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Abstract 

Arterial Tortuosity Syndrome (ATS) is a rare autosomal recessive disorder caused by mutations in 

the SLC2A10 gene encoding a glucose/ascorbic acid transporter. The clinical features of ATS are 

mild to severe tortuosity of the large and medium arteries throughout the body, accompanied by 

dysmorphisms and joint laxity. Vascular changes in different parts of the body lead to stenosis 

and/or aneurysms requiring difficult surgical procedures. 

Here we present two new patients with ATS from two unrelated families. 

Patient 1 presented at 10 years of age with headache and typical physical appearance, delicate 

skeleton, large visible pulsation of the carotid arteries in the neck, and joint laxity. On CT 

angiography she had severe tortuosity of the aortal branches and cerebral arteries, but no 

significant tortuosity of the pulmonary arteries. Two cousins of the girl carried the same 

homozygous c.254T>C,p.(Leu85Pro) mutation in SLC2A10, however, they additionally had 

severe affection of the pulmonary vessels.  

Patient 2 was a 9 year-old girl diagnosed with severe tortuosity and stenosis of the pulmonary 

arteries and progressive myocardiopathy. Her physical appearance was very similar to Patient 1, 

except that she also had a growth retardation. After long-term follow up by cardiologists, she 

underwent cardiac surgery abroad, with unfavorable outcome. Homozygosity for the c.685C>T, 

p.(Arg229*) mutation in SLC2A10 was detected. Consanguinity was disclosed within both 

families. Our findings confirm the intrafamilial phenotype variability of ATS. A novel finding is 

the severe tortuosity of cerebral arteries causing migraine that has not been described before in a 

child with ATS. 

Key words: Arterial tortuosity syndrome, SLC2A10 mutation, cerebral arteries, consanguinity, 

phenotype variability 
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Introduction 

Arterial Tortuosity Syndrome (ATS, MIM 208050) is a rare autosomal recessive connective tissue 

disorder chiefly characterized by elongation and tortuosity of the large and medium sized arteries 

and anomalies of the vascular elastic fibers [1, 2]. Alterations of the vascular morphology and 

structure lead to a propensity for aneurysm formation and vascular dissections, focal and/or 

widespread stenosis of the aorta and/or pulmonary arteries, and vasomotor instability. The first 

few years of life seem to be the most critical for potentially life-threatening events, particularly 

acute respiratory insufficiency and other complications related to pulmonary arteries stenosis 

(PAS) [3]. ATS shares features with other connective tissue disorders, i.e., Marfan syndrome, 

Loeys-Dietz syndromes, Cutis laxa and Ehlers-Danlos syndromes, namely 

soft/velvety/hyperextensible skin, facial dysmorphisms (i.e., elongated face, hypertelorism, 

beaked nose, high palate and/or bifid uvula, and micro/retrognathia), abdominal hernias, joint 

hypermobility, congenital contractures, scoliosis, and other skeletal anomalies. Genetic analysis 

can help in delineating these entities [3]. ATS is caused by mutations in the SLC2A10 gene 

encoding the glucose/dehydroascorbic acid (DAA) transporter 10 (GLUT10)[2, 4]. The exact role 

of GLUT10 as a DAA transporter in the pathogenesis of ATS remains to be clarified, but some 

evidence suggests that the shortage of ascorbic acid in the compartments of the secretory pathway 

can affect the production of extracellular matrix proteins both at epigenetic and post-translational 

levels [4, 5]. 

Here we present two unrelated patients with molecularly confirmed ATS, expanding the 

phenotypic spectrum and the variability of this rare disorder. 
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Mutation screening 

Genomic DNA was extracted from peripheral blood leukocytes using standard procedures; the 

exons and intron-flanking regions of the SLC2A10 gene were PCR amplified and directly 

sequenced using an ABI3130XL Genetic Analyzer as previously reported by Ritelli et al. [3]. The 

nucleotide and protein accession numbers correspond to the SLC2A10 (NM_030777.3; 

NP_110404.1) reference sequence. Mutations were annotated according to the HGVS  

nomenclature (www.hgvs.org/mutnomen). 

Case reports 

Patient 1 (P1). This 10-year-old Macedonian female was born to a healthy consanguineous couple 

following an uneventful pregnancy and delivery. Birth weight was 2600 g and birth length 48 cm. 

A congenital diaphragmatic hernia was successfully treated at 15 days of age; subsequently, failure 

to thrive and poor sucking were noticed. At the age of 10 years, the patient was brought in for 

medical attention because of migraine, easy fatigability, and visible large carotid pulsations in the 

neck. Height and weight were within the normal range (-1 and -1.5 SD respectively); a post-

surgical atrophic scar on the abdominal wall was noticed as a residue of the surgical treatment in 

the neonatal period. Generalized joint hypermobility (Beighton score 6/9), high palate and dental 

crowding, flexible flat feet, and facial dysmorphisms, i.e., narrow, elongated face with beaked nose 

and long philtrum, were observed. Heart ultrasound was appropriate for sex and age (pulmonary 

pressure = 20 mm Hg). 

Magnetic resonance angiography (MRA), performed to investigate the migraine, brain and supra-

aortic branches disclosed marked tortuosity of several vessels, including cerebral, carotid, and 

vertebral arteries (Figure 1). CT angiography revealed an aberrant origin and tortuosity of the three 

branches of the aortic arch (Figure 2); no evident tortuosity of the pulmonary arteries was detected. 

http://www.hgvs.org/mutnomen


5 
 

Given the presence of widespread arterial tortuosity and peculiar facial dysmorphisms, ATS was 

suspected and confirmed by SLC2A10 molecular analysis that revealed the homozygous 

c.254T>C, p.(Leu85Pro) missense mutation (Figure 3). This mutation was previously found in 

homozygosity in two Macedonian brothers, 8- and 6-year-old, with a full-blown clinical 

presentation of ATS including severe pulmonary arteries tortuosity (Ritelli et al., 2014, Patients 2 

and 3) [3]. Subsequently, family tree reconstruction disclosed that the patients described by Ritelli 

et al. and the present patient were second cousins (Figure 4).  

 

         

Figure 1. Color-coded volume rendering of the 

brain and neck CT-angiography of P1 with marked 

tortuosity of the cerebral arteries (black arrows) 

shown at different cross-sectional levels (A and B) 

and vertebral arteries (white arrows) shown in 

sagittal sections (C and D). 

 

Figure 2. CT of the aortic arch of P1 (A-D). RSA and 

RCCA emerge from a right innominate artery, which 

is the first aortic arch branch (black arrows); LCCA 

(asterisk) is the second and LSA is the third aortic 

arch branch. RSA: right subclavian artery; RCCA: 

right common carotid artery; LCCA: left common 

carotid artery; LSA: left subclavian artery. 
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Figure 3. Molecular characterization. Sequencing of SLC2A10 exons and splice junctions revealed the 

following: P1 was homozygous for the c.254T>C, p.(Leu85Pro) missense mutation and P2 was 

homozygous for the recurrent c.685C>T, p.(Arg229*) nonsense mutation.  

 

 

 

 
 
Figure 4. Family tree of P1. Children affected by ATS are shown in black, P1 is pointed by arrow. 

 

 

Patient 2 (P2). This 9-year-old Macedonian female was born by consanguineous parents (second 

cousins) following an uneventful pregnancy and delivery. Weight and length at birth were 

appropriate for sex and age (3100 g and 50 cm respectively). Cyanosis after feeding was noticed 

in the first year of life and in-depth vascular studies with cardiac catheterization were performed 
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that disclosed pulmonary hypertension (65 mm Hg) due to pulmonary artery stenosis (PAS). Heart 

ultrasound showed right ventricular dilatation and hypertrophy with mild tricuspid regurgitation 

and mild mitral stenosis. CT angiography revealed dilatation of the pulmonary trunk (29 mm) and 

the left pulmonary artery (32 mm) and stenosis of the intra-parenchymal pulmonary arteries 

accompanied by severe tortuosity. The patient was followed by a cardiologist without any 

intervention until consultation at our hospital. On examination, the 9 year-old-girl presented with 

short stature (-2 SD), low weight for sex and age (-3 SD), generalized joint hypermobility 

(Beighton score 8/9), facial dysmorphisms, e.g., elongated face, wide-space eyes, beaked nose, 

and micrognathia. She had systolic ejection murmur (4/6) in the precordium. This clinical 

presentation and previous cardiac findings were strongly suggestive of ATS. Molecular analysis 

of SLC2A10 concluded the diagnostic process disclosing the previously described homozygous 

c.685C>T, p.(Arg229*) nonsense mutation (Figure 3) [6, 7]. Heart MRI confirmed severe right 

and moderate left pulmonary artery stenosis with severe dilatations and multiple stenoses of 

medium size arteries in the lung. The patient was sent to a cardiology hospital abroad for the second 

catheterization and surgical treatment. The catheterization was performed with the aim of balloon 

dilatation of the right pulmonary artery, however, due to the severe pulmonary arteries tortuosity 

and myocardiopathy with tricuspid regurgitation, she was scheduled for surgery. Tube graft of a 

decellularized patch was adapted to the right orifice of the pulmonary artery and side anastomosed 

to the common pulmonary artery. No intervention on the left pulmonary artery was performed. 

Intraoperative examination also disclosed a major tricuspid failure and severe right ventricular 

dilatation; therefore, combined heart-lung transplantation was proposed. Unfortunately, the patient 

did not recover after surgery and died on the second post-operative day, after several resuscitations, 

due to impaired contractile function of the heart, hemorrhagic event, and cardiac arrest.  



8 
 

Discussion 

ATS is a rare and poorly characterized connective tissue disorder caused by recessive SLC2A10 

mutations [1, 2]. The estimated incidence ranges from 1:100,000 to 1:500,000 live births. To date, 

approximately 100 patients have been reported harboring some of the fewer than 30 described 

mutations [8]. Diagnostic criteria have not been standardized, however, widespread arterial 

tortuosity, PAS and specific facial dysmorphisms have been reported in the large majority of the 

patients and are suitable to be considered as hallmarks of the disease [3]. The usual presenting 

symptom of ATS is PAS-induced cyanosis/respiratory failure in the first months of life. In the 

large majority of the cases, the disease diagnosis is made in the first few years of life. In adulthood, 

life-threatening events appear to be rare; in elderly patients chronic systemic and pulmonary 

hypertension, cardiac conductive defects, aortic root dilatation, stroke, and intracranial aneurysms 

can be observed [1, 3]. Some ATS patients require catheterization and/or surgery of severe PAS 

and/or progressive aortic root dilatation. Based on published data, in general these procedures are 

well tolerated if timely performed, and surgery-related fatal events are rare.  

Regarding prognosis, Wessels et al. (2004) described a high infant mortality rate (40% before the 

age of 5) among ATS patients.[9]. Recent evidence suggests that life-expectancy in ATS is higher 

than initially reported [3, 9]. The initial bias towards low life-expectancy/high mortality rate might 

be caused by the absence of molecular confirmation and the high rate of consanguinity in the 

studied families. Indeed, SLC2A10 molecular analysis is mandatory to conclude the diagnostic 

process and to distinguish ATS from other connective tissue disorders with common clinical signs 

and with high rates of life-threatening cardiovascular events, such as Loeys-Dietz syndromes or 

autosomal recessive Cutis laxa. Finally, in recent years, increased knowledge on the disease has 
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facilitated targeted follow-up and timely cardiovascular surgery when needed, leading to an 

improved prognosis [3].  

However, the clinical variability and range of severity in ATS patients is wide; the present cases 

exemplified a mild (P1) and a severe (P2) ATS clinical presentation. P1 had an atypical presenting 

symptom, i.e., congenital diaphragmatic hernia. Diaphragmatic hernia has been reported in 

patients with connective tissue defects including ATS [10], but a definite suspicion/diagnosis of 

ATS in P1 was given only at 10 years of age, after in-depth vascular studies performed to 

investigate migraine. To our knowledge, migraine has never been reported among ATS patients 

and present data are not sufficient to conclude if this sign is a result of the disease per se or has a 

different pathogenesis. Nevertheless, we can speculate that migraine might be part of ATS 

spectrums, since cerebral hypo-perfusion and blood flow velocity changes are mechanisms 

involved in the pathogenesis of migraine and it is known that the tortuosity of cerebral arteries 

might lead to the above-mentioned brain blood flow changes [11, 12]. The report by Pelaez et al. 

(1998) of carotid artery, vertebral artery, and vertebro-basilar junction tortuosity on MRA imaging 

among patients with recurrent headache further supports the idea that tortuosity of the arteries 

responsible for brain perfusion may lead to migraine/headache.[13] Furthermore, arterial tortuosity 

has been shown to be a risk factor for cerebral ischemic events and extracerebral dissection of 

arteries [14]. Moreover, several patients with ATS and stroke have been reported [1, 15]. PAS was 

not present in P1, justifying the absence of neonatal cyanosis and the delay of the diagnosis. The 

two Macedonian brothers described by Ritelli et al., second cousins of P1, presented with a 

complete phenotype with cyanosis in the first months of life due to PAS, widespread arterial 

tortuosity, right ventricular dilatation or hypertrophy, facial dysmorphisms and joint 

hypermobility.[3] The intra-familial variability in the presentation suggests interactions with other 
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modifiers. Furthermore, the c.254T>C, p.(Leu85Pro) mutation disclosed in this family seems to 

be a recurrent Macedonian SLC2A10 mutation, since at least 3 unrelated families are carriers of 

this specific pathogenetic variant (Figure 3). Keeping in mind the recessive nature of ATS, the 

other parents of the three children in this family are putative relatives. 

P2 had a full-blown clinical presentation with cyanosis related to severe PAS detected in the first 

year of life. She had multiple cardiac consultations with progression of myocardiopathy, however, 

the intervention was considered impossible until the age of 9 years when she had severe cardiac 

failure and was referred immediately for cardiac surgery in a specialized center. Major cardiac 

surgery involved stenting and patching to correct the numerous pulmonary arteries stenoses, 

however, she died postoperatively due to severe myocardiopathy and hearth failure. Callewaert et 

al. (2008) reported a 12-year-old Belgian boy (family A) without PAS, with widespread arterial 

tortuosity, dermal dysplasia, facial dysmorphisms, skeletal abnormalities and joint laxity and the 

same homozygous mutation of P2. [1] Ritelli et al. (2009) reported an 8-month-old male baby 

(Patient 1) with the same mutation, in compound heterozygosity with a second nonsense mutation, 

who presented with severe PAS, pulmonary hypertension, marked tortuosity of the aortic arch, 

bilateral congenital scrotal-inguinal hernia and facial dysmorphisms.[7] 

Severe ventricular hypertrophy was described in some of the largest studies [9] and the delay of 

the surgical procedure might have been the reason for myocardiopathy and lethal outcome in P2.  

Both of our patients received a delayed diagnosis due to the rarity of the syndrome and 

unavailability of molecular testing. It seems that whenever a connective tissue disorder is detected, 

or early cardiac features appear, the diagnostic process should include SLC2A10 molecular 

analysis, since this syndrome might be more common that previously considered. 
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In conclusion, our report suggests that migraine may be part of the ATS spectrum and that further 

studies are needed to investigate the cerebral perfusion in patients with cerebral arterial tortuosity. 

Our data emphasizes the clinical variability and different outcomes of ATS, ranging from 

uncomplicated arterial tortuosity to early death due to cardiovascular complications. Further 

reports are needed to better define the natural history and guidelines for management of these 

patients. 
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