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Abstract
BACKGROUND
Cerebrotendinous xanthomatosis (CTX) is a treatable autosomal recessive inherited metabolic disorder. It results from a deficiency of sterol 27-hydroxylase (CYP27A1), which is a mitochondrial cytochrome P450 enzyme that catalyzes the hydroxylation of cholesterol and modulates cholesterol homeostasis. Patients with CYP27A1 deficiency show symptoms related to excessive accumulation of cholesterol and cholestanol in lipophilic tissues such as the brain, eyes, tendons, and vessels, resulting in juvenile cataracts, tendon xanthoma, chronic diarrhea, cognitive impairment, ataxia, spastic paraplegia, and peripheral neuropathy. CTX is underdiagnosed as knowledge of the disorder is mainly based on case reports.

CASE SUMMARY
A Chinese family with CTX consisting of one patient and four heterozygous carriers was studied. The patient is a 47-year-old male, who mainly had psychiatric signs but without some cardinal features of CTX such as cataracts, cerebellar ataxia, pyramidal signs and chronic diarrhea. There was a significant increase in the concentration of free fatty acid compared to normal range. Doppler ultrasound of the urinary system showed multiple left kidney stones, a right kidney cyst, and a hypoechoic area in the bladder, which could move with body position. Sagittal and axial magnetic resonance imaging (MRI) of the right ankle joint showed apparent enlargement of the right Achilles tendon and upper medial malleolus flexor tendon, abnormal thickening of the plantar fat, and a small amount of exudation around the fascia in front of the Achilles tendon. Cerebral MRI suggested white matter (WM) demyelination and slight cerebral atrophy. The diagnosis was confirmed by targeted sequencing, which identified compound heterozygous mutations in exon 2 and intron 7 of the CYP27A1 gene (c.435G>T, c.1263+1G>A). Treatment for 3 wk with a combination of lipid-lowering and antipsychotic therapy improved his psychiatric symptoms and normalized the levels of serum free fatty acid. Sediments in the bladder disappeared after therapy.

CONCLUSION
CYP27A1 genetic analysis should be the definitive method for CTX diagnosis. This case suggests that urinary system diseases may be neglected in CTX patients. The clinical, biological, radiological, and genetic characteristics of CTX are summarized to promote early diagnosis and treatment of this disease.
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Core Tip: Cerebrotendinous xanthomatosis (CTX) is a metabolic disorder inherited in an autosomal recessive manner. A total of 520 CTX case reports published in the literature worldwide are reviewed to promote a better understanding of the clinical and genetic characteristics of CTX. Cataract is the most common symptom with a frequency of 80.37%, and xanthoma is the second most common systemic symptom of CTX. In all, 56.57% of patients showed electroencephalogram abnormalities including diffuse slowing, and 76.72% had abnormal magnetic resonance images. Bilateral hyperintensity of the dentate nuclei and surrounding white matter on T2 and fluid-attenuated inversion recovery sequences is considered a representative radiological feature of CTX.

INTRODUCTION
Cerebrotendinous xanthomatosis (CTX) is a metabolic disorder inherited in an autosomal recessive manner. It is caused by mutations of the CYP27A1 gene, which encodes sterol 27-hydroxylase[1]. Sterol 27-hydroxylase is a cytochrome P450 enzyme which converts cholesterol into polar metabolites that can leave cells rapidly, leading to excessive accumulation of cholesterol and cholestanol in lipophilic tissues like the brain, eyes, tendons and blood vessels, and also increasing the risk of premature atherosclerosis[2-4]. The core clinical manifestations are juvenile cataracts, tendon xanthoma, chronic diarrhea, and neurological symptoms such as intellectual disability, cognitive decline, ataxia, spastic paraplegia, peripheral neuropathy, Parkinsonism, and epilepsy. Other symptoms include psychiatric and behavioral disturbances, spinal xanthomatosis, oromandibular dystonia, osteoporosis with multiple fractures, neonatal cholestasis, pediatric hepatology, chronic renal failure and cardiovascular and cerebrovascular atherosclerosis[5-11]. CTX is underdiagnosed as knowledge of the disorder is mainly based on case reports, and although several hundred of these exist the actual number of patients is likely to be much greater. In addition, prevalence of CTX varies in different ethnic groups. In Caucasian populations, the rate has been found to range from 1/70000[12] to 5/100000[13]. A worldwide epidemiological study calculated allele frequency of the 57 CTX-causing mutations in an ExAC cohort of approximately 60000 unrelated adults, placing the incidence of CTX at 1/36072-1/75601 in South Asians, 1/64247–1/64712 in East Asians, 1/71677-1/148914 in Americans, 1/134970-1/461358 in Europeans, and 1/263222-1/468624 in Africans[14].
To date, at least 50 variants of the CYP27A1 gene have been identified[15]. Molecular analysis is a widely used tool for confirming a CTX diagnosis. However, it is difficult to establish the genotype and phenotype relationships of this disorder due to clinical heterogeneity. In one study, even twins with same pathogenic CYP27A1 mutations and similar lifestyles and diets presented with heterogeneous clinical features[16]. CTX is a treatable disease, but the effect of therapy is heavily dependent on the age of the patient receiving medication. There may be a delay of 20-25 years between the first symptoms in childhood (for instance, diarrhea, cataracts, intellectual disability and epilepsy) and later symptoms including apparent neurological disturbances such as walking difficulties and cognitive impairment[17]. The age at onset of symptoms is inevitably affected by recall bias and may not be accurate. Shortening the diagnostic delay should be given greater importance in clinical practice, not only for neurologists but also for pediatricians, psychiatrists and ophthalmologists.
Herein, we report the clinical, imaging and molecular characteristics of a Chinese patient with CTX confirmed by genetic testing. Meanwhile, 520 CTX case reports published in the past 30 years are reviewed to promote better understanding of the clinical and genetic characteristics of CTX.

CASE PRESENTATION
Chief complaints
A 47-year-old male was admitted to our institution with a history of intellectual disability for more than 30 years and behavioral abnormalities for the past 3 mo. He had a poor academic performance, having dropped out after completing elementary school. The patient could talk with others in daily life, but he was unable to do housework.

History of present illness
Three months ago, he underwent an operation for renal calculus, after which he showed progressive delusion (he believed unreasonably that he had a serious disease and was going to die), combined with slow response and speech reduction. At 1 wk before admission, he was unable to answer questions and developed an eating difficulty, incontinence, fever (T ≤ 38.2 °C) and severe weight loss. Chronic diarrhea was absent.

Personal and family history
The proband is the 4th child of 5 in a non-consanguineous Chinese family. His family history was negative for symptoms related to neurological disorders. He was divorced twice and had no children, and did not have a history of smoking or drinking. The proband’s parents had died and his mother had a history of uremia. All of his four sisters are healthy (Figure 1A).
Physical examination
The patient had dark skin and a poor mental state (Figure 2A). Neurological examination indicated cervical rigidity and Kernig sign. Deep tendon reflexes and limb muscle strength were normal. Babinski sign was negative. Enlarged Achilles tendons and nodules on the bilateral tibial tubercles were observed (Figure 2B and C). There was no evidence of cataract or xanthomas at other sites such as the eyelids.

Laboratory examinations
The laboratory results were as follows: increased leukocyte count, neutrophil ratio and high erythrocyte sedimentation rate. There was also a significant increase in concentration of free fatty acid compared to normal range. In contrast, levels of high-density lipoprotein cholesterol were low. Serum cholesterol, glucose, electrolytes, and adrenocorticotropic hormone (ACTH) levels were all normal, as were the liver function tests. Doppler ultrasound of the urinary system showed multiple left kidney stones, a right kidney cyst, and a hypoechoic area in the bladder which could move with body position (Figure 2D). Cerebrospinal fluid protein was mildly elevated: 680.4 mg/L (normal range: 150-400 mg/L).

Imaging examinations
X-ray of the lower limbs showed soft tissue swelling above the tibial tuberosities bilaterally (Figure 2E). Sagittal and axial magnetic resonance imaging (MRI) of the right ankle joint showed apparent enlargement of the right Achilles tendon and upper medial malleolus flexor tendon (consisting of low signal intensity on both T1- and T2-weighted images), abnormal thickening of the plantar fat, and a small amount of exudation around the fascia in front of the Achilles tendon (Figure 2F). The electroencephalogram (EEG) showed increased slow activities than normal and electrophysiological examination found mixed sensorimotor neuropathy of the upper and lower limbs. Cerebral MRI suggested white matter (WM) demyelination and slight cerebral atrophy (Figure 2G and H).

Genetic testing
Genomic DNA was isolated from blood samples of the patient and his four healthy sisters. Mutation screening of all exons and flanking regions was performed on the patient’s sample by targeted sequencing as previously reported[18]. Targeted sequencing revealed that the proband had compound heterozygous mutations in the CYP27A1 gene and that his four sisters were mutation carriers (Figure 1B-E, Table 2). Both of the variants found are known pathogenic mutations of CTX. The variant in exon 2 (c.435G>T, p.Gly145Gly), a functionally silent nucleotide substitution, has been reported to activate a 5’ splice site, leading to alternative pre-mRNA splicing[19]. The other variant (c.1263+1G>A) is a splice site mutation that disrupts normal mRNA splicing and results in exon 7 being skipped in the transcript[20]. In Italian and Japanese patients, the variant has been found to cause loss of a heme binding domain, a vital part of hydroxylase, and to damage bile acid synthesis[20,21].

FINAL DIAGNOSIS
On the basis of the clinical features and the results of supplemental studies, a diagnosis of CTX was the first conclusion. Addison’s disease, listed as a differential diagnosis due to his skin pigmentation and intellectual disability, was excluded due to the normal level of serum cortisol and ACTH. The diagnosis of CTX was confirmed by genetic analysis, which showed compound pathogenic heterozygous mutations in the CYP27A1 gene.

TREATMENT
The patient was treated with a combination of 10 mg rosuvastatin once per night, 10 mg of ezetimibe once per night, and paliperidone (1 mg in the morning and 2 mg at night). He was provided with 0.25 g chenodeoxycholic acid (CDCA) three times per day in our hospital. He was also provided enteral nutritional support through a nasogastric feeding tube.

OUTCOME AND FOLLOW-UP
After a 3 wk treatment program, the patient’s skin became brighter, he showed an improvement of mental symptoms, and his psychiatric symptoms substantially improved. He could answer simple questions correctly and walk with help. The serum free fatty acid level decreased to less than half of the pretreatment level (from 1127.7 μmol/L to 523.1 μmol/L). The urinary system B-ultrasounds performed after treatment suggested sediments in the bladder had disappeared. After he was discharged, he persisted the medication of CDCA.

DISCUSSION
CTX, MIM# 213700, is a rare hereditary lipid storage disease whose precise epidemiological features are unknown because findings largely depend on case reports[11]. In the past 30 years, more than 500 CTX cases have been reported worldwide, with the highest frequencies reported in Italy, the Netherlands, Spain, Japan, and China (Figure 3). We have reviewed previous literature reporting CTX cases and summarize the clinical and genetic features of patients in supplementary Table 1.

Clinical characteristics of CTX
CTX patients from all over the world share certain clinical features, which are shown in Figure 3. Also shown are features in Italian and Japanese populations as representatives for Caucasians and Asians, to highlight characteristics from different origins.
In 520 global CTX cases (Figure 3, supplementary Table 1), cataract is the most common symptom with a frequency of 80.37%, and it is usually diagnosed in the second decade of life[17]. However, its diagnostic role is less evident in Japan as only 60.00% of patients showed this sign[11]. Xanthoma is the second most common systemic symptom of CTX, and it is notable that it has a much higher frequency in Japanese patients (95.0%)[11]. Cognitive impairment is the most common neurological presentation, followed by pyramidal signs and cerebellar ataxia (72.95% and 63.89%, respectively). Peripheral neuropathy and chronic diarrhea are also very common, particularly in Italian patients, where the prevalence rates were 78.87% and 70.00%, respectively. Epilepsy is a relatively unusual presentation of CTX, but it sometimes appears as the initial symptom; thus CTX should be considered as a possible cause of seizure[11]. Parkinsonism is less frequent and is usually seen at an older age[11].
Awareness of psychiatric signs in CTX is growing in neurologists and psychiatrists, but these signs are rarely isolated in CTX[22], as seen in the present case. They are characterized by learning difficulties/cognitive impairment in childhood or adolescence; and behavioral disturbance, affective/mood disorders, personality changes and psychotic disorders in the advanced stage of the disease[23].
The multiple systematic features in patients indicate that almost every organ is involved in this disease. Other than the symptoms mentioned above, aberrant calcium deposits in the urinary system, nephrocalcinosis, nephrolithiasis and renal failure have been reported in CTX, although with a relatively low incidence[11,24]. The patient in this paper had a history of renal calculus and sediments in the bladder, which disappeared after treatment and might be associated with increased urinary bile alcohols. We cannot rule out the possibility that these urinary system diseases are neglected in CTX cases. More valuable clinical features are likely to be identified if complete examinations were performed in every CTX patient.
Phenotypes of CTX can vary considerably in intrafamilial cases, even in identical twins having similar lifestyles[16,25]. Different phenotypes may be associated with certain genetic modifiers or epigenetic changes that are undiscovered today[16]. Whether environmental factors play a role in the pathogenesis of CTX is still unclear. Mignarri et al[17] developed a simple and effective diagnostic tool named the suspicion index. Using this tool, our patient received a total score of 225, which is a very strong indicator for CTX. However, these authors also recommended that CYP27A1 genetic analysis should be the definitive method for diagnosis[17].

Genetic features
The CYP27A1 gene is located in chromosome locus 2q35 and consists of 9 exons and 8 introns that encode 531 amino acids. Known pathogenic mutations causing CTX are distributed in all exons and in introns 2, 4, 6, 7 and 8[26,27], but nearly half of all mutations are found in exons 6-8[26]. A genetic review in 2006 of 49 different mutations suggested that 45% are missense mutations, 20% are nonsense mutations, and 18% are splice site mutations. The remaining mutations were seven deletions (14%) and one insertion (2%)[1]. Missense mutations could impair the stability and catalytic efficacy of the enzyme; splice site mutations cause abnormal splicing and exon skipping; and deletion, insertion and nonsense mutations lead to a truncation of the mRNA and an incomplete enzyme structure[26]. It was reported that some mutations occurred more frequently in some ethnic groups, such as c.1214G>A (p.R405Q) in Japanese patients, c.1183C>T (p.R395C) in patients of Spanish origin and c.646G>C (p.A216P) in Italian patients[1,11,15].
No published case report has yet identified mutations in genes other than CYP27A1 in CTX patients[28]. It is not yet certain if there are any correlations between phenotypes and genotypes in this rare disease[1,29]. In 2018, Sekijima et al[11] discovered that three mutations were associated with certain phenotypes in Japanese patients: c.1421G>A (p.R474Q) was associated with the classical form; c.1214G>A (p.R405Q) with the spinal form; and c.435G>T (p.G145G) with the non-neurological CTX form. In Chinese population, the most frequent CTX-causing variants were c.410G>A (p.R137Q) and c.379C>T (p.R127W)[30,31]. CYP27A1 is also considered a causative gene of coronary artery disease, possibly related to its effect on reverse cholesterol transport[32].

Biological and imaging features
The biochemical abnormalities detected in CTX are significant for diagnosis. The lack of sterol 27-hydroxylase inhibits the conversion of cholesterol into cholic and chenodeoxycholic acids in the liver[12]. The serum levels of cholesterol and triglyceride are usually normal while cholestanol levels are markedly high in the blood, bile and tendon xanthoma[12]. Since cholesterol synthesis is systematically decreased, cholesterol precursors increase substantially; this could also be regarded as a hallmark of CTX[33]. Although a high cholestanol level indicates CTX, it does not correlate with any symptoms or disability at diagnosis assessed by the Expanded Disability Status Scale[34].
Fast atom bombardment mass spectrometry is a semiquantitative technique which can be applied to analyze urinary bile acids. It will strongly support a diagnosis of CTX if increased bile alcohol glucuronides and reduced primary bile acid are detected[35]. However, when the urinary bile acid profile is consistent with CTX, propofol administration should be taken into account as another possible cause, to avoid misdiagnoses[36]. The combination of extremely low levels of 27-hydroxycholesterol (< 5 ng/mL or lower than the detection limit) and extremely high serum levels of 7 alpha-hydroxycholesterol (7α-OH-C) or 7 alpha-hydroxy-4-cholesten-3-one (7αC4) is a distinctive feature of CTX[36]. Both 7α-OH-C and 7αC4 have been suggested as ideal biomarkers for evaluating treatment effects[37].
With respect to auxiliary examinations, 56.57% of patients showed EEG abnormalities including diffuse slowing, which is a common feature of CTX patients. In addition, 76.72% had abnormal magnetic resonance (MR) images (supplementary Table 1). The main brain MRI abnormalities include supratentorial and infratentorial atrophy, as well as T2W/FLAIR (fluid-attenuated inversion recovery) hyperintensity involving the subcortical, periventricular and cerebellar WM and the brainstem[38]. Bilateral hyperintensity of the dentate nuclei (DN) and surrounding WM on T2 and FLAIR sequences is considered a representative radiological feature of CTX[39,40]. DN plays a critical role in saccade motor planning within a network that involves the frontal cortex and basal ganglia[41]. Patients with DN lesions showed abnormal latency of reflexive and voluntary saccades, impaired precision and more uncorrected directional errors[41]. There is a strong correlation between DN hyperintensity in brain MRI and neurological manifestations including ataxia, spasticity and cognitive impairment[38]. Patients without DN hyperintensity are considered to have a better prognosis[38].
A 6-year MR follow-up study revealed that cerebellar hyperintensity in T1-weighted and FLAIR images tend to be replaced by hypointense areas, suggesting vacuolation[42]. Cerebellar hyperintensity on FLAIR images is probably due to lipid deposits, while hypointense areas may indicate cerebellar degeneration because of cholestanol-induced apoptosis or other mechanisms causing axonal injury[42,43]. Cerebellar vacuolation and calcification have been observed in a large number of patients. The former was positively related to the extent of DN hyperintensity in T1W and FLAIR images, and could be a useful indicator of disease progression and inadequate therapeutic response[38]. Additionally, cerebral micro- and macro-angiopathies such as micro-hemorrhages, vascular dilatation and calcification are common in CTX patients[44]. The xanthomas located within the ventricular region have also been observed in CTX cases[45].
The main components of xanthoma are connective tissue and foam cells (foamy macrophages) bathed in cholestanol, cholesterol, cholesterol esters, triglycerides and phospholipids[46]. The presence of Touton giant cells is a characteristic pathological finding[47]. The development of tendon xanthomas may be associated with low-grade tendon inflammation[48]. A tendon MRI study indicated that the enlargement of tendon xanthomas is primarily due to an increase in tendon water content, rather than in fat content[49]. Tendinous xanthomas have different appearances on MR depending on the proportions of the following components: cholesterol, which does not produce a measurable signal; triglycerides, which produce a high signal on T1-weighted images; and associated inflammation, which causes high signal intensity regions in contrast-enhanced T1-weighted images[46,50,51]. The diffuse reticulated pattern of xanthomas on axial images is a representative MRI feature of tendinous xanthoma[52]. This patient’s MRI showed enlargement of the Achilles tendon, which showed up as low signal intensity on both T1- and T2-weighted images. This fits well with previous reports and could be attributed to the low percentage of triglycerides[46].
In conclusion, we described a 47-year-old patient displaying psychiatric and behavioral disturbances, cognitive decline, a history of renal calculus, bilateral xanthomas of the Achilles tendon and tibial tubercles, peripheral neuropathy, high signal intensity in the WM and mild cerebral atrophy on brain MRI. The diagnosis was confirmed by compound heterozygous mutations in exon 2 (c.435G>T, p.Gly145Gly) and intron 7 (c.1263+1G>A) of the CYP27A1 gene. These lead to alternative pre-mRNA splicing and a skipping of exon 7 in the transcript, respectively. Three weeks′ treatment with a combination of lipid-lowering and antipsychotic therapy improved his psychiatric symptoms and normalized levels of serum free fatty acid. Sediments in the bladder disappeared after therapy.

CONCLUSION
CTX is an underdiagnosed inherited metabolic disease, and has a good biological and clinical response to the treatment of CDCA supplementation initiated at an early age. The screening methods for CTX in newborns need to be improved and performed in larger populations. We believe that our work will familiarize readers with the clinical, biological, radiological, and genetic features of CTX. In the future, as physicians become more familiar with this disease, and as testing and treatment methods evolve, an increasing number of CTX patients will benefit from earlier diagnosis and better clinical outcomes.
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Figure Legends
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Figure 1 The pedigree of the family and the genetic test results. A: The pedigree of the family with compound heterozygous CYP27A1 mutations; B and D: The normal control sequences; C: The variant in intron 7 (c.1263+1G>A); E: The variant in exon 2 (c.435G>T, p.Gly145Gly). Family members II:2 and II:5 were carriers of c.1263+1G>A and family members II:1 and II:3 were the carriers of c.435G>T. Family member II:4 carried the compound heterozygous CYP27A1 mutations.
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Figure 2 Clinical and imaging data of the patient. A: The dark skin and poor mental state of the patient; B: Arrowheads show the nodules on the bilateral tibial tubercles; C: Arrowheads show the enlarged Achilles tendons; D: B-ultrasound of the urinary system, showing the hypoechoic area (arrowhead) in the bladder which can move with body position; E: X-ray of the lower limbs showing swelling of the soft tissue below the bilateral tibial tuberosities (arrowheads); F: Sagittal T1-weighted magnetic resonance (MR) image showing fusiform swelling of the right Achilles tendon and upper medial malleolus flexor tendon, abnormal thickening of the plantar fat, and a small amount of exudation around the fascia in front of the Achilles tendon; G: Axial T2-weighted MR image suggesting mild ventricular enlargement and cerebral atrophy; H: Axial fluid-attenuated inversion recovery MR image showing an abnormal hyperintense signal around the ventricle posterior horn bilaterally (arrowheads).
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Figure 3 Main symptoms in cerebrotendinous xanthomatosis case reports from different ethnic groups. 1Refers to other origins and unclassified cases. A: The number of cerebrotendinous xanthomatosis (CTX) case reports from different origins in the past 30 years; B: Comparison of the frequencies of the main symptoms in CTX patients from all over the world. 

Table 1 Laboratory results in the index patient
	
	Value
	Normal range
	
	Value
	Normal range
	
	Value
	Normal range

	Leukocyte count (109/L)
	10.7 ↑
	4.0-10.0
	Follicle stimulating hormone (IU/L)
	19.75 ↑
	, 1.27-19.26
	Intracranial pressure (mmH2O)
	170
	70-180

	Neutrophil ratio (%)
	81.6 ↑
	50.0-70.0
	Testosterone (nmol/L)
	4.53 ↓
	6.07-27.10
	CSF Pandy test
	+
	-

	Erythrocyte count (1012/L)
	6.06 ↑
	4.09-5.74
	ACTH 12am (ng/L)
	9.49
	< 46
	CSF erythrocyte count (106/L)
	0
	0-1

	Hb (g/L)
	126 ↓
	131-172
	ACTH 8am (ng/L)
	43.64
	7.2-63.0
	CSF karyocyte count (106/L)
	2
	6-10

	ESR (mm/h)
	26 ↑
	0-15
	ACTH 4pm (ng/L)
	13.18
	< 46
	CSF protein (mg/L)
	680.4 ↑
	150-450

	Free fatty acid (μmol/L)
	1127.7 ↑
	100-760
	Serum cortisol 12am (μg/L)
	165.92
	None
	CSF Cl- (mmol/L)
	133.6 ↑
	112-120

	HDL-cholesterol (mmol/L)
	0.73 ↓
	0.90-2.19
	Serum cortisol 8am (μg/L)
	267.83
	52.7-224.5
	CSF glucose (mmol/L)
	4.32
	1.5-4.5

	Prolactin (mIU/L)
	335 ↑
	55.96-278.35
	Serum cortisol 4pm (μg/L)
	85.45
	34.4-167.6
	CSF adenosine deaminase (U/L)
	1
	0-5

	High sensitivity thyrotropin (mIU/L)
	0.24 ↓
	0.38-5.58
	
	
	
	
	
	


ACTH: Adrenocorticotropic hormone; CSF: Conventional cerebrospinal fluid; ESR: Erythrocyte sedimentation rate; HDL: High-density lipoprotein.

Table 2 Results of genetic analysis in this family
	Patient
	Mutation
	Exon/intron
	Protein
	Molecular consequence
	Results
	Ref.

	II:2, II:4 and II:5
	c.1263+1G>A
	IVS7
	-
	Splice site mutation
	Pathogenic
	Shiga et al[20]

	II:1,II:3 and II:4
	c.435G>T
	Exon 2
	p.G145G
	Splice site mutation
	Pathogenic
	Chen et al[19] (in homozygous state)
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