfeld-Rieger syndrome, 

Pediatric Anesthesia 15 (2005) 162–166, https://doi.org/10.1111/j.1460-9592.2004.01403.x. 
[59] R.E. Kleinmann, E.L. Kazarian, V. Raptopoulos, L.E. Braverman, Primary empty sella and Rieger’s anomaly of the anterior chamber of the eye, N. Engl. J. Med. 

304 (1981) 90–93, https://doi.org/10.1056/NEJM198101083040205. 
[60] I. Koçak-Midillioglu, N. Karadeniz, I. Yalvaç, A.G. Koçak-Altintas, S. Duman, Eight-year follow-up of Axenfeld-Rieger syndrome with turner syndrome, Eur. J. 

Ophthalmol. 13 (2003) 580–583, https://doi.org/10.1177/112067210301300613. 
[61] U. Moog, E.m. Bleeker-Wagemakers, P. Crobach, J.s. h. Vles, C.t. r. m. Schrander-Stumpel, Sibs with Axenfeld-Rieger anomaly, hydrocephalus, and 

leptomeningeal calcifications: a new autosomal recessive syndrome? Am. J. Med. Genet. 78 (1998) 263–266, https://doi.org/10.1002/(SICI)1096-8628 
(19980707)78:3<263::AID-AJMG11>3.0.CO;2-D. 

[62] D. Megighian, M. Savastano, P. Poli, Rieger syndrome: case report, Int. Tinnitus J. 9 (2003) 134–137. 
[63] S. Nastasi, A. Gonzalez, C.R. Blake, A. Beck, S. Agarwal-Sinha, Achondroplasia with congenital onset glaucoma, and presumed Axenfeld-Rieger anomaly, 

J. Glaucoma 27 (2018) e165, https://doi.org/10.1097/IJG.0000000000001046. 
[64] J.E. Puklin, C.A. Riely, R.M. Simon, E. Cotlier, Anterior segment and Retinal pigmentary abnormalities in Arteriohepatic dysplasia, Ophthalmology 88 (1981) 

337–347, https://doi.org/10.1016/S0161-6420(81)35026-X. 
[65] K.D. Steinsapir, E. Lehman, J.T. Ernest, R.C. Tripathi, Systemic neurocristopathy associated with Rieger’s syndrome, Am. J. Ophthalmol. 110 (1990) 437–438, 

https://doi.org/10.1016/S0002-9394(14)77035-7. 
[66] S.G. Van Daele, R.N. Van Coster, F. Meire, A.M. Smets, J.G. Leroy, Fibrotic eye muscles, Axenfeld anomaly, flat face, and mild developmental retardation: a new 

example of the Chitty syndrome, Am. J. Med. Genet. 65 (1996) 205–208, https://doi.org/10.1002/(SICI)1096-8628(19961028)65:3<205::AID-AJMG6>3.0. 
CO;2-O. 

[67] Y. van Bever, L. van Hest, R. Wolfs, D. Tibboel, T.L. van den Hoonaard, S.J. Gischler, Exclusion of a PAX6, FOXC1, PITX2, and MYCN mutation in another patient 
with apple peel intestinal atresia, ocular anomalies and microcephaly and review of the literature, Am. J. Med. Genet. 146A (2008) 500–504, https://doi.org/ 
10.1002/ajmg.a.32169. 

[68] R.B. Lowry, D.B. Gould, M.A. Walter, P.R. Savage, Absence of PITX2, BARX1, and FOXC1 mutations in De Hauwere syndrome (Axenfeld–Rieger anomaly, 
hydrocephaly, hearing loss): a 25-year follow up, Am. J. Med. Genet. 143A (2007) 1227–1230, https://doi.org/10.1002/ajmg.a.31732. 

[69] J.F. Kerrigan, M.C. Kruer, J. Corneveaux, C.B. Panganiban, A. Itty, D. Reiman, et al., Chromosomal abnormality at 6p25.1–25.3 identifies a susceptibility locus 
for hypothalamic hamartoma associated with epilepsy, Epilepsy Res. 75 (2007) 70–73, https://doi.org/10.1016/j.eplepsyres.2007.04.002. 

[70] T.R. Whitesell, P.W. Chrystal, J.-R. Ryu, N. Munsie, A. Grosse, C.R. French, et al., foxc1 is required for embryonic head vascular smooth muscle differentiation in 
zebrafish, Dev. Biol. 453 (2019) 34–47, https://doi.org/10.1016/j.ydbio.2019.06.005. 

[71] S. Zagaglia, C. Selch, J.R. Nisevic, D. Mei, Z. Michalak, L. Hernandez-Hernandez, et al., Neurologic phenotypes associated with COL4A1/2 mutations, Neurology 
91 (2018) e2078–e2088, https://doi.org/10.1212/WNL.0000000000006567. 

[72] D.B. Gould, F.C. Phalan, S.E. van Mil, J.P. Sundberg, K. Vahedi, P. Massin, et al., Role of COL4A1 in small-vessel disease and hemorrhagic stroke, N. Engl. J. 
Med. 354 (2006) 1489–1496, https://doi.org/10.1056/NEJMoa053727. 

[73] K. Vahedi, S. Alamowitch, Clinical spectrum of type IV collagen (COL4A1) mutations: a novel genetic multisystem disease, Curr. Opin. Neurol. 24 (2011) 63, 
https://doi.org/10.1097/WCO.0b013e32834232c6. 

[74] S. Lanfranconi, H.S. Markus, COL4A1 mutations as a monogenic cause of cerebral small vessel disease, Stroke 41 (2010) e513–e518, https://doi.org/10.1161/ 
STROKEAHA.110.581918. 

L. Muzyka et al.                                                                                                                                                                                                        

https://doi.org/10.1002/ajmg.a.30274
https://doi.org/10.1016/j.ejmg.2006.10.005
https://doi.org/10.1186/s13039-017-0311-y
https://doi.org/10.1055/s-0039-3402037
https://doi.org/10.1186/s11689-016-9144-y
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref41
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref41
https://doi.org/10.1002/ajmg.a.35937
https://doi.org/10.1038/s41436-020-0844-z
https://doi.org/10.1038/s41436-020-0844-z
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref44
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref44
https://doi.org/10.1002/ajmg.a.20413
https://doi.org/10.1038/gim.2014.210
https://doi.org/10.1111/neup.12607
https://doi.org/10.1016/j.ajo.2012.11.028
https://doi.org/10.1002/ana.21191
https://doi.org/10.1111/j.1469-8749.2011.04198.x
https://doi.org/10.1080/13816810.2017.1408850
https://doi.org/10.1002/ajmg.a.30944
https://doi.org/10.1007/s00439-011-0968-y
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref54
https://doi.org/10.1002/ajmg.1320030312
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref56
https://doi.org/10.1097/IJG.0b013e318255dbcf
https://doi.org/10.1111/j.1460-9592.2004.01403.x
https://doi.org/10.1056/NEJM198101083040205
https://doi.org/10.1177/112067210301300613
https://doi.org/10.1002/(SICI)1096-8628(19980707)78:3<263::AID-AJMG11>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1096-8628(19980707)78:3<263::AID-AJMG11>3.0.CO;2-D
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref62
https://doi.org/10.1097/IJG.0000000000001046
https://doi.org/10.1016/S0161-6420(81)35026-X
https://doi.org/10.1016/S0002-9394(14)77035-7
https://doi.org/10.1002/(SICI)1096-8628(19961028)65:3<205::AID-AJMG6>3.0.CO;2-O
https://doi.org/10.1002/(SICI)1096-8628(19961028)65:3<205::AID-AJMG6>3.0.CO;2-O
https://doi.org/10.1002/ajmg.a.32169
https://doi.org/10.1002/ajmg.a.32169
https://doi.org/10.1002/ajmg.a.31732
https://doi.org/10.1016/j.eplepsyres.2007.04.002
https://doi.org/10.1016/j.ydbio.2019.06.005
https://doi.org/10.1212/WNL.0000000000006567
https://doi.org/10.1056/NEJMoa053727
https://doi.org/10.1097/WCO.0b013e32834232c6
https://doi.org/10.1161/STROKEAHA.110.581918
https://doi.org/10.1161/STROKEAHA.110.581918


Heliyon 9 (2023) e18225

13

[75] L.R. Ment, U. Ådén, A. Lin, S.H. Kwon, M. Choi, M. Hallman, et al., Gene-environment interactions in severe intraventricular hemorrhage of preterm neonates, 
Pediatr. Res. 75 (2014) 241–250, https://doi.org/10.1038/pr.2013.195. 

[76] H. Kapoor, N. Yadav, M. Chopra, S.C. Mahapatra, V. Agrawal, Strong Anti-tumorous potential of nardostachys jatamansi Rhizome extract on glioblastoma and in 
silico analysis of its molecular drug targets, Curr. Cancer Drug Targets 17 (2017) 74–88. 

[77] E. Kocakavuk, K.J. Anderson, F.S. Varn, K.C. Johnson, S.B. Amin, Sulman ErikP, et al., Radiotherapy is associated with a deletion signature that contributes to 
poor outcomes in cancer patients, Nat. Genet. 53 (2021) 1088–1096, https://doi.org/10.1038/s41588-021-00874-3. 

L. Muzyka et al.                                                                                                                                                                                                        

https://doi.org/10.1038/pr.2013.195
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref76
http://refhub.elsevier.com/S2405-8440(23)05433-6/sref76
https://doi.org/10.1038/s41588-021-00874-3

	Axenfeld-Rieger syndrome: A systematic review examining genetic, neurological, and neurovascular associations to inform scr ...
	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Selection criteria
	2.3 Data extraction
	2.4 Variables
	2.5 Statistical analysis
	2.6 Quality assessment

	3 Results
	3.1 Search results
	3.2 Study characteristics
	3.3 Genetic associations in ARS
	3.4 Neurological manifestations
	3.5 Neurovascular associations

	4 Discussion
	4.1 Implications of genetic findings
	4.2 Implications of neurological findings
	4.3 Implications of neurovascular findings
	4.4 Future directions
	4.5 Limitations

	5 Conclusion
	Ethics approval and consent to participate
	Availability of data and material
	Author contribution statement
	Funding
	Data availability statement
	Declaration of competing interest
	Acknowledgements
	References


