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CHAPTER 1 

INTRODUCTION 
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This thesis addresses with ccrebrotendinous xanthomatosis (CTX), a rare, autosomal 
recessive lipid storage disease, first described by Van Bogaert in 1937 [1] The results of 
studies on some clinical, radiological, genetic and pathophysiological aspects of CTX are 
reported First, a brief review is given of the features of this disease 

History 
In 1937, Van Bogaert described a patient with CTX and made a detailed follow-up of this 
man After the patient died at the age of 40 years, a thorough postmortem study was 
performed [1] This CTX description is the most detailed ever reported Within 3 years, two 
additional patients were described [2,3] 

In 1968 Menkes reported that there were large amounts of cholestanol in the brain of a 
CTX patient [4] Three years later, Salen found very low concentrations of chenodeoxycholic 
acid (CDCA) in the bile of CTX patients [5] In 1974 Setoguchi et al reported a defect in bile 
acid synthesis [6] and in 1975 Salen showed that CDCA therapy inhibits the synthesis of 
cholesterol and cholestanol in CTX patients [7] The deficiency of the enzyme 27 sterol 
hydroxylase (CYP 27) as the underlying defect in CTX, an enzyme essential to bile acid 
synthesis, was described by Oftebro et al in 1980 [8] In 1984, Berginer et al confirmed the 
beneficial effect of CDCA as long-term therapy for CTX patients [9] After several years, 
ß-HMG Co A reductase inhibitors were introduced, but the results were not conclusive 
regarding the effect of these drugs [10-15] 

In 1991, Cali et al elucidated the sequence of cDNA of the human CYP 27 enzyme [16] 
and described the first two mutations [17] The gene is localised on the long arm of 
chromosome two and structure was described by Leitersdorf in 1993 [18] Up to now, many 
mutations have been found in the CYP 27 gene 

Biochemistry 

Normal bile acid synthesis 
Hepatic bile acid synthesis is shown in figure 1 The molecular structures of several 
metabolites in bile acid synthesis and in CTX patients arc shown in figure 3 Cholesterol is 
metabolized within the hepatic mitochondria The rating enzyme in bile acid synthesis is 7a-
hydroxylase There are two main routes for 27-hydroxylation of cholesterol [19,20] The first 
is the so-called "auxiliary" or "neutral" pathway ("neutral" because the metabolites go 
through this pathway as neutral steroids), which is an exclusively hepatic pathway The 
substrate 5ß-cholestane-3a,7a-diol is metabolized into 5ß-cholestane-3a,7a, 27-triol (and 
further into chenodeoxycholic acid) and the substrate 5ß-cholestane-3a,7a,12a-triol is 
metabolized into 5ß-cholestane-3a,7a,12a,27-tetrol (and further into chohc acid) by 27-
hydroxylase(CYP27)[21] 

The second pathway is the recently described "acidic" ("acidic" because the metabolites 
go through this pathway as carboxylic acids) or "regulatory" pathway Apart from steroid ring 
structure alteration in the auxiliary pathway, direct side chain hydroxylation leads to the 
production of oxysterols Via this pathway, both hepatic and extra-hepatic cholesterol is 
metabolized directly into 27-hydroxycholesterol by the CYP 27 enzyme [19,22] 27-
hydroxycholesterol subsequently becomes 7a-hydroxylated via a different enzyme -
oxysterol 7 α-hydroxylase (CYP7B1) - then 7 α-hydroxylation of cholesterol occurs via the 
auxiliary pathway [22-24] The acidic pathway is probably the most important pathway in bile 
acid synthesis, because of the significant amount of extra-hepatic cholesterol that is 
metabolized [25,26] and the regulatory effects of 27-hydroxycholesterol This metabolite has 
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strong negative feedback on the activity of ß-HMG Co A reductase, the rating enzyme in 
cholesterol synthesis [27]. Recently, a neonate with severe cholestatic liver disease has been 
described who had a deficiency of the oxysterol 7a-hydroxylase. This patient highlighted the 
quantitative importance of the acidic pathway in bile acid synthesis [28]. The acidic pathway 
is an important novel oxidative mechanism for eliminating intracellular cholesterol in humans 
[26,29]. 

Bile acid synthesis in CTX: sterol 27 hydroxylase deficiency 
Bile acid metabolism in CTX patients is shown in figure 2. The deficiency of CYP 27 leads to 
several processes: 
a. Due to the absence of the negative feedback mechanism on 7a-hydroxylase, caused by 

the absence of chenodeoxycholic acid, cholesterol is converted into cholestanol [30-32] 
(Fig. 2 and Fig. 4). 

b. Due to the absence of 27-hydroxylated products and therefore the lack of negative 
feedback, ß-HMG CoA reductase activity is increased, leading to higher cholesterol 
synthesis. [27,32] 

c. Via the 24- and 25- hydroxylation pathways, which normally play a minor role in this 
part of metabolism, bile alcohols are produced in CTX. Via the same pathways 
abnormal bile acids and small amounts of cholic acid are produced (Fig. 2 and Fig. 5) 
[8,32,33]. 

Cholestanol is excreted in bile and enters the circulation by resorption in the terminal ileum 
(entero-hepatic loop). It accumulates, together with cholesterol, in many tissues, especially in 
the eye lenses, the central nervous system and muscle tendons. The exact mechanism of 
accumulation is still unknown. 

Bile alcohols are excreted in bile and resorbed in the gut. After glucuromdation, they 
are excreted in urine, but elevated serum levels of these bile alcohols are found in CTX [34]. 

The diagnosis CTX can be made by determining bile alcohol levels in urine and the 
serum cholestanol level, using capillary gas chromatography [35,36]. Urinary bile alcohol 
analysis is the method of choice, because false negative results have been reported with serum 
cholestanol. 



Figure 1 N O R M A L BILE A C I D S Y N T H E S I S [19,21,32,37,38] 
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Figure 2 BILE ACID SYNTHESIS IN PATIENTS WITH CEREBROTENDINOUS XANTHOMATOSIS [8,30-32,38] 

3-hydroxy-3-methyl-glutaryl-CoA 

I 3-hydroxy-3-methyl 

Mevalonic acid 

t 
f 

Cholesterol 
^ 7 α-hydroxylase 

glutaryl-CoA reductase 

CEREBROTENDINOUS XANTHOMATOSIS 

^ CHOLESTANOL 

ABNORMAL BILE 
ACIDS 

Ρ 
23-nor cholic acid 

23-hydroxy cholic acid 

7 a-hydroxycholesterol 

\ 
7 a-hydroxy-4-cholesten-3-one 

I 
7a,12a-dihydroxy-4-choleslen-3-one 

I 
5 β -cholestane-3a,7a,12a-tnol 1>> 5'(rc(ïölestane-3a,7a,12a-25-tetror 

5β -cholestane-3a,7a,12a-23 (R) 25-pentol 

5ß-cholestane-3a,7a,12a-24(R) 25-pentol 

B I L E A L C O H O L S 

. . .t 
5 -cholestane-3a,7o-diol Î V 

| y 5ß-cholestane-3a,7a,12a-24 (S) 25-pentol 
' > S Y 27-hydroxylase ]? ^ S 27-hydroxylase I 

27-hydroxycholesterol 

t 

7a,27-dihydroxy^-cholesten-3-one • 5ß-cholestane-3a,7a,27-tnol 5ß-cholestane-3a,7a,12a,27-tetrol 

I y 
3a-7a-dihydroxy-5β -cholestanoic acid 3a,7a,12a-tnhydroxy -5β - cholestanoic acid 

Chenodeoxycholic acid Cholic acid 

PRIMARY BILE ACIDS 



Figure 3. Metabolites of cholesterol. 
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Figure 4. The major pathways in cholestanol synthesis 
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Figure 5. The major pathways in bile alcohol synthesis in CTX patients. 
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Clinical features 
There is a sequence of signs and symptoms in CTX patients. Typically, the onset is in the first 
decade with a combination of bilateral juvenile cataracts and diarrhoea, followed by the 
development of neurological signs and symptoms in the second and third decades, such as 
spasticity, ataxia, epilepsy, mental retardation and peripheral neuropathy. During the fourth 
decade, the development of tendon xanthomas usually starts. Premature arteriosclerosis 
[32,39,40], osteoporosis [41,42], pulmonary involvement [43] and myopathic changes [44,45] 
have also been reported to form part of the clinical spectrum. 

Further investigations 
In most patients the EEG before therapy shows the characteristics of metabolic 
encephalopathy [46,47]. The background rhythm consists of theta and delta activity as the 
dominating rhythm. Paroxysmal very high voltage delta and theta discharges may occur 
spontaneously or during hyperventilation with or without seizures. 

Several studies have been done on evoked responses in CTX patients [48-51]. Brain 
stem auditory evoked potentials, somatosensory evoked potentials, visual evoked potentials 
and transcutaneous magnetic stimulation of the motor cortex all showed delayed latencies or 
delayed central conduction time. 

Electromyography in CTX patients revealed slow sensory and motor conduction, 
suggesting demyelination [35,52], or abnormalities implying distal axonopathy [50]. 

Nowadays, CT scanning is seldom used for the determination of intracranial lesions in 
CTX patients. Several papers reported atrophy, especially of the cerebellum with symmetrical 
hypodense areas deep in the cerebellar white matter [53-56]. 

Instead of CT scanning, magnetic resonance imaging (MRI) is used for the diagnosis 
and follow-up of CTX patients [47,51,53-55,57-67]. Hokezu et al described CT scanning and 
MRI findings in eight patients with CTX [53]. In all but one they found cerebral atrophy on 
the CT scans. Cerebellar atrophy was found in four cases and focal lesions in two. T2 

weighted MRI showed high signal lesions in the cerebral white matter that were focal in four 
cases and diffuse in one, and high signal lesion in the globus pallidus in three patients, two of 
whom also had lesions in the cerebellar white matter. No correlation was found between the 
cholestanolxholesterol ratio, the severity of the neurological manifestations of the disease 
and the CT scanning or MRI abnormalities. The spinal cord was not investigated. Berginer et 
al. described MR findings in 13 CTX patients. [54] They found cerebral atrophy in 13, 
cerebellar atrophy in 12 and white matter hypointensity on T, weighted images in the 
cerebellum in 4 patients, presenting as hyperintense signals on T, weighted images. Focal 
lesions in the basal ganglia and mesencephalon were seen in two cases. After 2 - 3 years of 
therapy, there was neither deterioration nor improvement on MRI; the spinal cord was not 
investigated. Dotti et al. described the CT scanning and MR findings in the brain and spinal 
cord of ten CTX patients [55]. No correlations were found betweenthe clinical, biochemical 
(cholestanol levels) and neuroimaging findings. In the majority of patients, bilateral focal 
cerebellar lesions and mild white matter signal alterations were present. Besides diffuse 
cerebral and cerebellar atrophy, they found atrophy of the brain stem and corpus callosum in 
half of the cases. No spinal cord abnormalities were present. Slight atrophy of the cervical 
spinal cord was reported in one study [61]. 
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Pathology 
The main pathology in CTX is found in selective areas within the central nervous system. 
Macroscopic examination often reveals atrophy, especially of the cerebellum. Light 
microscopically, the most severe lesions are found in the cerebellum, adjacent to the dentate 
nucleus. Additionally, lesions can occur in the basal ganglia, midbrain, brain stem and spinal 
cord. Light microscopically, these lesions consist of demyelination, gliosis, lipid crystal 
clefts, clusters of foam cells and neuronal loss [68-72]. Up to now, the pathogenesis of the 
CNS pathology is purely hypothetical. Several authors suggested demyelination as the 
primary pathological lesion [1,68,69,71,73,74], whereas others suggested primary 
neuroaxonal pathology with secondary myelin loss [45,72]. 

In the literature, the etiology of the peripheral neuropathy in CTX is still a matter of 
debate [64,75-80]. In four papers, the presence of onion bulbs was noted [64,75,77,79], while 
in two an ischaemic origin was suggested, which was connected with the presence of 
endoneural microangiopathy [64,78]. 

Genetics 
In 1989 Anderson et al. elucidated the cDNA encoding rabbit mitochondrial CYP 27, which 
is one of the mitochondrial cytochrome P-450 enzymes. In 1991 Cali et al. cloned the cDNA 
for human CYP 27 and localized its gene on the long arm of chromosome two. The structure 
of the CYP 27 gene was described by Leitersdorf in 1993. The gene contains 9 exons and 
spans 18.6 kb of DNA. The mRNA has a length of about two kilobases. The mature enzyme 
consists of 498 amino acids and contains putative binding sites for adrenodoxin and haeme, 
i.e. cofactors that are essential for normal functioning of the enzyme. 

Until now several mutations have been described in the CYP 27 gene in CTX patients. 

Therapy 
CYP 27 deficiency and therefore the absence of CDCA results in an increase in the activity of 
the enzyme 7a-hydroxylase, leading to excessive production of bile alcohols and cholestanol 
(Figure 2). The primary goal of therapy is to inhibit the 7a-hydroxylase activity, resulting in 
downregulation of bile alcohol and cholestanol production. 
In the literature several compounds have been administered to CTX patients, i.g. 
cholestyramine, leading to increased cholestanol levels [7], cholic acid [81], ursodeoxycholic 
acid [81] and taurocholic acid [81]. The latter three compounds are less effective than 
chenodeoxycholic acid (CDCA). Since 1975, CDCA has been used as therapy for CTX [7]. 
After starting CDCA therapy, there is a considerable decrease in the serum cholestanol level 
and a sharp decline in the excretion of bile alcohols in urine. In addition, diffuse slow 
background EEG activity lessens and the paroxysmal delta and theta discharge activity may 
decrease or completely disappear. Long-term CDCA treatment is effective in CTX [9,54]. 
However, many patients still show slight neurological deterioration despite CDCA therapy 
[76,82-85]. 

In addition to downregulation of the enzyme 7a-hydroxylase with CDCA, the influx of 
cholesterol into bile acid synthesis can be reduced. Therefore, CDCA has been combined with 
a ß-HMG-CoA reductase inhibitor to achieve the most effective inhibition of cholestanol 
production. Salen et al. showed that ß-HMG-CoA inhibitor therapy without CDCA was not 
effective in decreasing the serum cholestanol levels or the production of bile alcohols [13]. 
After inhibition of ß-HMG-CoA reductase, the production of cholestanol and bile alcohols 
continues, because 7 α-hydroxylase activity is still increased. The activity of this rating 
enzyme, and therefore the production of cholestanol and bile alcohols, can only be reduced by 
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CDCA therapy (negative feedback mechanism). 
In the literature there is only limited information about the effect of ß-HMG-CoA 

reductase inhibitors in CTX patients. Only one trial has been reported in which pravastatin 
was given in combination with CDCA to seven patients [14]; there are also some case reports 
on lovastatin [13], simvastatin [86], both lovastatin and simvastatin [12], pravastatin [11,66] 
and mevinolin [10,48]. In the study by Kuriyama et al., seven CTX patients who were being 
treated with CDCA alone showed no significant reduction in the serum cholestanol levels 
when pravastatin (10 mg daily) was added for a period of 6 to 7 months. However, the 
patients' serum lipid spectrum became more anti-atherogenic with the combined therapy [14]. 
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CHAPTER 2 

AIM OF THE STUDY 
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When the study started in 1994, 16 Dutch CTX patients from 7 families were known at our 
department During the study, this number has increased to 59 patients from 32 families 17 
patients (12 families) are from other countries In this gradually expanding patient group 
several clinical, radiological, genetic, pathological and pathophysiological aspects of CTX 
have been investigated First, our patient group was compared to the CTX patients described 
in the literature Clinical similarities and differences were established 

a Cerebellar and cerebral signs and symptoms were absent in seven of our untreated CTX 
patients Their disease course seemed to be less progressive than usual 

b Several of our patients had a high speech rate, especially in early stage disease This 
observation prompted the recording of speech characteristics in CTX patients with 
different disease stages 

c Peripheral neuropathy is an established clinical feature in CTX patients [64,75-80], but 
the presence of myopathy in CTX patients is still a matter of debate [44,45] 
Controversies exist regarding whether the peripheral neuropathy in CTX patients is 
demyelinating [64,77,79] or axonal [45,72,75,76,80] in origin We therefore 
investigated the spectrum of neuromuscular features in CTX patients 

d Several studies have been performed on ß-HMG-CoA reductase inhibitors in CTX 
patients [10-14,48,66,86] However no trial has been done on patients receiving long-
term treatment with CDCA The results of the existing trials may therefore have been 
influenced by the cholestanol washout that always occurs in CTX patients during the 
first two years of CDCA therapy We conducted an open label study on the effects of 
adding simvastatin to the CDCA therapy in seven CTX patients who had been receiving 
treatment with CDCA for seven to ten years 

e In the literature, very few children have been reported with CTX We investigated the 
clinical characteristics at the time of diagnosis and the CDCA treatment results in five 
children with CTX 

At the time when genetic analysis was started in our patient group, 10 mutations had already 
been reported in the CYP 27 gene of CTX patients While researching the molecular genetic 
charactenstics in our patient group, other CTX research groups in the world reported novel 
mutations in the CYP 27 gene in CTX patients Several authors have stressed the marked 
phenotypic heterogeneity between CTX patients, even between patients with the same 
mutation [85,87] 

f We investigated the genotypes of our CTX patient group and conducted a study on 
genotype - phenotype correlations between our patient group and patients reported in 
the literature 

MR findings in a CTX patient were first reported in 1989 [64] Since then, MR findings in 
several patients have been described These consisted mainly of abnormal signal intensities 
thet were focal and diffuse in the cerebellar white matter, the cerebral white matter and the 
globus pallidus No correlation was found between the cholestanol cholesterol ratio, the 
severity of the neurological manifestations of the disease and the CT or MR abnormalities 
Apart from slight atrophy of the cervical spinal cord reported in one study, no spinal cord 
abnormalities have been described in CTX 
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g. We investigated the spectrum of MR findings in our CTX patients. This investigation 
included cranial, spinal cord and tendon imaging. Moreover, we tried to establish 
correlations between MR imaging and neuropathology. 

The pathogenesis of CTX is poorly understood, particularly the central nervous system 
involvement. This involvement seems to be preluded by a blood-brain-bamer defect [88]. 

h. We propose a hypothesis for the pathogenesis of CTX. 
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CHAPTER 3 

Presence of diarrhoea and absence of tendon xanthomas 
in patients with cerebrotendinous xanthomatosis 

A Vemps, B.G.M. Van Engelen, R.A. Wevers, B.M. Van Geel, J R.M. Cruysberg, L.P.W.J. 
van den Heuvel, A. Keyser, F.J.M. Gabreëls 

Archives of Neurology (Accepted for publication) 
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Abstract 

Background: Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive disorder of 
bile acid synthesis, first described by Van Bogaert in 1937. Due to a deficiency of the 
mitochondrial enzyme sterol 27-hydroxylase, no chenodeoxycholic acid (CDCA) is produced. 
This results in an excessive production of cholestanol and cholesterol and accumulation of 
these sterols in several tissues, particularly the CNS. CTX should be considered in patients 
with premature bilateral cataracts, intractable diarrhoea, neurological signs and symptoms and 
tendon xanthomas, especially in the Achilles tendons. The prevalence of these signs and 
symptoms increases with age, e.g. tendon xanthomas are seldom seen below the age of 20 
years. As an effective treatment is available for CTX, early diagnosis is important. 
Objectives: To investigate signs and symptoms, age of onset and age at diagnosis in a large 
series of 32 patients with biochemically and genetically confirmed CTX, to compare this 
clinical spectrum to reports in the literature. 
Methods: We conducted a retrospective analysis on all CTX patient records at our hospital, 
comprising 27 adults and 5 children with CTX. After a Medline search in the English, French 
and German literature, a total of 181 CTX patients (165 adults and 16 children) were 
identified worldwide. 
Results: 97% of our 32 CTX patients had cataracts and neurological signs and symptoms, 
predominantly pyramidal signs (81%), 66% had low intelligence and 56% had cerebellar 
signs. Only 13 (41%) of them had visible or palpable tendon xanthomas at the time of 
diagnosis. In total, 16 patients (50%) had been suffering from chronic, intractable diarrhoea 
that started in childhood. These findings were in contrast with the literature, where tendon 
xanthomas were reported in 89%) and diarrhoea in only two patients. 
Conclusions: The low number of CTX patients with tendon xanthomas seen at a department 
with special interest in CTX, compared to the literature, suggests that there must be more 
CTX patients without tendon xanthomas in the world. Therefore, we believe that CTX is a 
worldwide underdiagnosed disorder. We recommend that the presence of two out of the four 
clinical hallmarks of CTX (premature cataracts, intractable diarrhoea, progressive 
neurological signs and tendon xanthomas) should prompt thorough metabolic screening, 
including determination of urine bile alcohol excretion and serum cholestanol level, because 
CTX is a treatable disease. 
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Introduction 
Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive disorder of bile acid 
synthesis It was first described by Van Bogaert in 1937 [1] A deficiency of the 
mitochondrial enzyme sterol 27-hydroxylase results in a virtual absence of chenodeoxycholic 
acid (CDCA) This leads to an excessive production of cholestanol and cholesterol and 
accumulation of these sterols in several tissues, particularly the CNS CTX should be 
considered in patients with premature bilateral cataracts, intractable diarrhoea, neurological 
signs and symptoms and tendon xanthomas, especially in the Achilles tendons Determination 
of cholestanol in serum and of bile alcohols in urine can confirm the clinical suspicion At our 
laboratory, we have been performing these tests since 1990 on patients with two out of the 
four abovementioned clinical hallmarks 

The neurological signs and symptoms consist of progressive cerebellar and pyramidal 
signs, mental retardation and seizures However, it is also possible for CTX to be a slowly 
progressive, mainly spinal cord syndrome that remains the sole expression of CTX for many 
years [89] Tendon xanthomas are seldom seen in CTX patients of younger than 20 years, so 
if (young) patients present with persistent diarrhoea and bilateral cataracts, the diagnosis of 
CTX should be considered [90,91] Therapy with CDCA leads to a considerable decrease in 
the serum cholestanol level and a sharp decline in the excretion of bile alcohols in the urine 
[7,9,92] 

Below, we describe the clinical signs and symptoms of 32 Dutch CTX patients from 17 
families, which is the largest senes reported We estimated the delay in diagnosis in the adult 
patients and compared the clinical spectrum to that reported in the literature 

Methods 

Patients 
Between 1983 and 1998, 27 adults and 5 children with CTX were seen at our hospital The 
clinical signs and symptoms in the children have been described previously [91] Biochemical 
screening was performed on patients with at least two of the clinical CTX hallmarks 
(premature bilateral cataracts, intractable diarrhoea, neurological signs and symptoms and 
tendon xanthomas) A biochemical diagnosis of CTX was made by the detection of bile 
alcohols in urine [35] followed by the determination of the serum cholestanol level [36] and 
finally by genetic analysis Clinical characteristics of the patients with and without tendon 
xanthomas at the time of diagnosis are summarized in table 1 The prevalence of the general 
and neurological signs and symptoms, present at the time of diagnosis, are presented in 
figures 1 and 2, according to age group 

Genetic analysis 
The sterol 27-hydroxylase or CYP 27 gene was amplified in four fragments (exons 1, 2, exons 
3-5 and exons 6-9), by the polymerase chain reaction (PCR) from genomic DNA of 
leukocytes Exons 3-9 with their intron boundaries were subsequently amplified separately, 
with the two PCR fragments 3-5 and 6-9 as a template [93] The oligonucleotides used as 
primers for PCR amplification and for sequence analysis are those described by Leitersdorf 
[18] Human genomic DNA from the patients have been screened for mutations in the CYP 27 
gene by single strand conformation polymorphism (SSCP) analysis using the Pharmacia Phast 
System, or were directly subjected to DNA sequencing Cycle sequencing of the coding and 
the non-coding strands of all amplimers was carried out by the Taq Dye Deoxy Terminator 
method using an ABI 377 DNA sequencer 
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Literature 
After a Medline search in the English, French and German literature, a total of 181 patients 
were identified: 165 adults and 16 children. The literature was carefully screened for presence 
and absence of signs and symptoms, taken into account the fact that some literature reports 
are noninformative for specific signs and symptoms. Publications that included the same 
patients were skipped in order to avoid double counting. 

Statistical analysis 
Differences in the age of onset, the age of diagnosis, and delay in diagnosis between adult 
patients with and without tendon xanthomas were analysed with the Student t-test. 

Results 

Clinical features 
Between 1983 and 1998, 32 patients with CTX were diagnosed at our hospital. At the time of 
diagnosis, 31 (97%) had cataracts and neurological signs and symptoms, predominantly 
pyramidal signs (26 patients, 81%), low intelligence (21 patients, 66%), cerebellar signs (18 
patients, 56%) and polyneuropathy (10 patients, 31%); only 13 (41%) of them had visible or 
palpable tendon xanthomas (table 1). In total, 16 patients (50%) were suffering from chronic, 
intractable diarrhoea, which had started in childhood. With increasing age, cataracts and 
neurological signs (especially low intelligence and pyramidal signs) were the most prevalent 
clinical features (figures 1 and 2). 

The clinical and genetic characteristics of the CTX patients are summarized in table 2. 
In one family no genetic data are available, in all other patients mutations were found in both 
alleles. The patients from six families were homozygous, in the others compound 
heterozygous alleles were found. [17,89,94-100] 

The clinical features at the time of diagnosis in the patients reported in the literature are 
summarized in table 1. In these patients, clinical characteristics differ from the presented 32 
patients. Apart from tendon xanthomas, consanguinity is more often reported. Less frequently 
mentioned in the literature are cataracts and diarrhoea. 

Delay and initial diagnoses 
Age at diagnosis of our 32 patients varied from 7 to 55 years (mean 35 years). The interval 
between the first signs and the time of CTX diagnosis varied from 1 to 50 years (mean 17 
years). In the group of 13 patients with tendon xanthomas, the age at diagnosis varied from 33 
to 51 years (mean 40 years). The delay in diagnosis in this subgroup varied from 1 to 29 years 
(mean 17 years), compared to 1 to 50 years (mean 19 years) in the 19 patients without tendon 
xanthomas. All but one of the 32 patients (97%) had bilateral cataracts and neurological signs, 
while sixteen of them (50%) had chronic diarrhoea. 

In our adult CTX group, 14 patients did not have tendon xanthomas. There were no 
significant differences in age of onset (p = 0.12), age at diagnosis (p = 0.33) and delay in 
diagnosis (p = 0.34) between the adult CTX patients without (N=I4) and those with (N=13) 
tendon xanthomas. In the patients without tendon xanthomas, various progressive 
neurological disorders were diagnosed initially, such as: probable multiple sclerosis without 
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laboratory support (N=2), hereditary spastic paraparesis (N=2), 
olivo-ponto-cerebellar-atrophy (N=2), spinocerebellar degeneration (N=2) and 
Marinesco-Sjögren syndrome (N=l). 
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Table 1. Clinical features of patients with (N=13) and patients without tendon xanthomas 
(N=19) at the time of diagnosis and the clinical features of the patients in the literature (N= 
181). 

The presented patient group 
xanthomas 

present absent Total Literature* 

TOTAL 
MALE 
FEMALE 

AGE OF DIAGNOSIS (years) 
AGE OF ONSET (years) 
DELAY IN DIAGNOSIS (years) 
CONSANGUINITY 
XANTHOMA 
CATARACTS 
DIARRHOEA 
NEUROLOGICAL SYMPTOMS 

PYRAMIDAL SIGNS *** 
LOW INTELLIGENCE **** 
CEREBELLAR SIGNS ***** 
POLYNEUROPATHY 
EPILEPSY 
PARKINSONISM 

N= 

13 
7 
6 

40 
23 
17 
0 

13 
13 
5 

13 
12 
11 
10 
7 
5 
1 

N= 

19 
6 

13 

31 
15 
16 

1 
0 

18 
11 
18 
14 
10 
8 
3 
0 
0 

N= 

32 
13 
19 

35 
18 
17 

1 
13 
31 
16 
31 
26 
21 
18 
10 
5 
1 

% 

100% 
4 1 % 
59% 

3% 
4 1 % 
97% 
50% 
97% 
81% 
66% 
56% 
31% 
16% 
3% 

N= 

181 
81 

100 

37 
14 

66/124 
159/178 
146/171 
2 patients 
164/172 
138/166 
136/169 
116/159 
41/104 
33/134 

7/95 

% 

100% 
45% 
55% 

53% 
89% 
85% 

** 
95% 
83% 
80% 
73% 
39% 
25% 
7% 

*** 
**** 
***** 

The denominator includes those patients in whom presence or absence of the 
feature was specified. 
Probably because of the unfamilianty with this symptom, it was mentioned in 
only two patients. 
Spasticity, hyperreflexia, extensor plantar responses 
Intelligence quotient < 70 
Ataxia, cerebellar dysarthria 



Table 2. Clinical and genetic characteristics of 32 CTX patients 

Family 
number 

1. 
2 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
Total (N) 

Sex 
M 
N= 

1 

-
1 
-
1 
1 
2 
-
-
-
2 
1 
3 
-
-
1 
-
13 

F 
N= 

2 
1 
2 

2 

2 
-

-

19 

Total 
N= 

3 
1 
3 
1 
2 
3 
3 
1 
1 
1 
3 
3 
3 
1 
1 
1 
1 
32 

General signs 
CAT 
N= 

3 
1 
3 
1 
2 
3 
3 
1 
1 
1 
3 
2 
3 
1 
1 
1 
1 
31 

TX 
N= 

. 

1 
3 
-
-
-
1 
-
-
-
3 
2 
2 
-
-
-
1 
13 

D 
N= 

1 
-
1 
-
2 
3 
1 
-
1 
-
2 
1 
1 
1 
1 
-
1 
16 

Neurological signs 
LI 
N= 

1 
1 
3 
1 
2 
1 
1 
1 
-
1 
3 
2 
2 
1 
-
-
1 
21 

PYR 
N= 

1 
-
3 
1 
-
3 
3 
1 
1 
1 
3 
2 
3 
1 
1 
1 
1 
26 

CER EP1 
N= 

2 
-
2 
-
-
2 
1 
1 
-
-
3 
2 
3 
-
-
1 
1 
18 

N= 

1 
2 
-
-
-
-
-
-
-
-
2 
-
-
-
-
-
5 

PN 
N= 

1 
-
3 
-
-
-
1 
1 
-
-
3 
-
-
-
1 
-
-
10 

PARK 
N= 

-
1 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1 

Genotype sterol 27 hydroxylase gene 
Allele 

cDNA1 

I204C>T 
546/547delG 
865+lg->a 
1037C->T 
26/27insC 
1234C-+T 
1204 C^T 
1037 C vr 
I037C^T 
1204 C--T 
1284+1 g-»-a 
1037C->T 
26/27insC 
1204C^T 
1037C -T 
1037 C - T 
Not available 

amino acid 2 

Arg362Cys 
Thr142+5 aa 
skipping exon 
Thr306Met 
Met-33+178 
Arg372Trp 
Arg362Cys 
Thr306Met 
Thr306Met 
Arg362Cys 
skipping exon 
Thr306Met 
Met-33+178 
Arg362Cys 
Thr306Met 
Thr306Met 

•p tc 
4 

aa »ptc 

7 

aa-^ptc 

Allele 2 
cDNA1 

1284+lg-+a 
546/547delG 
865+lg->a 
1037C >T 
26/27insC 
1284+lga 
1037 C »-T 
871AT 
1037 C >T 
496 C->T 
1284+1 g »a 
1284+1 g ̂ a 
829 C-i-T 
865+Ig-"a 
1284+1 g >a 
400 C - T 
Not available 

amino acid 2 

skipping exon 7 
Thr 142+5 aa >ptc 
skipping exon 4 
Thr306Met 
Met-33+178 aa »ptc 
skipping exon 7 
Thr306Met 
Lys251-(ptc) 
Thr306Met 
Gin 126-(ptc) 
skipping exon 7 
skipping exon 7 
Arg 237 - (ptc) 

skipping exon 4 
skipping exon 7 
Arg94Trp 

1 Nucleotide numbering: the G of the first GCA is number 1 [16]. 
2 Amino-acid numbering: the first Methionine of the translated frame is number -33, Alanine (number 1) is the first amino acid [16]. 
Abbreviations: CAT = premature bilateral cataracts; TX = tendon xanthomas; D = diarrhoea; LI = low intelligence; PYR = pyramidal signs; CER : 

= epilepsy; PN = polyneuropathy; PARK= parkinsonism; aa = amino acid; ptc = premature termination codon 
cerebellar signs; EPI 
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Figure 1. Prevalence (%) of the clinical hallmarks in our CTX patients (N = 32) at the time of diagnosis, according to age 
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Figure 2. Prevalence (%) of the neurological signs and symptoms in our CTX patients (N = 32) at the time of diagnosis, according to age 
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Discussion 
In a large series of 32 CTX patients from one hospital, we identified 19 patients (59%) 
without tendon xanthomas and 16 patients (50%) with chronic diarrhoea at the time of 
diagnosis. In this patient group, tendon xanthomas were detected at the age of 31 years or 
older. In all the patients, there was a considerable delay in diagnosis (from 1 to 50 years), but 
this delay was not significantly different between the group of patients with and those without 
tendon xanthomas. In all our patients, the primary key to the diagnosis was the combination 
of premature bilateral cataracts with neurological signs. Predominant neurological signs were 
a pyramidal syndrome, low intelligence and cerebellar signs (Figure 2). This combination 
prompted us to determine serum cholestanol levels and bile alcohol excretion in urine. In all 
but one patient pathogenic mutations were found in both alleles of the sterol 27-hydroxylase 
gene, confirming the diagnosis CTX genetically. 
Our findings demonstrate that the presence of tendon xanthomas is not obligatory for the 

diagnosis of CTX and that diarrhoea, also in adults, is a key symptom in the diagnosis. The 
presence of chronic diarrhoea in almost half of our adult CTX patients is remarkable, because 
in the literature on adult CTX patients, it was reported only incidentally (Table 2). Many of 
these patients had repeated gastrointestinal investigations, but no underlying gastrointestinal 
disorder was found. [101] In our patients, diarrhoea disappeared within a few days after 
starting CDCA therapy in our patients. The pathogenesis of this symptom is still unknown. It 
could be that the presence of excessive amounts of bile alcohols in the gut may increase 
intestinal motility, influence fluid and electrolyte transport by the intestinal epithelium, or 
influence intestinal bacterial equilibrium. [101] 
There were several differences between our patient group and those reported in the literature. 

Bilateral cataracts were present in 97% of our patients, in contrast with 85% of the patients in 
the literature (Table I). Consanguinity was found in 3% of our families compared to 53% in 
the literature. This may relate in part to reporting and recognition biases, as well as to 
different sociocultural climates and gene frequencies, in the Netherlands compared to other 
parts of the world. The differences in the presence of xanthomas, cataracts and diarrhoea 
between our patients and those reported in literature, may have been caused by our particular 
interest in the combination of neurological signs with cataracts and diarrhoea, resulting in 
screening for CTX. As only a minority of our adult CTX patients had tendon xanthomas at the 
time of diagnosis, we conclude that there are probably more undiagnosed CTX patients 
without tendon xanthomas. Instead, they may have been diagnosed as suffering from multiple 
sclerosis without laboratory support, hereditary spastic paresis, Marinesco-Sjögren syndrome 
[67], olivo-ponto-cerebellar-atrophy or spinocerebellar degeneration while they actually have 
CTX. Therefore we believe that CTX is a worldwide underdiagnosed disorder. Early 
diagnosis of CTX is important, because an effective therapy is available. 
We recommend that the presence of two out of the four clinical hallmarks of CTX 

(premature cataracts, intractable diarrhoea, progressive neurological signs and tendon 
xanthomas) should prompt thorough metabolic screening for CTX. The biochemical 
diagnosis can be established easily and reliably. As affected relatives may be asymptomatic 
and an effective treatment is available, we advocate biochemical examination of all siblings 
of a CTX patient. 
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Abstract 
We describe seven Dutch patients from six families with a slowly progressive, mainly spinal 
cord syndrome that remained for many years the sole expression of cerebrotendinous xantho
matosis (CTX) MR imaging demonstrated white matter abnormalities in the lateral and 
dorsal columns of the spinal cord Postmortem examination of one of the patients showed 
extensive myelin loss in these columns An array of genotypes was found in these patients 
We conclude that "spinal xanthomatosis" is a clinical and radiological separate entity of CTX 
that should be included in the differential diagnosis of "chronic myelopathy" 
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Introduction 
Cerebrotendinous xanthomatosis (CTX), is an autosomal recessive disease, due to a deficien
cy of sterol 27-hydroxylase (CYP 27), a key enzyme m the synthesis of chenodeoxychohc 
acid (CDCA), a primary bile acid In CTX, deficiency of CYP 27 and thus a lack of CDCA 
leads to the storage of cholestanol and cholesterol in many tissues, especially the eye lens, the 
central nervous system, and tendons [32] Typical disease onset consists of bilateral cataracts 
and diarrhoea in childhood [90], followed by progressive cerebellar and pyramidal signs, 
mental retardation, seizures, and the development of tendon xanthomas in late adolescence 
and early adulthood [102] MR imaging in CTX patients often reveals symmetric lesions in 
the cerebellar white matter (Figure 1 A) [53] Additional multimodal electrophysiological 
examinations (somatosensory, brainstem auditory, and visual evoked potentials) may detect 
subclinical involvement of the central and peripheral nervous system in CTX [50] 

Tn this paper we describe patients with a predominantly spinal form of CTX, which has a 
distinct clinical and radiological pattern 

Methods 

Patients 
We identified seven adult patients presenting with a predominant spinal cord syndrome, from 
six families, out of a population of 22 families with 44 patients with biochemically and 
genetically proven CTX Patients Bl and B2 are siblings, the others are patients each of a 
different family 

Biochemistry 
The cholestanol and cholesterol in serum and bile alcohols in urine were measured according 
to established procedures [35,36] The clinical and biochemical data of the seven patients are 
summarized in Table 1 

Molecular biology 
The CYP 27 gene was amplified in four fragments (exons 1, 2, exons 3-5 and exons 6-9), by 
the polymerase chain reaction (PCR) from genomic DNA of leukocytes Exons 3-9 with their 
intron boundaries were subsequently amplified separately, with the two PCR fragments 3-5 
and 6-9 as a template [93] The amplimers thus obtained were subjected to single strand 
conformation polymorphism (SSCP) analysis, followed by sequencing and restriction analysis 
according to established procedures [95] 

MR imaging 
MR imaging of brain and spinal cord was performed at 1 0 Tesla, immediately 
after administration of 20 cc gadohnium-DTPA 

MR imaging of the brain consisted of proton density (PD) and T2-weighted conventional 
spin echo (SE) (2300/45/90/1 [TR/TE/TE/excitations]), and Τ1-weighted conventional SE 
(600/15/2) Twenty-one axial slices with an in-plane resolution of 
approximately 1 mm, a slice thickness of 5 mm, and an intershce gap of 0 5 mm, were 

obtained 
MR imaging of the spinal cord was performed using a spinal phased array coil Sagittal 

slices (3 mm slice thickness, 0 3 mm intershce gap) were acquired using cardiac triggered 
conventional PD and T2-weighted SE (2200/20/80/1) and Τ1-weighted conventional SE 
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(550/15/2). Field of view (FOV) was 240 χ 480 mm and imaging matrix was 256 χ 512, 
yielding pixels of 0.94 mm2. Furthermore, 8 axial slices (5 mm thick) of the spinal cord were 
acquired at levels CI - Tl, using T2-weighted gradient echo (620/20/20/4 [TR/TE/flip ang
le/excitations]). In-plane resolution was 0.90 mm for this sequence. 

Total MR acquisition time was approximately one hour. MR images were analyzed by two 
independent neuroradiologists, who were both unaware of the clinical findings. 

Pathology 
Brain and spinal cord of patient Bl were available for pathologic examination. These tissues 
were examined after staining with Luxol Fast Blue and Hematoxylin & Eosin (LFB-HE), and 
after staining with monoclonal anti-neurofilament antibody (MNF) (dilution 1:10). 

Results 

Patients 
All patients presented with symptoms and signs related to involvement of the corticospinal 
tracts and the dorsal columns of the spinal cord. None of them had cerebellar signs, dementia 
or peripheral neuropathy at the moment of presentation of the spinal cord syndrome, and 
except for patient B2, none of them had tendon xanthomas (Table 1). 

Initial diagnoses of this spinal cord involvement were: multiple sclerosis (patients A, D 
and F), hereditary spastic paraparesis (patient C), cervical myelopathy due to a disc herniation 
C5 - C6 (patient Bl), and "slowly progressive pyramidal syndrome with sensory disturbances 
of unknown cause" (patients B2 and E). 

Biochemistry 
All patients had an elevated serum cholestanol level and excessive amounts of bile alcohols in 
urine (Table 1). These levels do not differ from those found in classic CTX. 



Table 1. Clinical, biochemical, genetic and MRI data 

Patient 

Age at presentation of the spinal cord 

Age at diagnosis of C T X (years) 

Systemic signs 

cataract 

diarrhoea 

xanthomas 

Presenting neurological signs 

pyramidal signs 

dorsal column signs 

Other neurological signs at diagnosis 

seizures 

dysarthria 

dementia 

cerebellar signs 

polyneuropathy 

Biochemical features 

syndrome 

serum cholestanol (3 3-12 5 μιτιοΐ/ΐ) 

serum cholesterol (4 7-6 5 mmc 

excessive urinary bile alcohols 

•1/1) 

A 
female 

20 
24 

yes 
yes 
no 

+ + + + 

+++ 

+ 
-
-
-
-

61 
2 7 
yes 

Bl 

35 
45 (t) 

yes 
yes 
no 

_l 1 1 L 

Τ Ί ΓΤ^ 

++ + 

-
+ 
-
+ 
-

19 
5 2 
yes 

B2 
male 

30 
33 

yes 
no 
yes 

+++ 
+++ 

-
-
-
-
-

na 
na 
yes 

C 

35 
43 

yes 
no 
no 

+++ 
+++ 

-
+ 
-
+ 
± 

na 
na 
yes 

D 

35 
37 

yes 
no 
no 

++++ 
+++ 

-
-
-
-
-

46 
3 9 
yes 

E 
female 

28 
41 

yes 
yes 
no 

+++ 
+++ 

-
-
-
-
± 

63 
na 
yes 

F 
female 

28 
36 

yes 
yes 
no 

H—1—h 

+++ 

-
-
± 
-
-

100 
4 6 
yes 

MRI findings 
cerebellar white matter lesions 
spinal cord atrophy 

spinal cord white matter lesions 
lateral columns 
dorsal columns 

++++ 
+++ 

na 
na 

na 
na 

++++ 
++++ 

++++ 
+++ 

+ 
na 

na 
na 

+++ 
++ 

+++ 

: absent 
: dubious ++++: mild severe na = not available 
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Genetic findings 
The genotypes of all patients are listed in Table 2 

A novel missense mutation was found in exon 2 of patient C a C^T transition at 
cDNA position 400, resulting in the replacement of arginine by tryptophan in codon 94 No 
other mutation was found in the other exons or splice sites of the same allele In 100 alleles of 
fifty controls this mutation was not found by SSCP screening 
The genotype was established in all patients, except in patient Bl We may assume that she 
had the same genotype as her brother, patient B2 
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Table 2. Mutations. The cDNA sequence and the amino acids are numbered according to Cali et al. [16]. 

Patient Exon / Intron Mutation homozygous/ amino acid Reference 
heterozygous 

exon 5 
exon 5 
exon 6 
exon 5 
exon 2 
exon 5 
exon 5 
intron 7 
exon 6 
intron 4 

1037 C - T 
1037 C--T 
1204 C->T 
1037 C->T 
400 C->T 
1037 C->T 
1037 C->T 
1284+ 1 g--a 
1204 C->T 
865 + 1 g->a 

homozygous 
homozygous 

heterozygous 

homozygous 
heterozygous 

heterozygous 

Thr 306 Met 
Thr 306 Met 
Arg 362 Cys 
Thr 306 Met 
Arg 94 Trp 
Thr 306 Met 
Thr 306 Met 
Skipping of exon 7 
Arg 362 Cys 
Skipping of exon 4 

[99] 
[99] 
[17] 
[99] 
This study 
[99] 
[99] 
[103] 
[17] 
[97] 
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M RI findings 
A spinal cord M RI was made in five patients (Table 1) In these patients PD and T2-weighted 
MR images showed increased signal intensity along the entire spinal cord Axial images 
revealed increased signal intensity localized in both lateral corticospinal tracts and in the 
gracile tracts (Figure 1 C, D, E ) The spinal cord was not atrophic In the six patients in 
which MR imaging of the brain could be performed, very small symmetrical hypenntensities 
next to the dentate nuclei were found, except in patient E (Figure 1 Β ) 

Pathology 
The white matter of the spinal cord of patient Bl showed extensive, symmetric loss of mye
lin, especially in the lateral corticospinal tracts and the gracile tracts in the LFB-HE staining 
Severe axonal loss in essentially the same distribution was seen in the MNF staining (Figure 2 
A, B, arrows) In these areas gliosis and occasional perivascular accumulation of macropha
ges were present (Figure 2 C, arrows) Similar changes were found in both pyramids, the 
basis pontis, the supenor cerebellar peduncles, the cerebral peduncles and the cerebellar 
hemispheres These changes were accompanied by many lipid crystal clefts and extensive 
infiltration of macrophages in the base of the pons (somewhat more pronounced in the long
itudinal than in the transversal tracts) and in the cerebellum The supratentonal part of the 
central nervous system and the spinal nerve roots were normal 
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Figure IA. Magnetic resonance (MR) image. T2-weighted cerebral MR image of a 39-years 
old male with the classic type of CTX: symmetrical lesions in the cerebellar white matter. 

Figure IB. Magnetic resonance (MR) image. Patient A: T2-weighted cerebral MR image 
showing very small symmetrical hyperintensities in the cerebellum. 
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Figure IC. Magnetic resonance (MR) image. 
Patient A: sagittal T2-weighted spin-echo MR 
image of the cervical spinal cord, showing a 
band of high signal intensity (arrows). 
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Figure ID. Magnetic resonance (MR) image. Patient A: axial T2-weighted gradient echo MR 
image, at level C3: abnormal signal intensity in the lateral corticospinal tracts and gracile 
tracts (arrows). 

Figure IE. Patient B2: axial TVweighted gradient echo MR image, at level C5 : both the 
lateral corticospinal tracts and gracile tracts show areas of increased signal intensity (arrows). 
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Figure 2A. Thoracic spinal 
cord of patient Β1. Myelin 
stained with Luxol Fast Blue 
and Hematoxylin & Eosin 
(LFB-HE) (original 
magnification χ 1 ).Severe loss 
of myelin in the lateral 
corticospinal tracts 
(arrowhead), the gracile tracts 
(arrow), and dispersed loss in 
the anterior corticospinal 
tracts; the cuneate tracts are 
relatively spared. 

Figure 2B. Thoracic spinal 
cord of patient Β1. Axons 
stained with Monoclonal 
anti-neurofilament antibody 
(MNF) (original magnification 
χ 1).Severe loss of axons in the 
lateral corticospinal tracts 
(arrowhead), the gracile tracts 
(arrow), and dispersed loss in 
the anterior corticospinal 
tracts; the cuneate tracts are 
relatively spared. 

Figure 2C. LFB-HE staining of corticospinal tract 
(original magnification χ 200). Higher magnification 
of the cross section of corticospinal tract:perivascular 
accumulation of macrophages and complete lack of 
LFB-positive myelin cylinders. Arrows: capillaries 
with erythrocytes. 
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Discussion 
A predominant involvement of the spinal cord was found in the seven CTX patients In only 
two patients (Bl and C) did the classical CTX symptomatology become manifest five and 
eight years respectively after the onset of the myelopathy Because of this atypical 
presentation and mild clinical course, six patients were initially not diagnosed as having CTX 
All patients had juvenile bilateral cataract and four of them had a history of chronic diarrhoea, 
a symptom that is frequently met in children with CTX [90], but rarely reported in adult CTX 
patients [97] 

This spinal vanant of CTX, which we would like to name spinal xanthomatosis, has a 
relatively mild clinical course compared to the classic form of CTX, which shows cerebellar 
involvement, dementia, tendon xanthoma formation, and peripheral neuropathy early in the 
disease process Although the neurological symptoms in CTX are often highly variable [104], 
most patients have cerebellar signs and mental retardation from the age of 20 onwards [32] 

Despite the frequent occurrence of pyramidal symptoms in CTX, no abnormalities in the 
spinal section of the pyramidal tracts have been described up to now using MRI [51,55], apart 
from a slight atrophy of the cervical spinal cord in one patient [61] As we used phased-array 
coils with proven sensitivity for intrinsic spinal cord abnormalities [105], five of our patients 
showed extensive white matter lesions in the lateral corticospinal tracts and in the gracile 
tracts (Figure 1 C, D, E) Our finding of signal increase in the lateral and posterior white 
matter columns of the spinal cord correlates well with the clinical findings in our patients and 
with the histopathological findings in patient Bl 

Pathological examination in patient Bl showed diffuse involvement of the long tracts in 
the spinal cord as well as in the brainstem Our findings are consistent with previous reports 
on spinal cord abnormalities in four other CTX patients [1,45,72,73] This spinal cord 
pathology is different from that seen in multiple sclerosis (MS), where a patchy, irregularly 
distributed rather than a symmetrical involvement of the white matter is found Histologically, 
recent MS lesions show myelin destruction with infiltration of macrophages, a variable 
lymphoplasmocellular infiltrate, and relative sparing of axons, while old lesions are 
characterized by myelin loss and gliosis Other (metabolic) white matter disorders, such as 
metachromatic leucodystrophy (MLD) and X-linked adrenoleucodystrophy (X-ALD), 
generally show prominent cerebral involvement However, in adrenomyeloneuropathy 
(AMN), a milder subtype of X-ALD manifesting in adulthood, the lumbar corticospinal tracts 
and the cervical gracile tracts and spinocerebellar tracts may be worst affected [106] 
Microscopically, MLD and X-ALD/AMN lesions show myelin loss with relative sparing of 
axons and infiltration of periodic acid schiff (PAS) positive macrophages, in MLD the latter 
cells exhibiting metachromasia in frozen sections The lesions of the cerebellum in CTX 
consist of a combination of xanthomatous lesions, fibrosis, lipid crystal clefts, and 
hemosiderin deposition, especially in the area around the dentate nucleus, and are 
pathognomonic for this disease The pathogenesis of the CNS pathology is up to now 
hypothetical Several authors suggest demyelmation as the primary pathological lesion 
[1,68,69,71,73,74] whereas others suggest primary neuroaxonal pathology with secundary 
myelin loss [45,72] The spinal cord lesions in our patient show severe loss of both myelin 
and axons, and thus do not clarify this issue 

Mutation analysis in our seven patients revealed missense mutations predominantly in the 
exons 5 and 6 of the gene All mutations present in these patients are also found in the 
classical form of CTX A genotype specific for the spinal vanant of CTX is not found 

In the literature, a 35 year old woman was briefly described in 1942 [107] She had a 
spastic paraparesis, chronic diarrhoea, and tendon xanthomas This was probably the first 
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description of a patient with the spinal form of CTX. Spinal cord abnormalities resembling 
CTX can also be found in other conditions. In 1965, a 46 year old woman was described with 
a spastic paraparesis, hypercholesterolemia, hepatosplenomegaly and cutaneous xanthomas. 
Autopsy showed a circumscript cholesterol accumulation in the cervical spinal cord in the 
segments C2 - C4 within pyramidal tracts and the dorsal columns, resembling the findings in 
patient Β1 [108]. 

Up to now in the literature, only seven adult CTX patients have been reported with 
predominant pyramidal signs, and the absence of both cerebellar signs and mental retardation 
[51,55,104,109-111]. Unfortunately, it cannot be deduced from these articles whether the 
dorsal columns were involved as well. These patients may also have suffered from the spinal 
variant of CTX. Among the patients with this spinal form there is a female preponderance ( 10 
women, 4 men), but this finding may be coincidental. There is no sex difference in the 
severity of the clinical course. 

Spinal xanthomatosis can be the first presentation of CTX, which should therefore be 
included in the differential diagnosis of chronic myelopathy. Particularly, when myelopathy is 
preceded by bilateral cataracts and diarrhoea, the diagnosis of CTX should be considered. In 
that case, determination of cholestanol in serum and of bile alcohols in urine could confirm 
the diagnosis. As a therapy is available, the early recognition of this myelopathy as a variant 
of CTX is important. Since 1975 CDC A has commonly been used as a therapy for CTX [7], 
and has proven to be effective [9]. With CDCA therapy, there is a considerable decrease in 
the serum cholestanol level and a sharp decline in the excretion of bile alcohols in the urine 
[35,112]. Perhaps the most effective inhibitor of cholestanol production is a combination of 
CDCA with a ß-HMG-CoA reductase inhibitor. In seven of our patients the combination of 
CDCA and simvastatin resulted in further lowering of an already normal serum cholestanol 
level, facilitating the long-term wash-out of cholestanol from the central nervous system. 
[113]. 
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Abstract 
Neuromuscular characteristics were documented in ten patients with biochemically and 
genetically confirmed CTX Only one patient complained of muscle weakness, while clinical 
signs of peripheral neuropathy were present in six patients EMG showed predominantly 
axonal neuropathy in seven patients Neurogenic changes were seen in muscle biopsies of 
nine patients Sural nerve biopsies of three patients showed features of axonal neuropathy In 
addition, in one patient also extensive onion bulb formation was seen, indicative of a 
primarily demyelinating process Five patients had normal mitochondrial respiratory chain 
enzyme activity It is concluded that myopathy is not a feature of CTX and that the most 
prominent neuromuscular abnormality is sensorimotor axonal polyneuropathy 
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Introduction 
Cerebrotendinous xanthomatosis (CTX) is a rare, autosomal recessive, lipid storage disease, 
characterized by abnormal bile acid synthesis There is a deficiency of the mitochondrial 
enzyme sterol 27-hydroxylase [8], which leads to reduced synthesis of cholic acid, while 
almost no chenodeoxychohc acid is produced However, the rate limiting step in bile acid 
synthesis, the enzyme 7 -hydroxylase, is increased, and excessive amounts of cholestanol and 
cholesterol are produced which accumulate in many tissues [32] Via the twenty-four and 
twenty-five hydroxylation pathways, bile alcohols are produced, which are excreted in bile 
and urine Biochemical diagnosis is made on the basis of bile alcohol excretion levels in urine 
and serum cholestanol levels [35,114] The clinical spectrum of CTX includes the presence of 
premature bilateral cataracts, followed by neurological signs and symptoms and the 
development of tendon xanthomas [32] Premature atherosclerosis is seen in many casess [32] 
and peripheral neuropathy is an established clinical feature [64,75-80] 

Controversies exist regarding whether this neuropathy is demyehnating [64,77,79] or 
axonal [45,72,75,76,80] in origin and whether myopathy is a characteristic feature 
Mitochondrial respiratory chain enzyme dysfunction [115] and morphological muscle 
mitochondrial abnormalities [116] have sometimes been reported in CTX patients In view of 
these controversies, we investigated the neuromuscular characteristics in ten biochemically 
and genetically proven Dutch CTX patients 
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Methods 

Patients 
Ten adult CTX patients (A - J) from 6 families were investigated. The clinical diagnosis was 
biochemically and genetically confirmed. Patients Α, Β and H [102,117], C - F [72,102,118] 
and G [102,119,120] have been described previously, including the sural nerve findings in the 
patients C and F [72]. All the patients gave written informed consent. EMG was performed in 
9 patients. 

Muscle biopsy 
Muscle biopsies from seven patients were obtained with a Bergström needle; in four patients 
(A, B, E, I (twice)) from the quadriceps muscle and in C and H from the soleus muscle. In 
patient G the intercostal muscle was biopsied during thoracotomy (to obtain lung tissue 
because of severe pulmonary disease) [120]. The psoas muscle (patient D) and the 
gastrocnemius muscle (patient J) were biopsied at autopsy. In three patients, muscle biopsies 
were taken at the time of diagnosis (C, H and I). The other patients were biopsied after seven 
to ten years of therapy with chenodeoxycholic acid (CDCA). In patient I, muscle biopsy was 
repeated after three years of therapy, because she developed symptoms of muscle weakness 
and fatigue. The specimens were processed for light microscopic investigations and stained 
with haematoxyhn/phloxine (H-Phl) and for ATP-ase, succinate dehydrogenase (SDH), 
cytochrome oxidase (COX) and acid phosphatase (AcP). 

Seven out of the nine muscle specimens could be prepared for ultrastructural examination 
(patients A, B, C, E, G, H and I). 

Muscle mitochondrial respiratory chain enzyme activity 
The activity of the mitochondrial respiratory chain enzymes 7) were measured in four patients 
according to established, previously published procedures [121]. 

Nerve biopsy 
In three patients (C, F and H) the midcalf sural nerve was biopsied before treatment. These 
specimens were prepared for light and electron microscopic investigation, including teased 
fibre studies, using standard techniques [122]. Electron microscope photographs (xl700) 
covering approximately 10% of the total transverse fascicular area were used for 
morphometric analysis. The density and diamètre distribution of myelinated axons were 
determined using a Zeiss TGZ 3 particle size analyser. 

Results 

Patients 
In nine patients (90%) bilateral cataracts were present; this formed an important clue in the 
diagnosis. Achilles tendon xanthomas were present in five patients (50%), nine patients 
(90%) had pyramidal signs and six (60%) had cerebellar signs. All the patients had elevated 
serum cholestanol levels or excessive bile alcohol excretion in urine at the time of diagnosis. 
Only one patient complained of muscle weakness (1). Six patients had clinical signs of 
peripheral neuropathy, consisting of calf muscle atrophy, pes cavus deformity, hypaesthesia, 
distal hypalgesia and weak or absent deep tendon reflexes (patients A - D, F and H) (table 1). 
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Electromyography 
In two patients EMG was normal (table 1) EMG findings in seven patients (A - D, F - G) 
confirmed mixed (sensorimotor) peripheral predominantly axonal neuropathy No motor 
conduction could be elicited in the nerves of the lower extremities in two patients (A and B) 
In patients C - G, I and J motor conduction was slightly lower than normal Motor 
conduction in the nerves of the arms was slightly decreased in patients A and D, whereas it 
was normal in the other patients In patient H, no motor conduction could be elicited in the 
legs, the median nerve conduction velocity was moderately low (31 m/s) Four patients had 
sensory nerve abnormalities, consisting of absent responses of the sural nerve (patients Β and 
H) and prolonged distal sensory latencies (patients D and F) 

Abnormal myograms were only seen in the lower extremities Prolonged duration of motor 
unit action potentials (MUAPs) were observed in six patients (A - D, G and H) Small 
MUAPs with low amplitudes were recorded in patients C and I Two patients (A and H) 
showed denervation activity, consisting of positive spikes and fibrillations 
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Table 1. Clinical features of the patients at the time of the biopsy 

Patient 

sex 

age (years) 

age at diagnosis 
(years) 

A 

male 

42 

33 

Β 

male 

47 

38 

C 

male 

42 

41 

D 

male 

44 

44 

E 

female 

50 

40 

F 

male 

46 

46 

G 

female 

42 

35 

H 

female 

37 

37 

I 

female 

24 and 27 

24 

J 

female 

54 

47 

CDCA therapy (years) 

Major systemic signs 

peripheral neuropathy 

Electromyography pnp 

axonal 

10 

+ 

pnp 

axonal 

+ 

pnp 

axonal 

+ 

pnp 

axonal 

-

normal 

+ 

pnp 

axonal 

-

pnp 

axonal 

+ 

pnp 

axonal + 

demyelinating 

0and3 

myopathic normal 

CDCA = chenodeoxycholic acid 
Pnp = peripheral neuropathy 
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Muscle biopsy 

Light microscopy (LM) 
The autopsy muscle specimen from patient D was normal In patient G, a substantial area of 
the intercostal muscle of patient G was composed of fat cells Marked neurogenic changes 
were found in patients H, C and J, m these biopsies slight to considerable fat cell replacement 
was observed Slight neurogenic changes were present in patients C, E and I Most LM 
abnormalities were present in patients H and J, atrophic fibres with pyknotic nuclei and 
extreme muscle fibre variability were the most prominent findings Patients A and Β showed 
a predominance of type I fibres, with an occasional cytochrome oxidase-negative type I fibre 
in patient Β 

Electron microscopy 
The biopsies of seven patients (A - C, E, G-I ) were investigated ultrastructurally In three 
patients (A, Β and I) no ultrastructural abnormalities were found Crystalline mitochondrial 
inclusions were present in two patients type I crystals [ 122] in patient H (Fig 1 a) located in 
the intracnstal space, and type II crystals [122] in patient C (Fig lb) located in the outer 
mitochondrial compartment between the inner and outer membrane of the mitochondrion Fat 
vacuoles were seen between the mitochondria in patient H Many thickened capillary 
basement membranes were observed in the specimen from patient E and there was also a 
single necrotic capillary Tubular aggregates were found in patient G 

Muscle mitochondrial respiratory chain enzyme activity 
The activity of the enzymes cytochrome oxidase (COX), Citrate synthase (CS), Succinate 
Cytochrome C, NADH Ql reductase and the pyruvate dehydrogenase complex (PDHC) were 
normal (table 2) 
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Table 2. Muscle respiratory chain enzyme activity 

Enzyme Normal values 

COX 

Citrate synthase 

Succinate Cytochrome C 

NADH Q, reductase 

PDHC 

53-186 mU/mg protein (N = 20) 

520 - 2080 mU/UCS 

45-187 mU/mg protein (N = 27) 

4 - 28 mU/mg protein (N = 14) 

40 - 285 mU/UCS 

5.3 - 19.6 mU/mg protein (N = 13) 

84 - 273 mU/UCS 

2.8 - 8.2 mU/mg protein (N = 15) 

29 - 89 mU/UCS 

173 

1200 

144 

16 

113 

26 

181 

4.7 

33 

81 

1140 

71 

9 

133 

9 

128 

5.1 

72 

82 

1415 

58 

10 

170 

11 

188 

3.2 

55 

601 

26 

216 

161 

157 

1815 

87 

10 

116 

13 

155 

8.9 

103 

COX = cytochrome oxidase 
PDHC = pyruvate dehydrogenase complex 
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Figure 1 Crystalline mitochondrial inclusions (arrows) in patient H: type I crystals in Figure 
A, and in patient C: type II crystals in Figure B. Bars 100 nm (A) and 500 nm (B). 
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Sural nerve 
In the biopsies of patients C and F, densities of large diameter myelinated fibres (> 8 μπι) 
were markedly decreased as compared to age-matched controls Several fibres showed 
relatively thick myelin sheaths, indicative of axonal atrophy Both biopsies showed 
sporadically fibres in a stage of axonal degeneration In patient F, clusters of regenerated 
fibres were present, resulting in an increase in small myelinated fibres Involvement of 
unmyelinated fibres was not apparent m both biopsies Teased fibres of the two patients 
revealed signs of an axonal pathology and some segmental de- and remyelination 

In patient H nerve morphology was markedly different Densities of large and small 
myelinated and unmyelinated fibres were severely decreased Huge clusters of Schwann cells 
giving the impression of large onion bulbs, were present in some areas of the proximal part of 
the biopsy (Fig 2) In other parts of the same section, but also more distally in the nerve 
fragment, supernumerary Schwann cells appeared in clusters, with small myelinated and 
unmyelinated axons (Fig 3), or as large bands of Bungner, often denervated or with miniature 
axons and collagen pockets Onion bulbs occurred dispersedly in these areas There were a 
few large diamètre fibres which were not enclosed into an onion bulb or cluster In the teased 
fibre preparations only signs of axonal regeneration were seen These preparations were 
apparently processed from a fascicle without the marked onion bulb formations There was a 
marked increase in endoneunal collagen Small endoneunal vessels had multiple basal 
membranes, no other signs of vascular pathology were present In the three biopsies no 
abnormal lipid deposities were detected within Schwann cells or endoneunum, penneunum 
and epineunum Mitochondria in axons or Schwann cells were normal 

Table 3 Sural nerve biopsy findings in three untreated CTX patients 

CONTROLS PATIENTS 
C F H 

age at biopsy 
age related 
31 -50yrs 42 yr 46 yr 37 yr 

MF density in number/mm2 mean 9760 ± 3220 
(% of normal for age) 
%ΜΡ>8μηι 316% 

Teased fibres* 
type CDF 
type E 
type Κ 

< 3% t 
< l%t 

5130 

52 5% 

20 4% 

18% 

1% 

13% 

14560 

149% 

6 1% 

9% 

2% 

35% 

2220 

22 7% 

1 8% 

0% 

0% 

49% 

MF = myelinated fibres 

* type CDF fibres with signs of demyelmation and remyelination 
type E fibres in stage of axonal degeneration [123] 
type Κ fibres with uniformely short intemodes, resulting from axonal regeneration 

t Controls (31 -50yrs) type CDF < 3%, type E < 1 % [ 123] 



53 

Figure 2 Sural nerve of patient H. Low power electron micrograph. Part of a fascicle shows 
extremely large onion bulbs around small 
myelinated fibres. Marked increase in 

_ endoneurial collagen. Bar = 10 μπι. 

Figure 3 Sural nerve of patient H. Low power electron micrograph of the same fascicle in the 
same section as in figure 2. No clear onion bulb formation. Small cluster (arrow). Increase in 
endoneurial collagen. Bar = 10 μιτι. 

.Ufer * \^ 
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Discussion 
Neuromuscular characteristics were documented in 10 patients with biochemically and 
genetically proven CTX Clinical signs of sensorimotor peripheral neuropathy were found in 
six patients Predominantly sensorimotor axonal neuropathy was found with EMG in six 
patients In one patient signs of a demyelinating and axonal neuropathy were recorded 
Muscle biopsies showed neurogenic changes without any definite myopathic characteristics 
There was no evidence of decreased activity of the mitochondrial respiratory chain enzymes 
or any other myopathic abnormalities The slight myopathic EMG changes in patient I 
contrasted with the slight neurogenic changes in the muscle 

Xanthomatous lesions, lipid crystal clefts and macrophage clusters that are usually seen 
in the central nervous system in CTX patients, particularly in the cerebellum 
[1,45,68-73,118], were not found in the muscle biopsies 

Our findings do not corroborate the myopathic features reported in the literature on 
CTX [44,45,86,94,99,124] Voiculescu et al found mild neurogenic changes in biopsies from 
the gastrocnemius muscle [80] Federico et al reported mild type grouping and mitochondrial 
aggregates in eight CTX patients, with mitochondrial inclusions in two patients [116] Dotti 
found similar abnormalities in a CTX patient with a partial cytochrome C oxidase deficiency 
[115] In the latter two studies, it was suggested that mitochondrial dysfunction had caused 
the muscle pathology 

Although we found mitochondrial inclusions in two of our patients (C and H), we 
consider this to be nonspecific, because they can be associated with many disorders, such as 
mitochondrial myopathies [122], inclusion body myositis [125] and oculopharyngeal 
muscular dystrophy [126] and they may even represent a normal constituent of human 
skeletal muscle mitochondria [127] Marbini et al desenbed mitochondrial paracrystalline 
inclusions in the peroneus brevis muscle of 13 patients with peripheral neuropathy They 
concluded that aging and probably ischaemia were largely responsible for the frequent 
presence of these inclusions in the peroneus brevis muscle [128] 

The occasional tubular aggregates observed in the intercostal muscle of patient G was 
also a nonspecific finding [129] These structures, which are thought to be derived from 
sarcoplasmic reticulum membranes, have also been found in hyper- and hypokalemic periodic 
paralysis [130] and in dominantly [131,132] or recessively [133] inhented tubular aggregate 
myopathy Other disorders with tubular aggregates in the muscle fibres include 
hyperomithinaemia with gyrate atrophy of the retina [134], myotonia congenita, 
inflammatory myopathies [135], alcoholism [136,137] and osteomalacic myopathy [138] 
Thus, there is no reason to link the existence of tubular aggregates with myopathy, because 
anatomically and pathologically, they are nonspecific and do not characterize any particular 
disease [139] 

In the literature, the etiology of peripheral neuropathy in CTX is still a matter of debate 
[64,72,75-80] We and other authors supposed before that a distal axonopathy is the primary 
process in CTX [45,72,75,76] Some other authors had interpreted the pathological process in 
nerves as demyelinating in nature, based on the presence of onion bulbs, which is generally 
considered as a hallmark of chronic demyelination [64,77,79] The sural nerve in two of our 
patients showed mainly a process of distal axonal degeneration and regeneration 
Electrophysiology in these patients supported the existence of an axonal neuropathy The 
presence of CDF fibres in teased fibre preparations may be explained by secondary 
demyelination and remyelination, due to a distal axonopathy However, in the biopsy of 
patient H the huge onion bulbs observed in proximal parts of the nerve are highly suggestive 
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of a primary demyelinating process Extensive axonal degeneration was also present 
Although some (distally preponderant) demyelination and remyehnation may occur 
secondarily to a process of distal axonopathy [140], we consider it highly improbably that the 
extensive onion bulb formation, which occurred predominantly in some areas of the more 
proximal part of the nerve of this patient, had resulted from a primarily axonal process 
Marked nerve conduction slowing in the upper limbs with relatively mild changes in 
amplitudes were also in favour of a demyelinating process We could not found a correlation 
between the type of the pathological process (axonal or demyelinating) and age, duration or 
severity of the clinical presentation, seventy of the biochemical abnormalities or type of the 
mutation to explain the differences in pathogenesis Apparently, axonal degeneration is the 
predominant process in the peripheral nerves of patients with CTX, although m some patients 
features of demyelination can be found It can not be excluded that an ischemic component 
plays a role in the in the pathogenesis of the CTX nerve pathology However, we do not 
consider the presence of multiple basal membranes around small endoneunal vessels to be a 
sign of ischaemia, because such vessel changes occur in most chronic neuropathies 

Although it has been suggested in the literature that myopathy can be one of the features 
of CTX, we demonstrated mainly neurogenic changes in muscle biopsies from nine patients 
Sural nerve biopsies from three patients confirmed the presence of axonal neuropathy in this 
disease in two patients, in one patient accompanied by signs of a primarily demyelinating 
process Therefore, we conclude that (mitochondrial) myopathy is not part of the CTX 
spectrum and that the neuropathy present in CTX has, predominantely, a mixed, sensorimotor 
axonal origin 
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Abstract 
We evaluated the speech characteristics in thirteen patients with various clinical stages of 
biochemically confirmed cerebrotendinous xanthomatosis (CTX) Speech characteristics were 
assessed by performance on spontaneous speech and Maximum Repetition Rate (MRR) 
Normal speech was found in three patients up to the age of 20 years, increased speech rate 
(tachylalia) in six patients aged 20 to 40 years, and predominantly cerebellar dysarthria in 
four patients of older than 40 years We conclude that tachylalia is a neurological sign that 
should be added to the clinical features of CTX, a rare but treatable autosomal recessive error 
of cholestanol metabolism 
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Introduction 
Cerebrotendinous xanthomatosis (CTX), first described by Bogaert, Scherer and Epstein [ 1 ], 
is a rare, autosomal recessive, hereditary error of bile acid metabolism leading to abnormally 
high tissue and plasma levels of cholestanol. Premature bilateral cataracts, tendon xanthomas, 
and a chronic, progressive, neurological syndrome consisting of mental deterioration, 
pyramidal tract dysfunction, cerebellar signs, and peripheral neuropathy are the most 
predominant clinical features [32]. 

Increased speech rate (tachylalia) is fairly common in some psychiatric disorders, but it 
is an infrequently recognized sign in neurological disorders [141]. Increased speech rate has 
been observed in some neurologic movement disorders. Based on the clinical impression that 
tachylalia occurs in patients with CTX, we systematically studied speech characteristics in 
thirteen patients of various ages with genetically and biochemically proven CTX. 

Patients and methods 

Clinical features 
CTX was suspected on clinical grounds and confirmed by the demonstration of abnormal bile 
alcohols in urine and an elevated serum cholestanol level in thirteen patients from eight 
families. Six patients showed mild to severe deterioration in cognitive function, and almost all 
patients had various degrees of cerebellar and pyramidal tract dysfunction (Table 1). None of 
the patients was using sedative drugs or had a history of mania, depression, or alcohol abuse. 
Informed consent was obtained from each participating subject. 

Speech characteristics 
Spontaneous speech was recorded on tape and assessed independently by two 
speech-language pathologists for speech rate (syllables per minute) and for the presence of 
signs of cerebellar, hypokinetic, or hyperkinetic (dystonic) dysarthria (Table 1) [142]. The 
collection of a speech sample was done by instructing patients to speak about something 
familiar to them, such as their hobbies, home, or work environment. Two minutes of 
spontaneous speech, starting immediately after the instruction, were recorded on audio tape. 
The obtained minimum sample size of 400 syllables compares favorably with the speech 
sample size used in standardized tests, e.g. the Aachen Aphasia Test (AAT) [143]. The 
number of syllables per minute was determined from an orthographic transcription of the 
samples. Based on samples of spontaneous speech elicited by similar instructions from 11 
Dutch control speakers, who were matched for age, sex, and educational level with the 
patients, a mean of 226 (standard deviation [SD] = 26) syllables per minute was considered 
normal. Tachylalia was defined as orderly speech, without perceived judgments of cluttering 
or stuttering, with a speech rate that exceeded two SDs above the mean (i.e., 278 [226 + 52] 
syllables per minute). 

To assess differences in articulatory capacities among patients with and without 
tachylalia, the patients produced the syllable sequences "papapa . . ." and "patakapataka . . ." 
as fast as possible, yielding the Maximum Repetition Rate (MRR) [144]. These sequences 
were recorded on tape and digitized on a Computenzed Speech Lab (CSL), type 4300 (Kay 
Elemetrics Corporation, Pinebrook, NJ) with a 10 KHz sampling frequency. The signals were 
visualized on a computer screen and syllables were tagged at the beginning of "p" in the 
sequence "papapa . . . " and at the beginning of "p, t, and k" in the sequence "patakapataka . . 
." Performance on this task was measured as the number of syllables per second. Mean MRR 
rates in controls are reported to be 6.9 syllables/second (SD 1.4) [ 144,145]. 
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To compare patients with and without tachylalia, an analysis of variance was conducted 
on the number of syllables per second in the MRR task. The main factor in this analysis was 
Group (i.e. CTX patients with (n = 6) and without (n = 7) tachylalia). Also, a correlational 
analysis (Pearson) was calculated between the number of syllables per minute in spontaneous 
speech and the number of syllables per second in the MRR. 

Results 
Patients 1, 2 and 3 did not demonstrate any speech disturbances (Table 1). These three 
patients were the youngest in the sample. Six patients (4, 5, 6, 7, 8, 9) had tachylalia (Figure 
1). Tachylalia was found to be the only speech disturbance in four patients (4, 5, 6, and 8). 
Two patients (7 and 9) demonstrated both tachylalia and perceived dysarthria. Dysarthria 
without increased speech rate was present in the four older patients (10, 11, 12, and 13). 
These patients were judged to present ataxic, hypo- or hyperkinetic dysarthria, or a 
combination of these types. Four patients with tachylalia produced a MRR that was above the 
mean (6.9 syllables/second), compared to two patients without tachylalia. The difference in 
the number of syllables per second in MRR between patients with and without tachylalia was 
not statistically significant, when an analysis of variance was conducted (F(l,12) = 2.922, ρ > 
0.10). A moderate correlation between the number of syllables in spontaneous speech and the 
measured MRR was found (Pearson-correlation, one tail r = 0.521, ρ = 0.05). 
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Table 1. Clinical characteristics and speech characteristics in thirteen patients with CTX * 

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 

Sex 
Age (years) 
Age at diagnosis (years) 
General signs 
Cataract 
Xanthomas 
Neurological signs 

pyramidal syndrome 
cerebellar syndrome 
dementia 
peripheral neuropathy 
parkinsonism 

Speech characteristics 
dysarthria 

ataxic 
hypokinetic 
hyperkinetic (dystonic) 

rate (syllables/minute) 
standard deviation 
maximum repetition rate 
tachylalia 

* - = absent, + = present, ± = 

(syllables/second) 

dubious nd = 

M 
13 
12 

+ 
-

-
± 
-
-
-

-
-
-
202 
0.9 
6.78 
-

F 
17 
16 

+ 
-

-
-
-
-
-

-
-
-
238 
0.5 
7.33 
-

= not determined 

F 
20 
19 

+ 
-

-
± 
-
-
-

-
-
-
274 
1.8 
7.09 
-

F 
25 
24 

+ 
-

+ 
-
-
-
-

-
-
-
349 
4.7 
7.77 
+ 

F 
31 
30 

+ 
-

-
± 
-
+ 
-

-
-
-
347 
4.7 
8.30 
+ 

M 
36 
33 

+ 
+ 

+ 
+ 
-
+ 
-

-
-
-
330 
4.0 
7.97 
+ 

M 
38 
37 

+ 
-

+ 
± 
-
+ 
-

+ 
-
-
287 
2.4 
8.21 
+ 

F 
38 
37 

+ 
-

+ 
± 
+ 
-
-

-
-
-
330 
4.0 
6.86 
+ 

F 
39 
37 

+ 
-

+ 
+ 
+ 
+ 
-

+ 
+ 
-
326 
3.8 
4.93 
+ 

F 
44 
34 

+ 
+ 

+ 
+ 
+ 
+ 
-

+ 
+ 
-
114 
4.3 
nd 
-

M 
51 
41 

+ 
+ 

+ 
+ 
+ 
+ 
-

+ 
-
-
185 
1.6 
6.90 
-

F 
52 
42 

+ 
+ 

+ 
+ 
+ 
+ 
-

-
+ 
-
157 
2.7 
3.60 
-

M 
55 
45 

+ 
+ 

+ 
+ 
+ 
+ 
-

+ 
-
+ 
nd 
nd 
3.29 
-
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Figure 1. Spontaneous speech rate. The younger patients (1, 2, and 3) had a normal spontaneous speech rate. Six patients had tachylalia (black 
bars). Two patients (7 and 9) showed both tachylalia and dysarthria. Dysarthria was present in the four older patients (10, 11, 12, and 13). Patient 
13 had a severe dysarthria; a spontaneous speech rate could not be determined. 

SPONTANEOUS SPEECH RATE 

1/13 2/17 3/20 4/25 5/31 6/36 7/38 8/38 9/39 10/44 11/51 12752 13/55 

Patients (number/age) 
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Discussion 
We observed increased speech rate (tachylalia) to be a speech characteristic in four CTX 
patients, aged between 25-40 years, who were in a moderately advanced stage of the disease 
In the early stages, with patients up to the age of 20 years, no speech disturbances were 
observed In the advanced stages, for patients over 40 years of age, dysarthria was judged to 
be present This suggests a chronological sequence of speech disturbances involving 
tachylalia in the younger patients and evolving in a more pronounced dysarthria in the older 
ones With an increase in speech rate, there was no judged degradation of articulation quality 
The correlation between syllable rate during spontaneous speech and MRR suggests that 
MRR May predict perceptions of increased spontaneous speech rate The role of increased 
speed of articulo-motoric execution in perceptions of increased spontaneous speech rate is an 
an area that awaits further research These results correspond to those of Tsao and Weismer , 
who reported that intermdividual variations in habitual spontaneous speech rate in normal 
speakers are mainly attributable to variations in speech-motor execution as assessed by MRR 
[146] All of the patients with tachylalia were aware of their increased speech rate and could 
be induced to slow down, but after each disruption of this intention, tachylalia immediately 
reappeared 

Up to now, tachylalia has been an infrequently reported sign in patients suffering from 
neurological disorders with the exception of certain movement disorders [141,147] Increased 
speech rate in CTX has not been measured or reported previously 

We conclude that increased speech rate (tachylalia) is an important neurological sign that 
should be added to the clinical features of CTX It manifests itself different across the 
chronological stages of CTX In CTX patients, there is often a considerable delay in 
establishing the diagnosis For the attentive neurologist, the presence of tachylalia in a patient 
with neurological signs and juvenile cataract may aid in an earlier diagnosis of this treatable 
disease 

Acknowledgments 

The authors would like to thank Ρ Praamstra for his comments on the manuscript 



64 



CHAPTER 7 

Pulmonary Lymphangioleiomyomatosis and 
Cerebrotendinous Xanthomatosis: Is there a link? 

T.P.J. Dormans, A. Verrips, J. Bulten, Ν. Cox 

Chest 1997; 112:273-274 



66 

Introduction 
The differential diagnosis of progressive dyspnoe comprises many different diseases 
Coincidence of diseases causing dyspnoe is not unusual when at least one of the diseases is 
relative common or diseases are related However, this report presents a case suffering from 
two extremely rare diseases, both afflicting pulmonary function pulmonary 
lymphangioleiomyomatosis (LAM) and cerebrotendinous xanthomatosis (CTX) These 
diseases who are believed to be unrelated 

Case Report 
A 41 year old woman with no history of lung disease was analysed because of progressive 
exercise-induced dyspnea (without coughing, wheezing, pain or fever) that had started about 
5 months before admission Her medical history mentioned a spastic paraparesis, cognitive 
deterioration, and a bilateral cataract, caused by CTX, which was diagnosed 4 years before 
The diagnosis of CTX was genetically confirmed ( homozygote for a point mutation in exon 5 
of the human sterol 27 hydroxylase gene [99] Results of the physical examination were, apart 
from obesity (length 1 63 m, weight 80 kg), normal With the patient at rest, arterial blood 
analysis revealed P02 to be 65 mm Hg, pH, 7 45, pC02 32 mm Hg, bicarbonate, 22 3 
mmol/L (breathing air) Results of th pulmonary function test showed mild airflow 
obstruction (FEV1 1 7 L (2 7 L predicted value), inspiratory vital capacity 3 30 L (3 33 L 
predicted value), and loss of diffusion capacity (CO-transferfactor 0 65 mmol/min/kPa) 
During exercise of 40-W, a decrease of p02 to 56 mm Hg and of PC02 to 30 mm Hg was 
observed, while the arterial-alveolar oxygen pressure difference increased from 48 to 70 mm 
Hg A chest radiograph revealed bilateral interstitial pattern of infiltration A high resolution 
CT scan showed thin-walled cysts in all parts of both lungs On bronchoscopy, no 
endobronchial abnormalities were seen The biopsy specimens also showed no abnormalities 
A biopsy specimen from the lingula showed on transsected lung tissue cystic structures, 
measuring 2 to 5 mm Microscopically, the interstitium showed a multifocal proliferation of 
smooth muscle cells, along bronchioli and lymph vessels (Fig 1) In some places, nodular 
fascicles of smooth muscles were arranged as cystic structures The smooth muscle 
differentiation was confirmed immunohistochemically This histologic pictue is consistent 
with the diagnosis of pulmonary LAM Besides this, focally in the alveoli there was abundant 
accumulation of large foam cells and some multinucleated giant cells with cholesterol clefts 
(Fig 2) These findings are likely to be attributed to CTX and are not consistent with LAM 

Four months later, the patient underwent a total hysterectomy because of severe 
hypermennorrhea During this procedure a bilateral oophorectomy was performed by request 
of the physicians Histologic examination of the uterus revealed a low-grade leiomyosarcoma 
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Figure 1. LAM. There is a diffuse proliferation of 
smooth muscle cells along bronchioli (arrow) and 
lymphatics with formation of cysts, 
(hematoxylin-eosin, original χ 200) 
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Discussion 
Pulmonary LAM is a extremely rare disease afflicting women of childbeanng age Because of 
its rarity, literature on this disease is mostly anecdotal Recently, two reports on larger series 
of patients with LAM have been published [148,149] LAM usually presents with 
spontaneous pneumothorax, chylothorax, hemoptysis or slowly progressive dyspnea The 
diffuse distribution instead of a macronodular appearance, on a chest radiography and 
histologically, differentiates LAM from benign metastasizing leiomyoma, a disease that has 
much in common with LAM In this patient, the homogeneous pattern, the presence of 
multiple cysts, and the absence of both mitotic figures aand an invasive growing pattern of the 
smooth muscle cells in the lung biopsy specimen pleads against a relationship with the 
low-grade leiomyosarcoma of the uterus However, it is appealing to speculate on such a 
relationship in this patient, a change in hormonal sensivity may be involved in the 
development of not only LAM but also the uterine leiomyosarcoma (estrogen and progesteron 
receptors are present in utenne leiomyosarcoma tumor cells [150]) 

Tuberous sclerosis involving the lungs is indistinguishable from LAM [151] However, 
in this patient the neurologic picture (typical for CTX aand not for tuberous sclerosis), the 
genetic confirmation of the presence of CTX, and the absence of extrapulmonary 
manifestations congruent with tuberous sclerosis rule out tuberous sclerosis as a possible 
diagnosis 

Therapies described for LAM consist of several modes of hormonal manipulation 
Because of poor compliance with therapy, we decided to perform a bilateral oophorectomy 
Recent reports show that the average survival in patients with LAM is approximately 10 years 
[148,149] 

CTX is a rare (150 patients described in the medical literature) autosomal recessive 
lipid storage disease caused by a defect in the activity of the mitochondrial enzyme sterol 
27-hydroxylase [8] This deficienct leads to a reduced synthesis of chohc acid, whereas 
almost no chenodeoxycholic acid is produced Excessive amounts of cholestanol are 
produced, which accumulate in many tissues [32] 

Accepted clinical characteristics of CTX are premature bilateral cataract, formation of 
tendon xanthomas, premature coronary heart disease, and neurologic abnormalities [32] 
Information of lung involvement in CTX patients is sparse None of the patients described in 
the medical literature had progressive dyspnea There are a few autopsy studies In 1937 
Bogaert et al [1] found pleural granulomatous lesions containing foam cells and needle 
shaped clefts In 1968 Schimschok et al [70] found these lesions in a 58-year-old CTX patient 
within the lungs They described accumulation of free fat around blood vessels and 
throughout the granulomatous lesions Many hemosidenn-contaimng macrophages were seen 
In our patient, an excess of foam cells was present in a patchy way in the biopsy material 
Many of the respiratory symptoms probably are caused by LAM, since LAM was present to a 
much greater extend than histologic changes due to CTX 

There does not seem to be a relationship between CTX and LAM However, the 
minuscule chance that there is a coincidence in the occurence of these two very rare diseases 
suggests a yet unknown connection 
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Abstract 
The clinical spectrum and the effects of treatment over a period of five years in five children 
with cerebrotendinous xanthomatosis are described. In all children biochemical, 
neuroradiological, and neurophysiological studies were done. CTX was diagnosed and effects 
of therapy were evaluated by determination of the serum cholestanol/cholesterol ratio (CCR) 
and the urinary excretion of bile alcohols. All children were treated with chenodeoxycholic 
acid ( 15 mg/kg/day) in 3 divided oral doses. Diarrhoea and juvenile cataract were the main 
clinical features. Psychomotor retardation, pyramidal and cerebellar signs were also found. 
After starting treatment, biochemical abnormalities normalized and diarrhoea disappeared. 
After one year of therapy there was no further delay in motor development, and in three 
children the intelligence quotient improved. EEG abnormalities disappeared. After five years 
of therapy the children are in a stable clinical condition. 
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Introduction 
Cerebrotendinous xanthomatosis, (McKusick 213700), first described by van Bogaert et al. in 
1937 [1], is a rare autosomal recessive lipid storage disease due to a deficiency of the 
mitochondrial enzyme sterol 27-hydroxylase [8], resulting in a reduced production of cholic 
acid and particularly chenodeoxycholic acid, and leading to accumulation of cholestanol and 
cholesterol in many tissues. [32] Biochemically, the diagnosis CTX is made by demonstrating 
a significantly increased serum cholestanol/cholesterol ratio and an excessive urinary 
excretion of bile alcohols [35]. 

Clinical characteristics of CTX are premature bilateral cataract, formation of tendon 
xanthomas, premature coronary heart disease, neurological and neuropsychiatrie 
abnormalities i.e. dementia, pyramidal and cerebellar signs, and peripheral neuropathy 
[32,152]. Although, in many patients the onset of disease manifestations occurs in childhood, 
the diagnosis CTX is rarely made before the age of 20 years. 

In 1991 three of the five children with CTX that we present here have been described 
with juvenile cataract and chronic diarrhoea as presenting symptoms [90]. In this report we 
focus on the clinical spectrum and the striking effects of treatment over a period of five years, 
for these three and two other patients. 

Patients and methods 
Five patients with CTX are studied, ranging in age from 7 to 20 years. Patients A and Β are 
brother and sister, and patients C, D and E are all members of another family. Parents of both 
families are non-consanguineous. Clinical characteristics, radiological and neurophysiological 
findings are listed in table 1. After the diagnosis CTX was confirmed, all patients were treated 
with CDCA, 15 mg/kg/day in 3 divided oral doses. 

Clinical, neuro-imaging and EEG data for all patients were compared before and after 1 
and 2 years of treatment respectively. The clinical data were also evaluated after 5 years of 
treatment. The IQ was determined using the WISC-R [153] and motor functioning by the 
Bruininks-Oseretsky test.[154] In all patients EEG, BAEP, VEP and median nerve SSEP were 
made. EMG conduction studies were done in two patients. CT scans (Siemens HiQ) and MRI 
scans (Siemens Magnetom, 1.5 T) were obtained for all patients. 

The serum cholestanol and cholesterol levels were measured according to Wolthers et 
al. [114], using capillary gas chromatography on a CP wax 52 CB column (25 m, 0.2 mm 
internal diameter; Chrompack, Middelburg, The Netherlands). The urinary excretion of bile 
alcohols was measured using capillary gas chromatography, mainly according to Wolthers et 
al. [35]. 

Results 

Biochemical findings 
Before treatment, the gaschromatographic profile of bile alcohols in urine was typical for 
CTX in all 5 children showing high amounts of pentahydroxy bile alcohols (23, 25- pentol 
and 24, 25 - pentol). After starting treatment with CDCA there was an immediate sharp 
decline in urinary bile alcohol excretion, clinically coinciding with the disappearance of 
diarrhoea. After six months, abnormal bile alcohol excretion had reduced to a residual level of 
1-2 % of the original excretion in all patients. Serum cholestanol level and CCR were very 
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high before therapy and showed a more gradual decrease over a 3 year penod, after which 
they had normalized except for patient Β (Table 2) 

Gastro-intestinal functioning 
Before therapy all patients suffered from chronic diarrhoea with four to six times per day 
passage of watery, sour smelling stools After starting therapy with CDCA there was an 
immediate cessation of diarrhoea in all patients and a dramatic improvement of subjective 
well-being [101] 

Motor and mental functioning 
All five patients had problems in motor functioning Delay in motor development was noticed 
in patients A, Β and C (Table 1 ) Patients C, D and E showed a mild pyramidal syndrome, and 
patients C and D also a mild cerebellar syndrome After one year of therapy no further decline 
in the motor functioning of patients A and Β was seen with an improvement in motor 
development and a diminishing tremor in patient C 

Mental functioning, measured by the IQ, was disturbed in patients A, Β and C In 
patients D and E the IQ was still normal After two years of therapy a slight improvement in 
IQ in patients A, Β and C was noted as well as a stabilization in patients D and E Five years 
after starting therapy, all patients are stable regarding to motor and mental functioning 

Neurophysiological investigations 
In all five patients the EEG before therapy showed the characteristics of a metabolic 
encephalopathy Except for patient Β the background rhytm consisted of theta activity In 
patient Β delta activity (3 Hz) was the dominating rhytm Paroxysmal very high voltage delta 
and theta discharges occurred spontaneously in all patients with no clinical signs of seizures 
During hyperventilation generalized sharp waves and bisynchronous slow waves were seen 
After one year of therapy the diffuse slow background activity had lessened and the 
paroxysmal delta and theta discharges activity decreased (patients C, D and E) or completely 
disappeared (patients A and B) Two years after starting therapy the EEG in patients C and E 
was also within the normal range, in accordance with age, in patient D there remained, 
reduced, sharp wave discharges One year later a normal EEG was seen 

Before therapy, EMG in patients A and Β showed normal motor and sensory conduction 
times SSEP, BAEP and VEP were normal in all patients before therapy and therefore were 
not repeated (Table 1 ) 

Neuroradiological investigations 
In patients A and Β brain CT-scans showed small hypodensities of the supratentonal white 
matter After one year of therapy on MRI-scan few 2 to 3 mm bilateral subcortical white 
matter lesions in the centrum semiovale and in the pons were seen in patient A and few 
bilateral symmetrical white matter lesions in the area around the trigonum in patient Β In 
both children, the cerebellum showed a normal anatomy and signal intensities In the patients 
C, D and E the MRI of the brain was normal before therapy 



Table 1. Our patients with CTX compared with thirteen children 
with CTX from literature [52,54,77,155.158] 

PATIENTS 

sex 

age of diagnosis 
clinical features 
diarrhoea 
bilateral cataract 
xanthoma 
pyramidal syndrome 
cerebellar syndrome 
polyneuropathy 
convulsions 
motor delay # 
1Q# 

A 

F 
7 

-|-
+ 

2y 3m \ 2y 2m 
70\72 

Β 

M 
12 

3y 6m \ 3y 
65\80 

C 

M 
13 

+ 
+ 
-

+ 
+ 
-

5y lm\4y7m 
70\80 

D 

F 
20 

+ 
+ 
-

+ 
+ 
-

112\116 

E 

F 
17 

+ 
+ 
. 

+ 
_ 
_ 

109\ 116 

present, -= absent, F = Female, M = Male 
# before therapy \ after two years of therapy 
lit (13) = 13 patients from literature 
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Table 2. Biochemical data before and after treatment 

PATIENT A PATIENT Β PATIENT C PATIENT D PATIENT E 

CDCA 
therapy before 1 year 2 years before 1 year 2 years before 1 year 2 years before 1 year 2 years before 1 year 2 years 

cholestanol* 45.4 11.1 7.2 63.3 15.8 8.4 58.1 6.3 2.7 74.2 14.2 4.3 41.6 9.5 4.3 
cholesterol # 3.5 3.8 3.4 4.3 5.5 3.7 2.7 2.4 2.4 4.2 3.5 3.3 3.4 3.1 3.1 
CCRt 1.31 0.29 0.21 1.48 0.29 0.23 2.19 0.38 0.11 1.76 0.31 0.13 1.21 0.4 0.14 

Normal values: 

* cholestanol: 3.3 - 12.5 umol/1 

# cholesterol: 2.6 - 5.2 mmol/1 

tCCR: 0.08-0.21% 
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Discussion 
Most of the patients with CTX described in the literature are adults; only thirteen children 
with CTX have been described (Table 1) [52,54,77,155-158]. Eleven children had cataract, 
five of them had pyramidal signs, and in seven children cerebellar signs were found. In none 
of these children diarrhoea is reported. All our patients had bilateral juvenile cataract and 
intractable diarrhoea which combination is almost pathognomonic for CTX. Cataract and 
diarrhoea generally seem to proceed neurological signs and tendon xanthomas [102]. This 
diarrhoea was previously stressed as an early symptom of CTX in children [90]. Since a 
considerable delay is often present between the first manifestation of CTX and the moment of 
diagnosis [102,104], an early diagnosis of this treatable disease is important in order to avoid 
irreversible neurological damage. 

In our study EEG abnormalities in children proved to be similar to those found in adults 
with CTX, namely diffuse irregular slow theta and delta activity with sharp wave discharges, 
which are characteristic and constant findings in CTX [47]. In all the patients the EEG 
improved after initiating CDCA treatment; in four cases it normalized within 1 to 2 years. 

In adults cerebral atrophy and deep cerebellar white matter lesions are found on CT and 
MRI scans [9,53]. In our children, we found supratentorial white matter lesions but no 
atrophy. These white matter lesions are probably areas of demyelination [53]. 

Therapy of CTX consists of CDCA administration. So far we have found no literature 
describing therapy follow-up in children with CTX. A beneficial clinical effect of CDCA 
therapy has been reported in adult CTX patients, in which the biochemical abnormalities were 
corrected [9,48,54,81]. Berginer et al. recently confirmed their findings that long-term therapy 
with CDCA arrest and possibly reverse the progression of CTX [9]. In our patients the 
immediate cessation of diarrhoea and the improvement in subjective well-being after starting 
treatment with CDCA, are striking. There was no further progression of neurological 
symptoms and signs and there was even a slight improvement in motor and mental 
functioning parallel to the normalization of the EEG and biochemical abnormalities, after one 
year of CDCA treatment with persistent improvement in the years following (patients A, Β 
and C). No progression of the cataract was seen (patients D and E). 

Experimental therapy using inhibitors of cholesterol synthesis has been tried in a few 
adult CTX patients [10-12,14]. The number of patients who have been treated is too small and 
the period of treatment too short to draw any conclusions as to whether this was a successful 
treatment or not. Short-term pravastatin treatment in children with familial 
hypercholesterolemia was found to be safe and effective [159], but there are no results yet 
known of long-term therapy with this type of drug in children with CTX. 

In summary, in this study we have proved that early treatment of children with CTX is 
beneficial as these patients, after starting treatment, showed an unequivocal clinical, 
neurophysiological and biochemical improvement. Early diagnosis and treatment must 
prevent irreversible neurological damage. 

Because radiological and neurophysiological investigations in oligosymptomatic 
patients are often normal or aspecific, prompt urine analysis for abnormal bile alcohols must 
be performed in children with chronic diarrhoea and cataract, which can be the presenting 
symptoms of CTX. Furthermore, all siblings of CTX patients should also be carefully 
investigated because of the chance of asymptomatic patients even in siblings older than the 
index case. 
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Abstract 
The effects of a combination of chenodeoxycholic acid (CDCA) and simvastatin on serum 
cholestanol, LDL cholesterol and lathosterol levels were investigated in seven adult patients 
with cerebrotendinous xanthomatosis (CTX), who had been on long-term treatment with 
CDCA. These patients were treated with a combination of CDCA, 750 mg daily and an 
increasing dose of simvastatin (from 10 mg up to 40 mg daily) for a period of six months. We 
found a significant effect of this combination therapy compared to CDCA alone regarding 
lowering the serum cholestanol and LDL cholesterol levels, in particular with a daily dose of 
40 mg simvastatin. The mean cholestanol level decreased from 9.27 μιτιοΙ/Ι (baseline) to 6.69 
μπιοΙ/Ι (40 mg of simvastatin), while the mean LDL cholesterol level decreased from 5.08 
mmol/1 (baseline) to 3.04 mmol/1 (40 mg of simvastatin). No side-effects were reported and 
there were no effects on the clinical condition, cerebral MRI, visual evoked potentials and 
electroencephalographic features. We conclude that a combination of 750 mg CDCA and 40 
mg simvastatin daily is effective for further reducing serum cholestanol, LDL cholesterol and 
lathosterol levels in adult CTX patients treated with long-term CDCA. Whether this 
combination treatment will be effective for the long-term prevention of neurological 
deterioration and atherosclerosis remains to be established. 
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Introduction 
Cerebrotendinous xanthomatosis (CTX) is a rare autosomal recessive lipid storage disease, 
characterized by abnormal bile acid synthesis caused by deficiency of the mitochondrial 
enzyme sterol 27-hydroxylase [8]. This deficiency leads to reduced synthesis of cholic acid 
and almost no production of chenodeoxycholic acid (CDCA). The absence of the negative 
feedback mechanism of cholic acid and CDCA on 7 α-hydroxylase - which is the rate limiting 
enzyme in bile acid synthesis - leads to an increased flux through the part of the bile acid 
synthesis pathway upstream to the metabolic block. Via the metabolite 
7a-hydroxycholesterol, this results in excessive production of cholestanol that accumulates in 
many tissues [32]. Via twenty-four and twenty-five hydroxylation bile alcohols are produced 
in CTX that are excreted in bile and urine. In CTX patients, cholesterol synthesis is also 
increased may be because of the reduced feedback inhibition of ß-HMG-CoA reductase in 
the liver by bile acids [32]. Ballantyne et al. found an enhanced fractional clearance of LDL, 
most likely due to an increased activity of hepatic receptors for LDL [160]. The biochemical 
diagnosis is made on the basis of elevated bile alcohol levels in urine and elevated serum 
cholestanol levels [35,114]. The clinical spectrum of CTX is characterised by premature 
bilateral cataracts, followed by neurological and neuropsychiatrie abnormalities and the 
formation of tendon xanthomas. Premature atherosclerosis is seen in many CTX patients [32]. 

Since 1975 CDCA has commonly been used as a therapy for CTX [7]. After starting 
CDCA therapy, there is a considerable decrease in the serum cholestanol level and a sharp 
decline in the excretion of bile alcohols in the urine. Long-term CDCA treatment is effective 
for CTX [9]. However, many patients deteriorate neurologically, despite CDCA therapy 
[76,82,84,85,161]. The exact pathogenesis of this neurological deterioration is still unknown. 
In the literature, comprising one trial and seven case studies there is limited information about 
the effect of ß-HMG-CoA reductase inhibitors on CTX patients [10-14,48,66,86]. To 
investigate whether the combination of CDCA and a ß-HMG-CoA reductase inhibitor would 
reduce serum cholestanol levels more than CDCA treatment alone, we administered a 
combination of CDCA and an increasing dose of simvastatin to seven adult CTX patients for 
a period of six months in an self-controlled trial. They had all been receiving long-term (at 
least seven years) CDCA treatment. The aim of this study was to evaluate the efficacy and 
tolerance of simvastatin in these patients, in particular the effects on the serum cholestanol, 
cholesterol, HDL and LDL cholesterol and lathosterol levels. We also monitored the clinical 
condition, the tendon xanthoma size, the cerebral MRI scan features, electroencephalography 
characteristics and visual evoked potentials before and after combination therapy. 
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Patients and methods 
Seven adult CTX patients who had been treated with 750 mg CDCA daily for a period 
ranging from 7 to 13 years were included in a self-controlled trial. The biochemical diagnosis 
of these patients was established by elevated plasma cholestanol levels or by elevated urinary 
bile alcohol excretion. Moreover, analysis of the sterol 27-hydroxylase gene revealed 
mutations on both alleles that have been described previously [17,97,99,103]. Clinical and 
biochemical features of the patients at the time of diagnosis are listed in Table 1. Owing to the 
rarity of this disease a randomised controlled trial was not possible. Pregnant or breast 
feeding female patients, patients with active liver disease or unexplained elevation of serum 
transaminase were excluded, as were patients with concurrent use of immunosuppressive 
drugs, nicotinic acid or fibric acid derivatives. 

Therapy with simvastatin was started at 10 mg daily for a period of four weeks. The 
dose of simvastatin was then doubled for another period of four weeks and after that, the daily 
simvastatin dose was increased once more with 10 mg for a four week period. Ultimately a 
daily dose of 40 mg was given for three months. After each 4-week period, the patients were 
evaluated clinically and biochemically. Then the simvastatin was stopped, while CDCA was 
continued; over the following three months biochemical analysis was done after each 4-week 
period. After completing the trial, the patient reverted to the medication regimen that was 
being used before the trial, until the trial data had been fully evaluated. The study was 
approved by the ethical committee and informed consent was obtained from each 
participating subject. 

Biochemical and technical studies 
Liver and renal function tests, creatine kinase, glucose, haemoglobin, leucocyte and 
thrombocyte counts were determined. The serum cholestanol and cholesterol levels were 
measured according to Koopman et al., using capillary gas chromatography on a CP Sil 19 
CB column [36]. Lathosterol levels, as a parameter of endogenous cholesterol synthesis, were 
measured according to Wolthers et al., using capillary gas chromatography on a CP Sil 5 
column [114]. The urinary excretion of bile alcohols was measured using capillary gas 
chromatography, essentially according to Wolthers et al. [35] and expressed per mmol 
creatinine. In order to avoid methodological differences in analysing the serum samples for 
cholestanol, cholesterol and lathosterol, these samples were frozen (-20 0C) and analysed 
within one analytical run. The same procedure was followed for the urine samples. 

Before and after six months of combination therapy the following investigations were 
done in six out of the seven patients: cerebral MRI (performed on 1.5 Τ including T, and T2 

weighted axial images), an electroencephalogram (EEG), checkerboard and flash visual 
evoked potentials (VEP) and an electrocardiogram (ECG). Also the volumes of the Achilles 
tendon xanthomas were measured with sagittal T, weighted MRI, before and after 
combination therapy. 

Statistics 
Statistical analyses were performed for serum cholestanol, cholesterol (including HDL and 
LDL cholesterol) and lathosterol levels and for the following ratios: serum 
cholestanol/cholesterol ratio (CCR), the LDL/HDL cholesterol ratio, the percentage of LDL 
and HDL in the total cholesterol level (%LDL, %HDL) and the serum lathosterol/cholesterol 
ratio (LCR). Differences in any of the parameters between successive doses of simvastatin 
and baseline were examined by two-sided paired Student t-tests. After this, separate two-way 
analyses of variance (ANOVA) (mixed model) were carried out on the increasing doses, the 
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repeated maximum doses and the repeated wash-out measurements for the parameters serum 
cholestanol, total cholesterol, LDL cholesterol and lathosterol levels, followed by a multiple 
comparison of all pairwise differences according to Scheffé [162]. Changes in the average 
volume of the xanthomas on both Achilles tendons before and after simvastatin therapy were 
examined by the two-sided paired Student t-test. 

Differences were considered to be statistically significant at a p-value of Ä 0.05. 
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Results 

Patients and technical investigations 
All the patients showed premature bilateral cataracts combined with neurological signs and 
symptoms (Table 1). Before entering the trial, six patients had white matter lesions on MRI, 
while five patients had mild to moderate cerebral atrophy. In six patients the EEG revealed 
diffuse slowing, while paroxysmal discharges were seen in three patients. The VEP showed 
prolonged conduction times in these six patients. 

All the patients completed the trial. No side-effects of simvastatin medication were 
reported and there was no increase in serum creatine kinase or transaminase. After six months 
of simvastatin therapy, there were no changes in the clinical condition, EEG, VEP, or the 
original abnormalities on cerebral MRI. A reduction in the tendon xanthoma volume was 
noticed in patients C and F, while the volume increased in one patient (case G). The mean 
volume of the bilateral Achilles tendon xanthomas before simvastatin therapy was 59 cm3 
and after six months 56 cm3; this mean reduction was not significant (p = 0.36). 

Serum lipids 
In Figure 1 the raw data of serum cholestanol, cholesterol, LDL cholesterol and lathosterol 
are given per monthly assessment. The mean values have been connected. In Table 2 the 
effects of simvastatin on all lipid parameters are shown. 

Before starting the trial medication, cholestanol levels were below the upper normal 
level of 12.5 μιτιοΐ/ΐ in all the patients, except for patient G (13.3 μπιοΐ/ΐ). Generally, there 
was a significant decrease in the serum cholestanol, cholesterol, LDL cholesterol and 
lathosterol levels compared to the baseline levels with each successive dose of simvastatin. 
This effect was most prominent at a daily dose of 30 mg or 40 mg simvastatin. Regarding 
HDL cholesterol, a significant increase was found at daily doses of 20 mg and 40 mg 
simvastatin. Similar results were observed with respect to the parameters LDL/HDL ratio, 
%LDL, %HDL and LCR. The parameter CCR remained essentially unchanged. Withdrawal 
of simvastatin resulted in an immediate change in the serum cholestanol, cholesterol, LDL 
cholesterol and lathosterol levels and there was no further significant deviation from baseline. 
An ANOVA on the measurements from the first phase with increasing doses (including the 
first month with a dose of 40 mg) showed that the serum cholestanol levels decreased 
significantly with simvastatin doses of 30 mg (ρ = 0.02) and 40 mg (ρ = 0.007) compared to 
the baseline levels. Serum cholesterol, LDL cholesterol and lathosterol levels decreased 
significantly with all the simvastatin doses of 10 to 40 mg (ρ s 0.01, ρ s 0.002, ρ s 0.04, 
respectively). No significant differences were found between the doses. An ANOVA on the 
measurements from the maintenance phase of 40 mg simvastatin (over a period of three 
months) did not show any significant shifts in the serum levels of these parameters. An 
ANOVA on the measurements after withdrawal of simvastatin only showed a significantly 
lower level of cholestanol in the last (third) month relative to the first (p = 0.03). 

It is to be expected that the distribution of the lipid parameters will be more or less 
skewed to the right. This was true of the data except for cholestanol, cholesterol, CCR and 
%LDL cholesterol. However, substitution of the paired t-tests by signed rank tests only 
showed minor deviations in the results. A similar conclusion could be drawn after performing 
the analyses of variance using square root transformation. 

During CDCA therapy and combination therapy, there was no measurable amount of 
urinary bile alcohol excretion (data not shown). 



Table 1. Clinical and biochemical features of the patients at the time of diagnosis, duration of CDC A therapy before entering the tnal and radiological 

and neurophysiological features before and after the trial medication 

Patient D 
sex 
Age (years) 

Age at diagnosis (years) 

Duration of CDC A therapy (years) 

Major systemic signs: 

cataract 
Achilles tendon xanthomas 

Neurological signs: 

epilepsy 

dementia 

corticospinal tract 
cerebellar 

polyneuropathy 

Biochemistry at diagnosis. 

serum cholestanol (3.3 - 12.5 μπιοΐ/ΐ) 

serum cholesterol (4.7 - 6.5 mmol/l) 

CCR (0.08-0.21%) 

urine bile alcohol excretion 

MR imaging findings 

T2 hyperintensity (demyelination) 

general atrophy: 

Achilles tendon xanthoma size: 

left (before/after) (cm3) 

right (before/after) (cm3) 

EEG findings 

diffuse slowing 

paroxysmal discharges 

VEPfmdings 

delayed Ρ 100 

female 
51 
44 

7 

yes 
yes 

+ 

+ 
++ 

+ 
+ 

33 

2.4 

1.3 
++ 

+ 

+ 

28.0/27.5 

0/0 

+/nc 

-/nc 

yes/nc 

male 
44 

37 

7 

yes 
yes 

+ 

+ 
++ 

-
+ 

83 

3.9 

2.1 
++ 

+ 

+ 

28.8/29.4 

24.9/26.0 

+/nc 

-/nc 

yes/nc 

male 
54 

41 

13 

yes 
yes 

-
+ 
++ 

+ 
+ 

229 

5.0 

4.6 
++ 

+ 

++ 

109/100 

143/137 

++/nc 

+/nc 

yes/nc 

female 
47 

34 

13 

yes 
yes 

+ 

++ 
++ 

++ 
+ 

299 

5.0 

6.0 
++ 

++ 

++ 

32.9/29.3 

11.2/7.3 

+/nc 

-/nc 

yes/nc 

female 
46 
40 

7 

yes 
no 

-

-
-

-

-

55 

5.1 

1.1 
++ 

na 

na 

na 

na 

na 

na 

na 

male 
58 

46 

11 

yes 
yes 

+ 

+ 
++ 

++ 
+ 

124 

5.3 

2.3 
++ 

++ 

++ 

104/90.8 

154/136 

++/nc 
+/nc 

yes/nc 

male 
40 

33 

7 

yes 
yes 

-

-
++ 

-
+ 

na 
na 

na 
++ 

+ 

-

22.5/33.8 

53.5/56.4 

+/nc 
+/nc 

yes/nc 

- = absent + ++ = mild moderate na = not available nc = no change after simvastatin treatment. 



Table 2 Mean plasma lipid and lipid ratios during successive months of gradually increasing doses of simvastatin (mg) followed by withdrawal in 7 CTX patients on 
long-term CDCA treatment Baseline values (0 mg) were compared to mean levels using paired Student t-tests 

Reference range 0 mg 10 mg 20 mg 30 mg 40 mg 40 mg 40 mg 0 mg 0 mg 0 mg 

Cholestanol 
Cholesterol 
HDL cholesterol 
LDL cholesterol 

LDL/HDL cholesterol ratio 
0/oHDL/cholesterol 
%LDL/cholesterol 

Lathosterol 
Lathosterol/cholesterol ratio 

3 3 - 12 5μτηο1/Ι 
4 7 - 6 5 mmol/1 

9 27 
6 76 

0 95 - 1 70 mmol/1 1 18 
< 4 7 mmol/1 

0 0 8 - 0 2 1 % 

5 08 

3 98 
177 
74 6 

0 134 

5 9 
0 86 

7 87 
5 5 7 * 
1 32 
3 8 0 * 

2 7 6 * 
23 8 * 
68 1 * 

0 139 

4 1 * 
0 74(*) 

7 6 3 * * 
< 44 ** 
D φ 

3 59 *** 

6 9 9 * 
4 6 7 * * 
120 
3 02 *** 

Φ 
2 18, *** 2 4 0 * * 

26 0 φ ** 
65 1 ** 

0 140 

3 8 * * 
0 6 7 * 

26 3 ** 
63 8 * * * 

0 147 

3 0 * * 
0 6 4 * 

6 6 9 * * 
4 8 0 * * 
1 2 9 * 
3 04 *** 

2 2 0 * * * 
27 2 * * * 
62 8 *** 

0 139 

3 2 * * 
0 6 6 * 

7 00* 
4 9 0 * * * 
1 40(*) 
2 9 8 * * * 

2 02 *** 
28 8 * * * 
60 2 * * 

0 143 

2 9 * * 
0 5 7 * * 

691 * 
4 9 4 * * 
1 2 9 * 
3 2 2 * * 

221 *** 
27 0 * * * 
64 1 *** 

0 140 

2 9 * * 
0 5 9 * * 

8 90 
7 14 
126 
5 32 

3 92 
18 1 
73 9 

0 127 

5 9 
0 83 

8 34 
6 73 
1 16 
5 03 

3 95 
177 
73 9 

0 126 

6 4 
0 96 

7 87(11 

6 87 
123 
5 14 

3 81 
185 
73 8 

0 114 

7 1 
102 

(*) 0 05 < ρ < 
001 < p < 
0 001 < p < 
p i 0 001 

0 10 
0 05 
001 

Φ 
η = 5 In two of the seven patients these results could not be obtained 
Lathosterol levels, normal values 4 

normal subjects (n = 22) 5 70 ± 2 47 μιηοΐ/ΐ 
untreated CTX patients (n = 13) 26 05 ± 11 03 μιηοΐ/ΐ 
CTX patients on CDCA treatment (n = 13) 6 34 ± 4 06 μιηοΐ/ΐ 
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Figure 1. Serum lipid levels during combination therapy and wash-out of simvastatin. 
Each dose level, as indicated along the horizontal axis, was administrated for one month. 

a. Cholestanol (μηιοΐ/ΐ) 

b. Cholesterol (mmol/1) 

5 i m v » s t a t i n do 

F»Qur-e ID 

IO 

I , 
ο 
I • 
m e 
m 
ο 
δ 

S ì m v i i t « t i r t d o · · (ngl 



86 

e. LDL cholesterol (mmol/1) 

O 

o 
o 

Ν o 

o 

o 

o 

\ : 

ν o 

o 
o 

o 

o 

o'"" 

o 

o 

o 

o 
o 

θ 
o 
o 

o 
o 

β 
o 

o 

o 

© 

o 
o 

o 

o 

o 

0 / 
0 / 

0 
0 

0 

0 

0 
0 

/o 

/ 0 

0 

0 

0 
0 

0 

0 

0 

0 

0 

8 
0 

0 

0 

0 

10 M 

d. Lathosterol (μιποΐ/ΐ) 

imvBStBtin Oose {mg) 

Simvaatatjn dos· (ngl 



87 

Discussion 
In seven adult CTX patients treated wih long-term CDCA, we found a significant reduction in 
serum cholestanol, LDL cholesterol and lathosterol levels with a combination of 750 mg 
CDCA and 30 or 40 mg simvastatin daily During combination therapy, no clinical effects or 
changes in the Achilles tendon xanthoma size, EEG, VEP or cerebral MRI were seen This 
was not unexpected, because the duration of combination therapy was short in relation to the 
disease duration in these patients Besides, most of these patients were in an advanced stage 
of CTX and probably had irreversible neurological damage 

In the literature several compounds have been administered to CTX patients, e g 
cholestyramine, but these led to increased levels of cholestanol [7] Ursodeoxycholic acid, 
cholic acid and taurocholic acid also had been given to CTX patients [81] Since 1975 
chenodeoxycholic acid (CDCA) has been used as a therapy for CTX [7] and has been proven 
to be biochemically and clinically effective [9,54,88] After starting CDCA therapy, there is a 
considerable decrease in the serum cholestanol level, often with a slight increase in serum 
cholesterol levels [9] This effect is accompanied by a sharp decline in the excretion of bile 
alcohols in the urine of CTX patients [35,112] There is obviously a long wash-out period for 
cholestanol, a compound with a large body distribution volume In most of our patients we 
found a gradual decline in the serum cholestanol levels during the first two years of CDCA 
therapy In two of our patients we increased the dose of CDCA to 1000 mg/day, without any 
further effect on the serum cholestanol levels (data not shown) 

The most effective inhibitor of cholestanol production is a combination of CDCA with a 
ß-HMG-CoA reductase inhibitor Salen et al showed that ß-HMG-CoA reductase inhibitor 
therapy without CDCA does not effectively decrease the serum cholestanol levels and the 
production of bile alcohols [13] 

In the literature there is limited information about the effect ß-HMG-CoA reductase 
inhibitors on CTX patients Only one trial has been reported in which pravastatin in 
combination with CDCA was administered to seven patients [14] There were also some case 
reports using lovastatin [13], simvastatin [86], both lovastatin and simvastatin [12], 
pravastatin [11,66] and mevinolm [10,48] In the study by Kunyama et al, CTX patients who 
were treated with CDCA alone did not have any significant further reduction in their scrum 
cholestanol levels when pravastatin (10 mg daily) was added for a period of 6 or 7 months 
However, their serum lipid spectrum became more anti-atherogenic with the combination 
therapy [14] This anti-atherogenic effect, ι e , lowering of the LDL cholesterol levels with an 
increase in HDL cholesterol levels, was also found in our patients In all these reports 
[10-14,48,66,86], ß-HMG-CoA reductase inhibitor therapy was started soon after the 
diagnosis was made To our knowledge no trials have been done after long-term treatment 
with CDCA The results of the trials reported may therefore have been influenced by the 
cholestanol wash-out that always occurs in CTX patients during the first two years of CDCA 
therapy Therefore, there is doubt about whether the cholestanol changes observed in these 
studies were caused by the ß-HMG-CoA reductase inhibitor therapy In order to avoid this 
cholestanol wash-out bias in our study, we included CTX patients who had been treated with 
CDCA alone for at least seven years We believe that combination therapy would be 
clinically beneficial to CTX patients in earlier stages of the disease, because further lowering 
of an already normal serum cholestanol level will facilitate the long-term wash-out of 
cholestanol from the central nervous system [88] In addition, a reduction in LDL cholesterol 
will reduce the risk of premature atherosclerosis in CTX patients As premature 
atherosclerosis is part of the clinical spectrum of CTX, this is an important finding In our 
patients we have observed a significant decrease in serum cholestanol with the combination 
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of CDCA and simvastatin Theoretically, increased expression of LDL receptors induced by 
simvastatin could lead to a decrease in serum cholestanol and LDL cholesterol through an 
increase in tissue uptake of cholestanol If this is true, simvastatin treatment potentially could 
have negative effects Studies in mice [163], and a study in patients with familial defective 
apolipoprotein B-100 [164], however, present evidence that the major LDL lowenng effect of 
simvastatin is associated with decreased LDL synthesis rather than with enhanced LDL 
receptor clearance We did not observe any negative side effects (liver function parameters, 
EEG or tendon xanthoma volume changes) during simvastatin treatment We found a sharp 
decrease in serum lathosterol levels reflecting effective inhibition of endogenous cholesterol 
synthesis [114] For these reasons we do not think that LDL receptor upregulation plays a 
significant role in lowering of cholestanol levels in our patients 

During the maintenance phase with 40 mg simvastatin daily, there was no further 
decrease in the serum cholestanol, LDL cholesterol and lathosterol levels After withdrawal of 
simvastatin, the serum cholestanol, LDL cholesterol and lathosterol levels had returned to 
baseline levels within one month Therefore, it is unlikely that a 10 mg daily dose of 
simvastatin for 4 weeks had any significant effect on the decrease in cholestanol at higher 
doses No effect was seen on the urinary excretion of bile alcohols, but the amount excreted 
was already minimal during CDCA therapy 

Our patients did not report any adverse effects of simvastatin during the six month 
treatment period, but a long-term evaluation in more CTX patients is needed to establish the 
potential side effects In the literature, patients experienced rhabdomyolysis during 
simvastatin therapy [165] 

We conclude that in adult CTX patients on long-term CDCA treatment, a combination 
of 750 mg CDCA and 30 or 40 mg simvastatin daily effectively reduced the serum 
cholestanol, LDL cholesterol and lathosterol levels Whether this combination treatment will 
be effective for long-term prevention of neurological deterioration and severe atherosclerosis 
without the occurrence of side effects, remains to be established 
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Abstract 
This report concerns two new mutations in the sterol 27-hydroxylase gene in two patients 
with cerebrotendinous xanthomatosis (CTX) In a Surinam-Creole patient (patient A), a G 
deletion on position cDNA 546/547 in exon 3 led to a frameshift and the introduction of a 
premature termination codon In a Dutch patient (patient B), a C -*• Τ transition on position 
496 in exon 3 also led to a premature termination codon Patient A was homozygous for the 
mutation, patient Β was compound heterozygous, in exon 6 on position 1204, a C -*• Τ 
transition was also found The two new mutations were confirmed by restnction analysis with 
the restnction enzymes Fok I and Mae I respectively 
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Introduction 
Cerebrotendinous xanthomatosis (CTX; McKusick 213700), first described by van Bogaert et 
al. in 1937 [1], is a rare autosomal recessive lipid storage disease. The disease is characterised 
by an abnormal bile acid synthesis caused by a deficiency of the mitochondrial enzyme sterol 
27-hydroxylase (CYP 27) [8]. This deficiency leads to a reduced synthesis of cholic acid; at 
the same time almost no chenodeoxycholic acid (CDC A) is produced. The absence of the 
negative feedback mechanism of CDC A on 7 α-hydroxylase - the rating enzyme in bile acid 
synthesis - leads to an excessive production of cholestanol that accumulates in many tissues 
[32]. In CTX bile alcohols are produced via 24 and 25 hydroxylation of 5 ß-cholestane-3a 
,7α, 12α -triol. The biochemical diagnosis is made by determination of bile alcohols in urine 
and by the determination of the serum cholestanol/cholesterol ratio (CCR) [35,114]. 

The clinical characteristics of CTX are premature bilateral cataract, formation of tendon 
xanthomas and neurological and neuropsychiatrie abnormalities i.e. pyramidal and cerebellar 
signs, peripheral neuropathy and dementia. [32] Although in many patients the disease 
manifests itself in childhood, the diagnosis CTX is rarely made before the age of 20. As early 
treatment with chenodeoxycholic acid is able to stabilize or even reverse the disease in its 
initial stage [9,54], it is important to consider CTX as early as possible. 

In 1989 Andersson et al. brought to light the cDNA which encodes the rabbit 
mitochondrial CYP 27, a member of the mitochondrial cytochrome P450 enzymes. [166] In 
1991 Cali et al. cloned the cDNA for the human CYP 27 and localised its gene on 
chromosome 2 (q33-qter) [16]. The structure of the CYP 27 gene was described by 
Leitersdorf et al. in 1993 [18]. 

Up to the present, 14 different mutations have been described in the CYP 27 gene in CTX 
patients. This report describes two new mutations which were found in the CYP 27 gene in 
two patients with CTX. 

Patients 

Patient A 
This 35 year old woman presented with Achilles tendon xanthomas at the age of seventeen. 
From that time on she subsequently developed a visual impairment caused by bilateral 
cataract. Her cognitive function gradually deteriorated; psychiatric disturbances and epilepsy 
developed. The diagnosis of CTX was made at the age of 33 by determination of a high 
concentration of bile alcohols in urine (5 ß-cholestane-3a, 7α , 12α , 23α, 25α - pentol and 
5ß-cholestane-3a, 7α , 12α , 24α, 25α - pentol). She had four healthy brothers. 

Patient Β 
This 56 year old woman was diagnosed as a CTX patient after sixteen years of progressive 
spastic tetraparesis and severe mental deterioration. No xanthomas were present. She was 
operated on for a bilateral cataract at the age of 34. The urinary bile alcohol concentration 
was indicative of CTX and the diagnosis was confirmed by determination of the serum level 
of cholestanol: 70.5 μπιοΐ/ΐ (normal range 3,3-12,5 μιηοΐ/ΐ) and the serum 
cholestanol/cholesterol ratio (CCR) which was 1.57% (normal range 0,08-0,21%). The patient 
has four brothers. It was possible to examine only two of the patient's four brothers; these two 
did not have CTX. 

Materials and methods 
The CCR in serum was measured according to Wolthers et al. [114], using capillary gas 
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chromatography on a CP wax 52 CB column (25 m, 0 2 mm internal diameter. Chrompack, 
Middelburg, The Netherlands) The urinary excretion of bile alcohols was measured using 
capillary gas chromatography, mainly according to Wolthers et al [35] 

The CYP 27 gene was amplified in four fragments (exons 1, 2, 3-5 and exons 6-9), by the 
polymerase chain reaction (PCR) from genomic DNA of leukocytes Exons 3-9 with their 
intron boundaries were subsequently amplified separately, with the two PCR fragments 3-5 
and 6-9 as a template Primers used for PCR amplification and sequence analysis of exon 3 
were 
forward primer, 5-GCTTATCTTTGTGCTGTTCCTCTGC-3, 
reverse pnmer, 5-GAGCACAACCTCTCCCTGACCCATT-3 [18] 

The amphmers thus obtained were subjected to single strand conformation polymorphism 
(SSCP) analysis using the Pharmacia Phast System 

Run conditions for patient A were 12 5% Polyacrylamide gel, 4 C, 400 V, 5 0 mA, 1 0 W, 
325 Vh Run conditions for patient Β were 20% Polyacrylamide gel, 20 C, 400 V, 5 0 mA, 
1 0 W, 300 Vh 

Cycle sequencing 1) of the coding and the non-coding strands of exon 3 was carried out by 
the Taq Dye Deoxy Terminator method using an ABI DNA sequencer (Applied Biosystem 
type 377) The amphmers of exon 3 of patient A and of her mother were digested with the 
restriction enzyme Fok I that splices the normal exon, the amphmer of exon 3 of patient Β 
was digested with the restriction enzyme Mae I that splices the mutant exon 

Results 

Patient A 
SSCP analysis of the amphmer of exon 3 showed bands not present in the controls In the 
SSCP of the mother we found the same pattern, combined with that of a normal control 
amphmer (Fig la) The father was unknown 

Direct sequencing of the exon 3 of patient A demonstrated a G deletion on position 546 or 
547 (Wildtype Nucleotide Sequence cDNA 541-551 TATACGGATGC, Mutant Nucleotide 
Sequence cDNA 541-550 TATACGATGC) This base pair deletion leads to a frameshifl and 
a premature termination codon TGA at position 563-565 (Wildtype Nucleotide Sequence) 
We were able to confirm the mutation by means of restriction enzyme analysis with Fok I that 
splices the normal exon (Fig lb) The patient was homozygous for this mutation In 59 
controls the mutation was not found 

Patient Β 
SSCP analysis of the amphmer of exon 3 showed one abnormal band combined with those of 
a normal control amplimer (Fig 2a) 

Direct sequencing of the exon 3 demonstrated a C -• Τ transition on position 496 
(Wildtype Nucleotide Sequence cDNA 487-498 CAGCTGCGCCAG Mutant Nucleotide 
Sequence cDNA 487-498 CAGCTGCGCTAG) This transition changes codon 126 to a 
premature termination codon We were able to confirm the mutation by means of restriction 
enzyme analysis with Mae I that splices the mutant exon (Fig 2b) In 59 controls the mutation 
was not found 

In this patient a second mutation, a C -»• Τ transition, was found in exon 6 on position 1204 
by means of SSCP analysis, direct sequencing and restriction analysis with the enzyme Aci I 
(data not shown) 
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Discussion 
Up to the present, 14 mutations have been reported in the CYP 27 gene of CTX patients eight 
missense mutations [17,86,99,167-169], two deletions and one insertion leading to a 
frameshift [18,94,158], one splice acceptor site mutation [18], one premature termination 
codon [124] and one partial deletion of the gene [170] Of these 14 mutations, one is in exon 
1, three in exon 2, one in exon 4 and one in intron 4, two in exon 5, one in exon 6, one in exon 
7 and three in exon 8 The partial deletion of the gene spans the region from intron 6 to the 3' 
flanking region eliminating the exons 7, 8 and 9 [170] 

In this study two clinically-established CTX cases were investigated for mutations in the 
CYP 27 gene DNA from both patients was PCR amplified with primers targeted at exons 1-9 
of this gene SSCP analysis of exon 3 of patient A and of exon 3 and exon 6 of patient Β 
showed an abnormal migration pattern Direct sequencing of these exons demonstrated three 
mutations 

In exon 3 of patient A, there was a (cDNA) 546/547 G deletion leading to a frameshift 
with the introduction of five different amino acids (Met-Leu-Ser-Met-Arg) and a premature 
termination codon in exon 3 The patient is homozygous for this mutation 

In exon 3 of patient B, a 496 C -»· Τ transition changed codon 126 into a premature 
termination codon 

In this patient, a second mutation, a 1204 C -* Τ transition, was found in exon 6 This 
missense mutation was described by Cali et al in 1991 [17] It is very likely that this patient 
is therefore a compound heterozygote for these mutations 

As the conserved parts of the gene are located in the regions of exon 6-8, the expressed 
enzymes in both mutations lack a stretch of amino acids essential for the enzyme's function 

1) The cDNA sequence and the amino acids are numbered according to Cali et al [16] 
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292 

Figure 1. Patient A 

A. SSCP. Lane 1 control amplimer, lane 2 heterozygous mother, lane 3 patient Α. 

Β. Agarose gel (4%) electrophoresis of the amplimers of the control exon 3 before (lane 1) 
and after (lane 2) digestion with Fok 1 that splices the 292 base pair amplimer in two 
fragments of 166 and 126 base pairs. Lane 3 amplimer of exon 3 after digestion with Fok I of 
the mother, lane 4 amplimer of the patient. Lane 5 is a 50 base pair marker. 
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Figure!. Patient Β 

A. SSCP. Lane 1 control amplimer, lane 2 patient B; the arrow indicates the double band. 

B. Agarose gel (4%) electrophoresis of the amplimers of the normal exon 3 before (lane 1) 
and after digestion with Mae I (lane 2). The 292 base pair amplimer of patient Β (lane 3) is 
spliced in two fragments of 230 and 62 base pairs (lane 4). Lane 5 is a 50 base pair marker. 
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CHAPTER 11 

Exon skipping in the sterol 27-hydroxylase gene leads 
to cerebrotendinous xanthomatosis 

A Vemps, G C H Steenbergen-Spanjers, J A F M Luyten, R A Wevers, J H J Wokke, F 
J M Gabreels, Β G Wolthers, L Ρ W J van den Heuvel 

Human Genetics 1997;100:284-286 
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Abstract 
We report a new mutation in the sterol 27-hydroxylase (CYP 27) gene in a Dutch family with 
cerebrotendinous xanthomatosis (CTX) a g -»• a transition in the splice donor site in intron 4 
This mutation leads to skipping of exon 4, resulting in a loss of 66 amino acids in the CYP 27 
enzyme molecule 

The nucleotide sequence data have been deposited with the Genome Data Base and are 
available under the accession number G00-700-058 
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Introduction 
Cerebrotendinous xanthomatosis (CTX) is a rare autosomal recessive lipid storage disease 
characterised by a disturbed bile acid metabolism caused by a deficiency of the mitochondrial 
enzyme sterol 27-hydroxylase (CYP 27) Deficiency of this enzyme leads among other things 
to an excessive production of cholestanol that accumulates in many tissues [32] The clinical 
spectrum of CTX is characterised by premature bilateral cataract, followed by neurological 
and neuropsychiatrie abnormalities and formation of tendon xanthomas [32] In children the 
combination of bilateral cataract and intractable diarrhoea is indicative of CTX [90] 

The cDNA which encodes the rabbit mitochondrial CYP 27, a member of the 
mitochondrial cytochrome P450 enzyme family, was elucidated in 1989 by Andersson et al 
[166] 1989) In 1991 Cali et al cloned the cDNA of the human CYP 27 and localised its gene 
on chromosome 2 (q33-qter) [16] The structure of the human CYP 27 gene was elucidated by 
Leitersdorf et al [18] 

In the Netherlands, 39 CTX patients out of 18 families have been identified up to the 
present This report describes a new splice site mutation in the CYP 27 gene in the Dutch 
CTX population, a mutation which was found in three patients from one family 
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Material and methods 

Subjects 
The clinical and biochemical characteristics of the patients (from non-consanguineous 
parents) are described in table 1. The difference in phenotypic expression between the three 
siblings is remarkable. An intractable diarrhoea, a symptom rarely reported in adult CTX 
patients, was present in patient A. Clinical signs and symptoms were most severe in patient B: 
she had severe Parkinsonism, a syndrome that has been previously reported in CTX patients 
[58,62]. The frequently-described cerebellar signs were absent in patient C. 

Table 1. Clinical characteristics and serum cholestanol and cholesterol levels 
of the patients at the moment of diagnosis. 

Patient 
sex 
age 
age at diagnosis 
Major systemic signs: 
cataract 
achilles tendon xanthomas 
diarrhoea 
Neurological signs: 
low intelligence/dementia 
epilepsy 
parkinsonism 
dysarthria 
pyramidal signs 
cerebellar signs 
dorsal column involvement 
peripheral neuropathy 
Other systemic signs: 
coronary artery disease 
pulmonary disease 
osteomalacia 
Biochemical findings 
serum cholestanol (3,3-12,5 umol/1) 
serum cholesterol (2,6-5,2 mmol/1) 

A 
female 
51 
44 

++ 
++ 
++ 

+ 
+ 
-
-
+ 
+ 
+ 
+ 

-
-
-

33 
2.4 

Β 
female 
48 
41 

++ 
++ 
-

+++ 
+ 
+++ 
+++ 
++ 
++ 
++ 
+ 

-
-
-

80 
4.4 

C 
male 
44 
37 

++ 
++ 
-

+ 
+ 
-
-
+ 
-
+ 
+ 

-
-
-

83 
3.9 

+ = mild 
++ = moderate 
+++ = severe 

= absent 
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Biochemical analysis 
The cholestanol and cholesterol levels in serum and the urinary excretion of bile alcohols 
were measured according to Wolthers et al, using capillary gas chromatography [35,114] 

Mutation detection and restriction analysis 
The CYP 27 gene was amplified in four fragments (exons 1, 2, exons 3-5 and exons 6-9), by 
the polymerase chain reaction (PCR) from genomic DNA of leukocytes Exons 3-9 with their 
intron boundaries were subsequently amplified separately, with the two PCR fragments 3-5 
and 6-9 as a template [93] The oligonucleotides used as primers for PCR amplification and 
for sequence analysis are those mentioned in a publication by Leitersdorf et al [18] 

The amplimers thus obtained were subjected to single strand conformation polymorphism 
(SSCP) analysis using the Pharmacia Phast System 

Cycle sequencing of the coding and the non-coding strands of all amplimers was carried 
out by the Taq Dye Deoxy Terminator method using an ABI 377 DNA sequencer 

RNA (5 μg) from cultured fibroblasts was reverse transcribed to cDNA in 1 hr at 42oC 
with 200 units of superscript II reverse transcriptase (Life Technologies, Breda, The 
Netherlands), using oligo (dT) and random hexamer primers PCR amplification of the cDNA 
exon 3 - exon 6 region was performed according to established procedures [171] The 
oligonucleotides used as primers were 
forward pnmer (S'-GGAAGGACACCACTGGTACCAGC-S', cDNA position 468-490) in 
exon 3, reverse primer (S'-CGCAGAGTCTCCTTAAGCACAGC-S', cDNA position 
1205-1183) in exon 6 The obtained amplimer was used for agarose gel electrophoresis and 
for DNA sequence analysis as described above 

Results 
SSCP analysis of the amplimer of exon 4 displayed bands in the three patients, which were 
not present in the controls In the SSCP of the parents, this pattern was present together with 
that of a control amplimer (Fig 1 A) Direct sequencing of the exon 4 demonstrated a g -»• a 
transition on position 865 + I ) This mutation was confirmed by means of restriction enzyme 
analysis with Hph I that spliced the normal amplimer of exon 4 into 3 fragments of 245, 40, 
and 12 base pairs, and the amplimer with the mutation into two fragments of 285 and 12 base 
pairs (fig IB) In 58 controls this mutation was not found 

The functional significance of the splice site mutation was further analysed by agarose gel 
electrophoresis of the cDNA exon 3 - exon 6 amplimer The cDNA amplimer of patient Β 
was smaller than that of the wildtype cDNA (Fig IC) A skipping of exon 4 resulting in a 
conjunction of exon 3 and exon 5 was found by sequencing this amplimer (Fig ID) 



102 

Discussion 
In this study three clinically well-characterised CTX patients from one family were 
investigated for mutations in the CYP 27 gene. 

Several mutations have previously been reported in CTX patients. Three mutations in 
splice sites affecting normal splicing have been found [18,103]. In the present communication 
we present a novel splice site mutation: a g a transition on cDNA position 865 + 1 (intron 4), 
resulting in skipping of exon 4. This leads to a loss of 198 base pairs in the mRNA and of 66 
aminoacids in the enzyme molecule. The patients were homozygous for this mutation. 

The loss of 66 amino acids in the enzyme molecule must lead to a considerable deficiency 
in the enzyme activity. The late onset of the disease in these patients is an indication that this 
part of the enzyme molecule is not pivotal for its activity. This is in accordance with the 
finding that the conserved part of the gene is located in the exon 6 - exon 8 region [18]. The 
presence of this splice site mutation in the homozygous form results in an intrafamilial 
phenotypic variability (Table 1 ) that points to a contribution of other factors to the phenotypic 
expression. As the phenotype of CTX is highly variable, even within a family with the same 
mutation, it is important to search for the relevant mutation in family members with atypical 
signs and symptoms. 

1) The cDNA sequence and the amino acids are numbered according to Cali et al. [16]. 
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ure 1 
SSCP (12.5% Polyacrylamide gel, 4 C, 400V, 5.0 mA, 1.0 W, 300Vh) of the amplimer of exon 4. Lane 1: control, lane 2: mother, lane 3: 
father, lane 4: patient. 
Polyacrylamide (6%) gel electrophoresis of the amplimer of exon 4. Lane 1 : control before, lane 2: control, lane 3: mother, lane 4: father, 
lane 5: patient after digestion with Hph I. 
Agarose (2%) gel electrophoresis of exon 3 - exon 6 cDNA of patient B. Lanes 2, 4 and 5: control amplimers, lane 3: amplimer of 
patient Β (lane 1: 100 base pair marker). 
Sequence of the cDNA exon 3 - exon 5 conjunction area of the exon 3 - exon 6 amplimer. 
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CHAPTER 12 

Clinical and molecular genetic characteristics of patients 
with cerebrotendinous xanthomatosis 

A.Verrips, E.H. Hoefsloot, G.C.H. Steenbergen, J.P. Theelen, R.A. Wevers, F.J.M. Gabreëls, 
B.G.M. Van Engelen, L.P.W.J. van den Heuvel 
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Abstract 
Cerebrotendinous xanthomatosis is a lipid storage disease caused by a deficiency of the 
mitochondrial enzyme 27-sterol hydroxylase, due to mutations in its gene. In this study we 
report on mutations in 58 patients with cerebrotendinous xanthomatosis out of 32 unrelated 
families. Eight of these were novel mutations, two of which were found together with two 
already known pathogenic mutations. Twelve mutations found in this patient group have been 
described in the literature. In the patients from 31 families, mutations were found in both 
alleles. In one family, two mutations were found together in one allele. 

In the literature, 28 mutations in 67 patients with cerebrotendinous xanthomatosis out of 44 
families have been described. Pooling our patient group and the patients from the literature 
together, 37 different mutations in 125 patients out of 74 families were obtained. Identical 
mutations have been found in families from different ethnic background. In 41% of all the 
patients, 27-sterol hydroxylase gene mutations are found in the region of exons 6 - 8. This 
region encodes for adrenodoxin and heme binding sites of the protein. 

Of these 125 patients, a genotype-phenotype analysis was done for 79 homozygous 
patients out of 45 families, harbouring 23 different mutations. The patients with compound 
heterozygous mutations were left out of the genotype-phenotype analysis. The 
genotype-phenotype analysis did not reveal any correlation. 
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Introduction 
Cerebrotendinous xanthomatosis (CTX) is a rare, autosomal recessive, lipid storage disease 
caused by a deficiency of the mitochondrial enzyme 27-sterol hydroxylase (CYP 27). Because 
of this deficiency, large amounts of cholestanol and cholesterol arc produced. These 
metabolites accumulate in many tissues, especially the eye lenses, the central nervous system 
and the muscle tendons. Besides the cholestanol and cholesterol production, large amounts of 
bile alcohols are produced in CTX, which are excreted in urine. Clinical characteristics of 
CTX are premature bilateral cataracts, formation of tendon xanthomas, most often in the 
Achilles tendons, neurologic and neuropsychiatrie abnormalities such as pyramidal and 
cerebellar signs, peripheral neuropathy and dementia [32]. Most patients have cerebellar signs 
and dementia from the age of 20 onwards. In childhood, the combination of bilateral cataracts 
and diarrhoea is almost pathognomonic for the disease [90,91]. The biochemical diagnosis is 
made by determination of the serum cholestanol level and by the determination of bile alcohol 
excretion in unne [35,114]. 

In 1989 Andersson elucidated the cDNA encoding the rabbit mitochondrial CYP 27 
starting with the rabbit enzyme protein which is a member of the mitochondrial cytochrome 
P- 450 enzymes [166]. In 1991, the cDNA for the human CYP 27 was isolated by hybridising 
the rabbit cDNA to a liver cDNA library and its gene was localised on the long arm of 
chromosome two [16]. The genomic structure of the CYP 27 gene was elucidated in 1993; the 
gene contains nine exons and eight introns and spans 18.6 kilobase of DNA [18]. The mature 
enzyme consists of 498 amino acids and contains putative binding sites for adrenodoxin and 
heme; these sites are encoded for by the region between the exons 6 - 8 [18]. The enzyme is 
expressed in the central nervous system, liver, lung, duodenum and endothelial cells [84]. In 
1991, the first mutations in the CYP 27 gene were described [17]. 

In this paper, we present the phenotypes and the genotypes (including eight novel 
mutations) of 58 patients with CTX out of 32 families, of which 21 were Dutch families, the 
largest series ever reported. We have reviewed the literature and identified 67 additional CTX 
patients out of 44 families in whom the genotype had been established. Finally, we have 
performed a genotype-phenotype analysis for 79 homozygous patients out of 45 families, 
harbouring 23 different mutations. 

Methods 

Patients 
Between 1983 and 1998 the clinical and biochemical information of 42 Dutch CTX patients, 
of which seven were children, out of 21 families in the Netherlands have been collected. DNA 
from these 42 patients and from 16 CTX patients out of 11 families from the United 
Kingdom, Belgium, Spain, Tunisia, Germany and China were also analysed. All patients had 
elevated serum cholestanol levels and an excessive urinary excretion of bile alcohols, 
measured according to Wolthers et al., using capillary gas chromatography [35,114]. 
Informed consent was obtained from each participating subject or the parents of the younger 
children. 

Mutation analysis 
The CYP 27 gene was amplified in four fragments (exons 1, 2, exons 3-5 and exons 6-9), by 
the polymerase chain reaction (PCR) from genomic DNA of leukocytes. Exons 3-9 with their 
intron boundaries were subsequently amplified separately, with the two PCR fragments 3-5 
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and 6-9 as a template [93] The oligonucleotides used as primers for PCR amplification and 
for sequence analysis are those described by Leitersdorf [ 18] Human genomic DNA from 
patients from these 32 families have been screened for mutations in the CYP 27 gene by 
single strand conformation polymorphism (SSCP) analysis using the Pharmacia Phast 
System, or were directly sequenced Cycle sequencing of the coding and the non-coding 
strands of all amplimers was carried out by the Taq Dye Deoxy Terminator method using an 
ABI 377 DNA sequencer 

To analyse the effects of the splice site mutations RNA from cultured fibroblasts was 
reverse transcribed to cDNA according to established procedures [97,171] The CTX cDNA 
was amplified by PCR and the obtained amplimers were used for agarose gel electrophoresis 
and for DNA sequence analysis as described above The segregation of novel mutations has 
been studied in members of the families 6, 14, 16, 21, 28, 31, and 32 (Table 1) In the families 
24 and 30 no family members could be evaluated 

Results 

Patients 
The clinical characteristics of 54 patients are listed in Table 1 In ten of the 32 families, three 
patients are present, in six families two patients Sixteen patients are sporadic cases Accurate 
clinical information could not be obtained in two families (19 and 29) The phenotypes of the 
families 2 - 8, 10, 12 - 16, 24, and 31 have been described in previous publications In two 
families (family 16 and 18) consanguinity is present in both families the parents are first 
cousins Among the general signs, bilateral premature cataracts are present in 90% of the 
patients, tendon xanthomas in 45%, and intractable diarrhoea in 33% Among the most 
frequent neurological signs were pyramidal (67%) and cerebellar signs (60%) and low 
intelligence (57%) Epilepsy and peripheral neuropathy both were present in 24% of the 
patients An explanation for the high prevalence of diarrhoea in our patient group in contrast 
to the literature may be the fact that it is generally not known that diarrhoea is an important 
phenomenon in this mainly neurological disease In all patients, excessive amounts of bile 
alcohols in unne could be determined In the patients in whom the serum cholestanol levels 
were determined, elevated levels were found Cranial MR imaging findings were available in 
34 patients In two-third of the patients a global atrophy and parenchymal lesions were seen 
In the majority of the patients in whom an electromyography was performed an axonal 
neuropathy could be established Evoked potentials studies (VEP, BAEP and SSEP) revealed 
delayed central conduction times A diffuse slowing with paroxysmal discharges were the 
main EEG findings 

Table 1. Clinical, biochemical, radiological and neurophysiological characteristics of 54 CTX 
patients out of 30 families Because of absence of clinical data the families 19 and 29 are not 
included The onset of symptoms and signs (when available) is given in years 
9 = unknown, + = present, - = absent, Ν = normal, NA = not available, dec = delayed central 
conduction time Some patients have been described before [66, 67, 89, 90, 91, 95, 97, 101, 
102, 117, 118 119, 172] 



Table 1 Clinical biochemical radiological and neurophysiological characteristics of 54 CTXpatients out of 30 families 

Family 
Patient 
Reference 

age of onset (years) 
age of diagnosis (years) 

cataracts (years) 
tendon xanthomas (years) 
diarrhoea (years) 

Neurology start (years) 
dementia (years) 
pyramidal (years) 
cerebellar (years) 
epilepsy (years) 
peripheral neuropathy (years) 

Therapy 
Simvastatin 
Pravastatin 
Lovastatm 

1 6 10 11 12 13 14 
1 

34 
37 

34 

. 
34 

35 
35 
35 
35 

. 
-

2 

10 
30 

10 

. 
-

30 

. 
_ 
30 

_ 
30 

3 

? 

35 

35 

_ 
-

_ 
. 
-
_ 
. 

4 
95 

16 
33 

16 
16 

-

20 
16 

. 
-
20 
35 

5 
97 

27 
44 

35 
44 
30 

35 
41 
35 
35 
35 
27 

6 

36 
37 

36 
37 

-

37 
37 
37 

-
_ 
-

7 

40 
41 

40 
40 

-

40 
40 
40 
40 

. 
40 

8 
102 
119 

36 
37 

36 

. 
-

36 

. 
36 

-
-
-

9 
102 

89 

2 
7 

4 

_ 
2 

7 
7 

_ 
-
. 
-

10 
119 

2 
12 

9 

_ 
2 

12 
12 

_ 
-
-
-

11 12 
91 102 119 

2 
13 

9 

_ 
2 

7 
7 
7 
7 

-
-

2 
20 

20 

_ 
2 

20 

-
20 
20 

-
-

13 

2 
17 

17 

. 
2 

17 

-
17 

-
-
-

14 15 
89 102 
117 

27 
33 

27 
27 

-

33 

. 
33 

-
-
-

4 
38 

22 

-
-

4 
4 
37 

-
-
-

16 

17 
46 

17 

-
20 

35 

. 
30 
40 

-
-

17 
102 
117 

16 
37 

18 

. 
-

16 
33 
16 
16 

-
20 

18 
89 

1 
24 

18 

-
1 

12 

-
12 

-
-
-

19 
95 

5 
55 

5 

-
-

19 
42 
19 

-
-
-

20 

5 
9 

5 

-
5 

5 
5 

. 
-
-
-

21 

5 
7 

5 

-
5 

_ 

-
-
-
-
-

22 
102 
118 

4 
41 

4 
15 
10 

30 
15 
30 
30 

-
30 

23 

9 
34 

9 
10 
10 

15 
10 
15 
15 

-
15 

24 

9 
42 

9 
32 

-

15 
15 
30 
30 

-
30 

25 
102 
118 
? 

46 

30 
15 

-

10 
10 
20 
25 
45 

-

26 

39 
47 

47 
39 

-

47 
39 
47 
47 
39 

-

27 

10 
35 

. 

-
10 

-

-
-
-
-
-

28 
118 
172 

28 
32 

30 
30 

-

28 

-
28 
28 

-
-

29 

16 
36 

27 
18 
16 

26 
16 
27 
27 

-
-

Biochemistry 
cholestanol ( 3 3 - 1 2 5 umol/l) 
cholesterol ( 2 6 - 5 2 mmol/l) 

MR Imaging (age) 
MRI supratentonal atrophy 
URI infratentonal atrophy 
MRI parenchymal lesions 
periventricular white matter 
glob pallidus/capsula interna 
cerebral peduncles 
dentate region 
cerebellar white matter 

EMG axonal neuropathy 
EMG demyelmatmg neuropathy 
EMG myopathy 
BAEP dec 
VEP dec 
SSEP dec median nerve 
SSEP dec sural nerve 
EEG diffuse slowing 
EEG paroxysmal discharges 

104 36 50 26 33 83 80 46 45 63 58 74 42 NA NA 19 88 61 71 NA NA 229 299 311 124 
3 4,4 3 1 2 1 2,4 3 9 4 4 3,9 3,5 4,3 2,7 4 2 3 4 NA NA 5,2 NA 2,7 4,5 NA NA 5 5 5 5 5,3 

39 32 NA 36 51 44 NA 36 15 13 20 17 37 NA NA 40 24 55 NA NA 55 48 NA 58 
+ + - + + + + 

Ν 
+ 

Ν 
+ 

Ν 
Ν 
Ν 
Ν 

Ν 
Ν 
Ν 
Ν 

Ν 

Ν 
Ν 

Ν Ν 

+ 

Ν 

59 55 66 64 
5 1 5 4,4 3,2 

54 45 48 ΝΑ 

Ν Ν 

+ 
Ν 
Ν 
+ 

+ 

Ν 
Ν 
Ν 
Ν 
Ν 



Table 1 (Continued) 
Family 
Patient 
Reference 
age of onset (years) 
age of diagnosis (years) 

cataracts 
tendon xanthomas 
diarrhoea 

Neurology start (years) 
dementia (years) 
pyramidal (years) 
cerebellar (years) 
epilepsy (years) 
penpheral neuropathy 

30 

10 
26 

25 
_ 
-

10 
10 
25 
17 

. 

15 
31 

118 

? 

41 

+ 

+ 

-

+ 

+ 

+ 

_ 
. 

32 

? 

39 

+ 

+ 

-

+ 

+ 

+ 

+ 

. 

33 

? 

35 

+ 

. 
-

+ 

+ 

+ 

+ 

. 

16 
34 

118 

? 

40 

+ 

+ 

-

+ 

_ 
-
+ 

_ 

35 

? 

39 

+ 

+ 

-

+ 

. 
-
. 
_ 

36 

? 

31 

+ 

+ 

-

+ 

+ 

+ 

+ 

_ 

17 
37 

11Θ 

? 

41 

+ 

+ 

-

-
. 
-
+ 

-

38 

? 

39 

+ 

+ 

-

-
_ 
-
+ 

. 

18 
39 

89 

10 
36 

10 

_ 
10 

26 

-
26 
. 
-
. 

20 
40 

6 
21 

6 
19 
-

+ 

+ 

+ 

+ 

+ 

41 

7 
11 

. 
11 
-

+ 

-
+ 

-
+ 

21 
42 

5 
31 

18 
10 
5 

13 
13 
30 
30 
13 
30 

43 

23 
28 

30 
25 
-

23 

-
23 
23 

-
23 

22 
44 

? 

34 

+ 

? 

-

+ 

_ 
+ 

-
-

23 
45 

89 

28 
41 

28 

. 
20 

28 

-
28 
. 
-
28 

24 
46 

67 

16 
39 

24 

-
-

9 
10 
+ 

+ 

9 
-

25 
47 

89 

10 
43 

10 

. 
-

35 

-
35 
43 

-
-

26 
48 

20 
42 

20 

-
-

_ 
+ 

+ 

+ 

. 
+ 

27 
49 

10 
36 

14 
36 

-

10 
10 
31 
31 

. 
31 

28 
50 

? 

32 

+ 

+ 

-

-
-
+ 

. 
-

30 
51 

20 
36 

25 
20 

-

30 

-
30 
30 

. 
-

31 
52 

66 

10 
41 

19 

. 
-

-
+ 

+ 

-
-

53 

7 
45 

7 
+ 

-

7 

-
+ 

7 
7 
-

32 
54 

1 
36 

19 

-
1 

29 
29 
29 
33 

. 

. 

Mean 
(Years) 

12 
35 

18 
20 
9 

20 
14 
29 
27 
10 
28 

Total 
(N) 

52 
27 
19 

33 
39 
35 
14 
13 

Therapy 
Simvastatin 
Pravastatin 
Lovastatm 

Biochemistry 
cholestanol ( 3 3 - 1 2 5 umol/l) 
cholesterol ( 2 6 - 5 2 mmol/l) 

MR imaging (age) 
MRI supratentonal atrophy 
MRI mfratentonal atrophy 
MRI parenchymal lesions 
penventncular white matter 
glob palhdus/capsula interna 
cerebral peduncles 
dentate region 
cerebellar white matter 

EMG axonal neuropathy 
EMG demyelmating neuropathy 
EMG myopathy 
BAEP dec 
VEPdcc 
SSEP dec median nerve 
SSEP dec sural nerve 
EEG diffuse slowing 
EEG paroxysmal discharges 

126 64 62 53 244 237 252 55 240 100 219 141 NA NA NA 63 NA NA 59 101 NA 55 70 85 65 121 
4,2 4,9 4,1 4,1 6,6 4,9 5,6 4,7 6,1 4,6 3,7 2,7 5,6 4,3 NA NA NA NA NA NA NA 6,1 NA 6,8 NA 5 

NA NA NA NA NA NA NA NA NA 35 21 11 NA 28 NA 41 39 43 42 36 NA 37 41 « 

Ν 
+ 

35 
+ 

+ 

_ 

-
-
+ 

+ 

Ν 
Ν 

Ν 
Ν 
+ 

Ν = 34 

21 
23 

23 
20 
23 
28 
19 

19 
2 
1 
4 
12 
6 
9 
19 
10 
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Mutations 
Mutations found in the 32 families, together with their distribution among these families, and 
the mutations described in the literature are listed in Table 2 The distribution of the 
mutations over the CYP 27 gene is depicted in Fig 1 In the presented 32 families 20 
different mutations have been found of which twelve different mutations were discovered in 
the Dutch CTX patients 

Eight novel mutations were found in the presented 32 families A 1151C-+T transition in 
exon 6, resulting in substitution of proline by leucine in codon 384 (families 5, 14, 16 and 
26), and a 1213C^T transition in exon 7, resulting in replacement of arginine by tryptophan 
in codon 405 (family 6) The missense mutation in exon 6 was found in the same allele as a C 
insertion in exon 1 on position 5-6, an already known mutation [94] (Table 2) We found 
these two mutations on the same allele in the families 5, 14, 16 and 26 In the mother of the 
patients from family 16, no mutation in the CYP 27 gene was found, indicating a 
co-segregation of these two mutations In the families 24 and 32, a 776A-»-G transition in 
exon 4, resulting in substitution of lysine by arginine in codon 259 was found On the other 
allele m family 24, a novel nonsense mutation was present a 779G->A transition in exon 4, 
changing codon 260 in an opal termination codon Another novel nonsense mutation was 
found in family 31 a 745C^T transition in exon 4 changing codon 249 in an amber 
termination codon, together with a splice site mutation on the other allele In family 21, 
patients were compound heterozygotes for a novel splice site mutation a 446 + Ig-'-a 
transition in the splice donor site in mtron 2 On the other allele a missense mutation in exon 
2 (already known) was found [15] In family 30, a lOólA-'-G transition leading to a 
replacement of asparagine by glycine in codon 354 was found together with an already known 
splice site mutation on the other allele [100] A MISG-^A transition m exon 8, resulting in 
substitution of glycine by alanine in codon 472 was homozygously found in a family 29, 
together with the known lOlóC-^T transition in exon 5 [99] All novel mutations mentioned 
above were not found in 50 controls ( 100 alleles) 



TABLE 2. Mutation distribution in 32 families, listed together with those described in the literature. 

Mutation 
number 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 

11. 

12 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

El 

E2 

E2 

E2 

E2 

E2 

12 

E3 

E3 

E3 

E4 

E4 

E4 

E4 

E4 

E4 

14 

14 

E5 

NUCLEOTIDE CHANGE 

NEW" 

5-6insC 

355delC 

379C-T 

380G-A 

409C-T 

435G-T 

446+lg-a 

475C-T 

OLD" 

26/27insC 

376delC 

400C-T 

401G-A 

430C-T 

456G-T 

467+lg-a 

496C-T 

525/526delG 546/547delG 

646G-C 

691C-T 

745C-T 

776A-G 

779G-A 

808C-T 

819delT 

844+lg-a 

845-lg-a 

850A-T 

667G-C 

712C-T 

766C-T 

797A-G 

800G-A 

829C-T 

840delT 

865+lg-a 

866-lg-a 

871A-T 

AMINO ACID CHANGE 

NEWC 

Mel 1 + 178 aaf-ptc8 

Met 118+23 aa-ptc 

R127W 

R127Q 

R137W 

G145G 

aberrant splicing ? 

Q159X 

T175 + 5 a a - ptc 

A216P 

R231X 

Q249X 

K259R 

W260X 

R270X 

L272+ 12aa-p tc 

aberrant splicing ? 

K284X 

OLD" 

Met -33 +178 aa - ptc 

Met 85+23 aa - ptc 

Arg 94 Trp 

Arg 94 Gin 

Arg 104 Tip 

• Gly 112Gly 
• Tyr 111 deleted 
• Exon 2 skipped 

aberrant splicing ? 

Gin 126-(ptc) 

Thr 142+5 aa - ptc 

Ala 183 Pro 

Arg 198-(ptc) 

Gin 216-(ptc) 

Lys 226 Arg 

Trp 227 - (ptc) 

Arg 237 - (ptc) 

Leu239+12aa -p t c 

deletion of exon 4 (66 aa) 

aberrant splicing ? 

Lys 251 -(ptc) 

ethnic 
origin 

France 
Netherlands 

Israeli Druze 

Netherlands/ 
Belgium 

UK, Spain 

Japan 

Japan 

Spain 

Netherlands 

Surinam 
Creole 

Italy, Tunesia 

Italy 

UK 

Germany 

Germany 

Pakistan, 
Netherlands 
Morocco, Jews 

Netherlands 
Morocco, Jews 

South Africa, 
Netherlands 

Mutation distribution 

homozygous 

5 e 

2 

20 

3 

heterozygous 

14e, 16 e ,26 ' : 

25,28 

21 

21 

10 

31 

24,32 

24 

14 

18,22 

8 

Reference 

[94] 

[158] 

[89] 

[15] 

[168] 

[173] 

this study 

[95] 

[95] 

[103] 

[100] 

this study 

this study 

this study 

[96] 

[18] 

[97] 

[18,98] 

[98] 



TABLE 2. Continued 

NUCLEOTIDE CHANGE 
Mutation NEW OLD" 
number 

AMINO ACID CHANGE 
NEWC OLD" 

Mutation distribution 

ethnic origin homozygous heterozygous Reference 

20. E5 1016C-T 1037C-T 

21. E6 1061A-G 1082A-G 
22. E6 1151C-T 1172C-T 

23. E6 1183C-T 1204C-T 

24. E6 1183C-A 1204C-A 

25. 

26. 

27. 
28. 
29. 
30. 

E6 1184G-A 1205G-A 

16 1184+lg-a 1205+lg-a 

16 del 1.9 kb del 1.9kb 
E7 1202C-G 1223C-G 
E7 1213C-T 1234C-T 
E7 12I4G-A 1235G-A 

T339M 

D354G 
P384L 

R395C 

R395S 

R395H 
aberrant 

aberrant 

del exon 
P401R 

R405W 

R405Q 

splicing 

splicing 

7-9 

Thr 306 Met 

Asp 321 Gly 

Pro 351 Leu 

Arg 362 Cys 

• Arg 362 Ser 

• Val 332 deleted (From cDNA 1116, 
89 bp deletion upstream end exon 6) 

• Arg 362 His (full length) 

• Val 332 deleted (From cDNA 1116, 
89 bp deletion upstream end exon 6) 

• Exon 6 skipped 

• Del 29 aa, continue with 
Val 332+16 aa -p tc 
• Del 56 aa, continue with 
Thr 307+16 aa -p tc 
• Del 82 aa, Thr 307 continue with 
Asn 388 

del exon 7-9 
Pro 368 Arg 

Arg 372 Trp 

Arg 372 Gin 

Sephardic 
Jews, 
China, 
Netherlands 
Turkey 
Netherlands, 
Belgium 
United States, 
Belgium, 
Netherlands, 
Germany 

Japan 

I 

Japan 

Italy, UK 
Belgium 
Turkey 

Italy 

Japan 

Netherlands 
Japan 

4,9,11,29' 

15, 17, 19 

27 

7,8,13,23,25 [99,155] 

30 this study 
14 e, 16 c, 26 e this study 

1,7,10,18,26, [17,174] 
32 

[175] 

[176,177] 

28,30 [100] 

[100,115,170] 
[169] 
this study 
[178] 



TABLE 2. Continued 

Mutation 
number 

NUCLEOTIDE CHANGE 

NEW" OLD" 

AMINO ACID CHANGE 

NEWC OLD" 

Mutation distribution 

ethnic origin homozygous heterozygous Reference 

31. 17 1263+lg-a 1284+lg-a aberrant splicing skipping exon 7,Arg 362+28 aa - ptc 

32. 17 1263+5g-t 1284+5g-t 

33. 17 1264-lg-a 1285-lg-a 

34. E8 1420C-T 1441C-T 

35. E8 1415G-C 1436G-C 

36. E8 1421G-A 1442G-A 

37. E8 1435C-T 1456C-T 

POLYMORPHISMS (PUTATIVE) 

38. E2 366A-C 387A-C 

39. E5 852G-A 873G-A 

aberrant splicing 

aberrant splicing 

R474W 

G472A 

R474Q 

R479C 

G122G 

K284K 

skipping exon 7,Arg 362+28 aa - ptc 

• Asn 388+57 aa - ptc 

• Deletion of Thr 389 and Gin 390 

Arg 441 Tip 

Gly 439 Ala 

Arg 441 Gin 

Arg 446 Cys 

Gly 89 Gly 

Lys 251 Lys 

Italy, UK. 
Netherlands 

Italy 

Italy 

Japan 

China 

Japan 

Canada 

Japan 

Morocco, Jews 

12 

29 ' 

1,6,13,23,31,22 [100,103] 

[100] 

[100] 

[87,104,179] 

this study 

[104,167,169,18 
0] 

[17,181] 

[168] 

[18] 

Mutation distribution in 32 families, listed together with those described in the literature. 
The 32 families in whom these mutations are present (homozygous or compound heterozygous) are listed according to the numbering in table 1. Nucleotide and amine 
acid numbering are in the old [16] and the recently proposed new nomenclature [182]. 
a Nucleotide numbering: the A of the first ATG is number 1 [182]. 
b Nucleotide numbering: the G of the first GCA is number 1 [16]. 
c Amino-acid numbering: the first Methionine of the translated frame is number 1 [182]. 
d Amino-acid numbering: the first Methionine of the translated frame is number -33, Alanine (number 1) is the first amino acid [16]. 
e 5-6ins C and 1151C^T on one allele. 
f aa = amino acid. 
g ptc = premature termination codon. 
h l O l ó C - T and 1415G^C on one allele. 
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Figure 1 
Schematic diagram of the mutations in the sterol 27-hydroxylase (CYP 27) gene. Size of the exons is given proportional to their size. The 
numbers within the mutation symbols correspond with those in table 2. Ten of the 16 missense mutations are found in the region of exons 6 - 8. 
Deletions and insertions are found in the exons 1, 2, 3, and 4. Nonsense mutations are found in exon 3 (one), exon 4 (four mutations) and in exon 
5 (one mutation). Seven of the 11 mutations affecting pre-mRNA splicing are found in the region of exons 6 - 8. The mutations 6, 24 and 25 are 
nucleotide substitutions in exons affecting pre-mRNA splicing, resulting in aberrant splice products [173,175-177]. 
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Overview of mutations in the Dutch CTX patients and in the world literature 
In the Dutch CTX patients, three mutations were the most frequent These were the 1016C »T 
transition in exon 5, a 1263 + Ig^a transition in intron 7, leading to exon skipping and a 
frameshift [103], and finally the 5-6insC in exon 1 [94], together with the exon 6 1 ISIC-^T 
missense mutation They were found in almost two third of the alleles of the Dutch CTX 
population Since these recurrent mutations were identified in patients from different 
geographical origin, it is likely that these mutations are ancient variants occurring frequently 
in CTX In the literature an additional 42 families (67 patients) in whom genotyping has been 
done were identified Together with our 32 families, a total of 45 families are homozygous for 
one mutation, and 29 families are compound heterozygous 

The mutations 2, 5, 6, 9, 16, 18, 24, 25, 34, 35 and 37 are only found in homozygous 
patients The mutations 1, 4, 6, 10, 15, 17, 19, 20, 23, 26, 27, 30, 31, and 36 are found in 
homozygous and compound heterozygous families The mutations 3, 7, 8, 11 - 14, 21, 22, 28 -
30, 32, and 33 are only found in compound heterozygous patients 

Overall, five mutations are found in eight or more alleles (Fig 2) These are mutation 
number 2 (in Israeli Druze patients only), mutation 20 (in Sephardic Jews, Chinese and Dutch 
patients), mutation 23 (United States, Belgium, the Netherlands, Germany), mutation 31 (Italy, 
United Kingdom, the Netherlands) and the mutations 30, 34, and 36 (only in the Japanese 
patients) 

Of all point mutations in the CYP 27 gene, eight were transversions and 26 were 
transitions There were 13 point mutations in CpG dinucleotides These mutations consisted of 
8 C-'T transitions together with 4 G-^A transitions in the same codon These mutations 
leaded to a substitution of Arginine by another amino acid Codon 395 was three times 
affected by a point mutation Several non-CpG point mutations were found within ten base 
pairs up- or downstream of the mutation site harbouring tetra- and trinucleotide motifs These 
gene structures are hypothesised to be hotspots for point mutations or deletions [183] Two 
CTTT tetranucleotide motifs were present in exon 4 in the vicinity of the mutations 17 and 18 
A TTTG motif was present in exon 3 (mutation 10) and in exon 8 in the neighbourhood of 
mutation 35 Trinucleotide motifs were CTT (mutations 10) and TGA (mutation 21) Tetra-
and trinucleotide motifs within the 10 base pair region of deletions were AAGT (mutation 2), 
CTTT (mutation 9), TTGG and GAA (mutation 16) 
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Figure 2 
In 74 families (a total of 148 alleles), 37 mutations were found. Except for one family in which one mutant allele has been identified, in all other 
families, mutations have been found on both alleles. The number of alleles on which mutations were found are listed on the vertical axis. The 
mutation numbers on the horizontal axis correspond with those in figure 1 and table 2. 
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Genotype - phenotype correlations 
Genotypical and phenotypical characteristics of 125 patients out of 74 families in the literature 
together with the presented cohort were determined Forty-six patients out of 29 families were 
compound heterozygous, 79 patients (45 families) were homozygous for 23 different 
mutations In these homozygous patients we examined possible differences in sex, age of 
onset, diagnosis, biochemical characteristics and presence of signs and symptoms regarding to 
mutation site (exon 1-5 versus cxon 6-9) and mutation type (missense versus other types of 
mutations, frameshift or mutations resulting in a premature termination codon versus other 
types of mutations) Within this last group of homozygous patients no specific 
genotype-phenotypc corrcldtion could be established 

Apart from different phenotypes between patients from different families, there is a 
striking intrafamilair phenotypic variability in CTX [85,87] (Table 1) 

Discussion 
In all the CTX patients the diagnosis was made on clinical grounds The biochemical diagnosis 
was not made by measurement of the CYP 27 enzyme activity, but by the determination of the 
bile alcohols in urine and of the cholestanol in serum As mutations in the CYP 27 gene were 
found on 63 of the 64 alleles in all of these patients, it is highly unlikely that another gene is 
involved in the pathogenesis of CTX 

Including the presented novel mutations in this patient cohort, up to now 37 different 
mutations have been described in the CYP27 gene in CTX patients They consist of 16 
missense mutations, resulting in amino acid replacements, three mutations in the last 
nucleotides of exons, resulting in both amino acid replacements and affecting pre-mRNA 
splicing, three deletions, one insertion, eight splice site and six nonsense mutations 
[15,17,18,94-100,103,158,167-170,173,175-179] 

In 19 of the 32 families in this study, mutations are located in the region of exons 6 - 8 of 
the CYP 27 gene Although the CYP 27 mutations are distributed throughout the whole gene, 
15 of the 37 mutations (41%) are found in this region that composes 28 4% of the nucleotides 
of the CYP 27 gene This finding may indicate that this conserved part of the gene, encoding 
for the adrenodoxin and heme binding sites, plays an pivotal role in the enzyme function The 
pathogenicity of individual CTX mutations is based on their predicted effect on the 
27-hydroxylase protein and on segregation in families All novel mutations were not found in 
50 control chromosomes Among the CYP27 mutations identified in our CTX cohort are 
variants which are likely to have deleterious effect on the function of the CYP27 protein Thus 
the deletions/insertion (mutation 1 and 9), and nonsense mutations (mutations 8, 12, 14) will 
cause premature termination of translation and result in truncated CYP27 proteins The 
different splice site mutations (mutations 7, 17, 26, 31) will lead to incorrect splicing and exon 
skipping, resulting in incorrect CYP27 proteins However, the majority of the mutations 
detected in the CTX cohort are amino acid substitutions Our data together with the results of 
previous studies [15,17,18,87,94-100,103,104,115,155,158,167-170,173-181] indicate that 16 
out of 37 are missense mutations, six of them are novel mutations found in the described 
patient cohort These mutations are inferred to be pathogenic when they substitute amino acids 
which, in view of their conservation through evolution, are presumed to be of functional 
importance Except for the 1061A •G transition leading to a replacement of asparagi ne by 
glycine in codon 354, all novel missense mutations detected in our CTX cohort are 
substitutions of strongly conserved into non-conservative amino acids (Table 4) Three novel 
missense mutations (mutation 3, 13, 22) were found in unrelated CTX families Except for the 
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presence of two mutations together on the same allele in the families 5, 14, 16 and 26, 
screening of the remaining exons of the CYP 27 gene in patients with missense mutations did 
not reveal other mutations Therefore it is likely that these missense mutations are indeed 
pathogenic mutations and not innocuous polymorphisms However, the ultimate prove that 
these amino acid substitutions can indeed result in impairment of CYP27 function are 
expression studies that are conducted at this moment in our laboratory In one allele of the 
patients from family 16, no mutations were found In the mother of these patients the absence 
of mutations in the CYP 27 gene indicated co-segregation of the mutations 1 and 22 It is 
possible that in this family a mutation is present in the promotor region of the CYP 27 gene or 
at a branch point within one of the introns 

It is remarkable that the amino acid Arginine is frequently involved in missense 
mutations In 12 missense mutations, there is involvement of CpG dinucleotides leading to the 
replacement of arginine by another amino acid Arginine can form two hydrogen bonds These 
bonds can be of major importance for the conservation of the tertiary structure or may play a 
role in substrate binding Both aspects may influence the catalytic activity of the enzyme 

The mutations 1, 3, 4, 10, 15, 19, 20, 22, 23, 26 and 31 were found in CTX patients from 
different ethnic background (Table 2) The mutations may be ancient variants frequently 
occurring in CTX In order to determine whether these mutations are introduced into the 
population by a single founder, it is necessary to study the chromosome 2 haplotypes of the 
patients carrying these identical mutations 

In a large series of 58 CTX patients out of 32 unrelated families we found 21 different 
mutations, and a striking phenotypic heterogeneity, even within families Together with all 
known genotypes and phenotypes of CTX patients in the literature, no genotype-phenotype 
correlation could be established Several authors have stressed the marked phenotypic 
heterogeneity between CTX patients, even between patients with the same mutation [85,87] 
Since the phenotype vanes between patients independent of their biochemical charactcnstics, 
other features must be responsible for these clinical differences It has been suggested that 
environmental factors are responsible for this variation [87,100,176] In CTX, one and the 
same mutation may result in different phenotypes, or mutations at different sites of the CYP 
27 gene may result in the same or in different phenotypes Recently, we described a spinal 
variant of CTX, spinal xanthomatosis, that has a relatively mild clinical course compared to 
the classic form of CTX, which shows cerebellar involvement, dementia, tendon xanthoma 
formation, and peripheral neuropathy early in the disease process Mutation analysis in these 
patients revealed missense mutations predominantly in the exons 5 and 6 of the gene, that 
were also found in the classical form of CTX [89] This polypheny in CTX is the result of a 
complex pathophysiology The sterol 27-hydroxylase deficiency, caused by mutations in the 
CYP 27 gene, leads to several, different cascades of metabolic derangement like an excessive 
production of cholestanol and bile alcohols [32,34] The contribution of each of these 
pathologic metabolic processes to the phenotype is poorly understood up to now The 
excessive cholestanol production and accumulation within many tissues, particularly the 
central nervous system, plays a major role in the disease process Recently it was shown that 
in rats, fed with a cholestanol ennched diet, cholestanol accumulated in Purkinje cells, 
resulting in apoptosis [184] However, in patients with sitosterolemia, a rare lipid storage 
disorder, serum hypercholestanolemia is also found These patients do not develop 
neurological disease [32] 

In 1987, it was reported that in CTX a defect of the blood-brain bamer was present, 
reflected by an elevation of the cerebrospinal fluid/serum albumin quotient [88] In the 
cerebrospinal fluid high amounts of apolipoproteine Β were present, which is the protein 
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component of low-density lipoproteins and a carrier of cholestanol This finding was 
suggestive for an increased influx of sterols from the blood into the central nervous system 
The defect of the blood-brain barrier disappears after several months of chenodeoxycholic acid 
(CDC A) therapy, so the deficiency of CYP 27 itself cannot be responsible for this dysfunction 
It can be hypothesised that the phenotype in CTX is the result of a primary membrane 
dysfunction, followed by an increased influx of sterols into the eye lens (blood-lens barrier), 
the central nervous system (blood-brain barrier), peripheral nerves (blood-nerve barrier), and 
vessel wall (endothelial cell membrane) leading to accelerated arteriosclerosis 

It is unlikely that an animal model will clarify the complex genotype-phenotype 
relationship Mice with a disrupted CYP 27 gene, resulting in a markedly reduced synthesis of 
bile acids had normal plasma levels of cholesterol and cholestanol In bile and in faeces of 
these CYP 27 -/- mice only traces of bile alcohols were found There was no cholestanol 
accumulation or CTX-related pathological abnormalities [185] 

Since 1975 CDC A has commonly been used as a therapy for CTX [7], and has proven to 
be effective [9] With CDCA therapy, there is a considerable decrease in the serum cholestanol 
level and a sharp decline in the excretion of bile alcohols in the unne [35,112] Perhaps the 
most effective inhibitor of cholestanol production is a combination of CDCA with a 
ß-HMG-CoA reductase inhibitor, resulting in further lowering of an already normal serum 
cholestanol level [113], facilitating the long-term washout of cholestanol from the central 
nervous system Finally, as a therapy is available, the early recognition of CTX is important 
Because of the phenotypic heterogeneity, in all siblings of a novel CTX patient, determination 
of the genotype must be done to exclude or confirm the diagnosis 
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Table 4. Evolutionary conservation of CYP 27 residues substituted in patients with CTX. The amino acid sequence alignment of the human sterol 
27-hydroxylase (CYP 27) as well as from the sterol 27-hydroxylase from rabbit, rat, and mouse. Points indicate the amino acid residues that were 
different from the human CYP 27 sequence. Evolutionary conserved (wildtype) amino acids are indicated as bold. 

CYP 27 amino acid substitution K259R D354G P384L 

human mutated: R G L 

human wildtype: QNSLYATFLPKWTRPVLPFWK - - - LTWALYHLSK DPEIQEALHEE- - -VPQHKDFAHMPLLKAVLKETL 

rabbit wildtype: QNS . Y . TFLPKWTRP. LPFWK - - - LTWALYHLSK . PEIQ. AL . . E - - -VPQHKDFAHMPLLKAVLKETL 

rat wildtype: . NS . Y . TFLPKW .RP. LPFWK - - - LTWALYHLSK . PEIQEALH. E - - -VPQ . KDFAHMPLLKAV. KETL 

mouse wildtype: PKWTR. . L . .W . - - - L .W . LY . LS . . Ρ . .Q. ALH. E - - - PLLKA . LKETL 

CYP 27 amino acid substitution R405W G472A 

human mutated: W A 

human wildtype: RLYPVVPTNSRIIEKEIEVDG- - - HPFGSVPFGYGVRACLGRRIA 

rabbit wildtype: RLYPV . Ρ . NSRI. . KEIEV. G - - - HPFGSVPFGYGVRACLGRRIA 

rat wildtype: RLYPVVPT NSRII - - - HPFGSVPFGYGVR . CLGRR1A 

mouse wildtype: RLYPVVP . NSR I .V. . - - - HPF . S . PFG . G . R . C . GRR .A 
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Abstract 

Purpose: To describe the imaging findings and their neuropathological correlate in 
biochemical and genetically diagnosed patients with cerebrotendinous xanthomatosis (CTX), 
a rare but treatable inherited disorder of sterol storage, that is often misdiagnosed clinically 
and radiologically 
Methods: Cerebral CT (4 patients), cerebral MR (24 patients), spinal cord MR (5 patients) 
and tendon xanthoma MR scans ( 8 patients) were reviewed for site and frequency of 
involvement and compared with post-mortem neuropathological findings in 2 patients 
Results: Apart from non-specific brain atrophy and supratentonal deep white matter changes, 
more typical hypenntense T2 lesions were seen in the dentate nucleus (84%), globus pallidus, 
substantia nigra, and inferior olive, extending into the adjacent white matter as the disease 
progresses In these locations, lipid crystal cleft and perivascular macrophages, neuronal loss, 
demyelination, fibrosis and reactive astrocytosis are found at microscopy Sometimes low 
signal T2 in the dentate was found related to deposition of haemosiderm and calcification CT 
showed fewer lesions, mostly hypodense, except for the calcifications Spinal cord MR may 
reveal hypenntense signal in the lateral and dorsal columns Achilles tendon xanthomas 
produced intermediate signal on T, and T2 weighted images 
Conclusion: The typical pattern of MR findings reflects the classical histopathological 
findings and should prompt the diagnosis of CTX 
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Introduction 

Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive lipid storage disease, first 
described by van Bogaert et al. [1]. In CTX patients, bile acid synthesis is abnormal due to a 
defect in the activity of the hepatic mitochondrial enzyme sterol 27-hydroxylase [8]. 
Therefore, synthesis of cholic acid is reduced and almost no chenodeoxychohc acid (CDCA) 
is produced. The negative feedback of CDCA on the rating enzyme in the bile acid 
biosynthesis, 7 α-hydroxylase, decreases and via a side pathway an excessive amount of 
cholestanol is produced which accumulates in many tissues. Via the 24- and 25- hydroxylase 
pathways bile alcohols are produced in CTX [32]. Biochemical diagnosis is made by 
determination of excessive urinary excretion of bile alcohols and by determination of the 
serum cholestanol level [35,114]. 

The onset of symptoms and signs in CTX usually lies in childhood with the combination of 
bilateral cataract and diarrhoea [90], followed by the development of neurological 
abnormalities and tendon xanthomas [32,102]. Neurological symptoms and signs include 
cerebellar and pyramidal dysfunction, dementia, epilepsy and polyneuropathy [32]. 
Additional symptoms are premature atherosclerosis [32], and osteoporosis [41]. The main 
pathology in CTX is found in selective areas within the central nervous system 
[1,45,68-73,118]. On macroscopic examination there often is atrophy, especially of the 
cerebellum. Light microscopically, the most severe lesions are found in the dentate nucleus 
and adjacent white matter. Additionally, there are often lesions in the basal ganglia, internal 
capsule, brain stem and spinal cord. 

Involvement of the central nervous system in CTX has been demonstrated using computed 
tomography (CT) and more frequently, using magnetic resonance imaging (MRI). Up untili 
now, the radiological findings of only small series of CTX patients have been reported 
[53-55]. Here, we present the imaging findings in a series of 24 biochemical and genetically 
diagnosed patients with CTX, including images of the spinal cord and Achilles tendons. The 
goal of this study is to better characterize the imaging findings in this rare disorder, which is 
frequently misdiagnosed. In addition, we relate the imaging findings to postmortem 
neuropathological findings, available from two of the patients. 

Patients and Methods 

Patients 
We reviewed the MR images of a series of 24 patients from 16 Dutch families with CTX, 
who had been identified between 1990 and 1995. The group included 9 men and 15 women, 
ranging in age from 7 to 55 years of age, with an average age at diagnosis of 32.8 years (SD 
+ 11.8). Nine patients were sporadic cases, in the other families two or even three members 
were studied. In only one family, the parents were consanguineous. The average age at onset 
of the neurologic complaints was 19.1 (SD +10.8) years. The serum cholestanol level was 
abnormal in all patients with a range of 33 to 299 μιηοΐ/ΐ (normal values 3.3 - 12.5 μιηοΐ/ΐ). In 
many patients, CTX was initially not diagnosed. Typical misdiagnoses included unclassified 
diarrhoea (n=4), Friedreich's ataxia (n=4), multiple sclerosis (n=3), hereditary spastic 
paraparesis (n=2), and Alzheimer's disease (n=l). In four patients the disease had remained 
unclassified for many years, and in one patient only tendon xanthomas were diagnosed. In 
only one sporadic patient a direct diagnosis of CTX was made, while two others were 
detected during family screening. In all patients the diagnosis CTX was genetically 
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confirmed, according to previously described methods [97]; mutations in the sterol 
27-hydroxylase gene were present in both alleles. 

The clinical features are summarized in Table 1. Cataract was present in all but one 
patient; tendon xanthomas only in 38% of the patients. Neurological abnormalities consisted 
most frequently of pyramidal tract involvement, followed by subaverage intelligence (IQ 
<70), cerebellar signs, and a peripheral neuropathy. One of the earliest cerebellar 
manifestations was increased speech rate (tachylalia), followed by a dysarthric speech later in 
the disease course. Normal speech was found in patients up to the age of 20 years; tachylalia 
was present in patients aged 20 to 40 years, and predominantly cerebellar dysarthria in 
patients of older than 40 years. These last patients were clinically the most severe affected 
[186]. Seven patients had a slowly progressive spinal cord syndrome that remained the main 
clinical expression of CTX for many years. MR imaging demonstrated white matter 
abnormalities in the lateral and dorsal columns of the spinal cord. This so- called "spinal 
xanthomatosis" is a clinical and radiological variant of CTX that may easily be misdiagnosed 
[89]. In only two of these 7 patients did the classical CTX symptomatology become manifest 
five and eight years respectively after the onset of the myelopathy. 

Table 1. Symptoms and signs in 24 CTX patients. 

General symptom or sign 

Cataract 
Tendon xanthomas 
Other manifestations: 

Diarrhoea 
Myocardial infarction 

Neurological symptoms/signs 
pyramidal tract involvement 
low intelligence (IQ < 70) 
cerebellar involvement 
polyneuropathy 
epilepsy 

Ν (%) 

23 (96%) 
9 (38%) 

13(54%) 
1 (4%) 

19(79%) 
15(63%) 
12(50%) 
8 (33%) 
4(17%) 
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MR imaging 
Brain MR imaging was performed on vanous machines, and typically included Τ, weighted 
spin-echo images in sagittal or axial plane and dual echo spin-echo T2 weighted images in the 
axial plane Nine patients were scanned on the same 1 5 Τ system (SP63, Siemens AG, 
Erlangen, Germany), in these patients sagittal T, weighted and T2 weighted spin-echo images 
of the Achilles tendons were also obtained Spinal MR images were available from 5 patients 
(4 were included in a recent publication [89]) The images were reviewed by 2 readers in 
conference The scans were scored on a 4-point scale (normal, minor, moderate and severe 
abnormalities) for the presence of atrophy (supra- and infratentonally), abnormalities in the 
periventricular white matter, basal ganglia, brain stem, and cerebellum From 4 patients CT 
scans were also available 

Pathology 
Autopsy was performed in two patients The first patient (A) was a 54-year-old woman with 
a progressive pyramidal and cerebellar syndrome, decline of cognitive function, bilateral 
cataract and xanthomas in triceps and Achilles tendons, diagnosed with CTX at the age of 39 
years Since that age she had been treated with chenodeoxycholic acid (CDCA, 750 mg 
daily) At the age of 53 a cerebral MRI was made (Figure la-c) One year later she died from 
bronchopneumonia Another MRI scan was performed before cutting the formalin fixed brain 
(Figure Id) The second patient (B) was a woman with juvenile bilateral cataract who 
developed a progressive spastic paraparesis at the age of 30 years From the age of 40 years, 
progressive cerebellar symptomatology and dementia became manifest No tendon xanthomas 
were present, and CTX was not diagnosed until two weeks before she died (from 
bronchopneumonia), at the age of 45 years One year before diagnosis a cerebral CT had been 
made (fig 2a), no MRI had been performed 
After formalin-fixation, brain cutting and macroscopical evaluation of the brains of both 
patients and the spinal cord of patient B, histological sections of paraffin-embedded tissue 
were prepared and stained with Haematoxylin-Eosin (HE), Luxol-Fast-Blue & HE (LFB-HE) 
accentuating the myelinated structures, and Perls for the detection of iron pigment 

Results 

In vivo MR imaging 
The imaging findings are summanzed in table 2 In the brain, atrophy was found in roughly 
half of the patients, usually equally affecting the supratentonal and infratentonal regions 
Parenchymal abnormalities were present in all patients ill defined signal increase on T2 

weighted images was observed in all patients in the penventncular region, sometimes 
accompanied by non-specific focal lesions in the deep white matter In part of the patients, 
this widespread diffuse signal increase on T2 weighted images was accompanied by a 
prominent enlargement of the Virchow-Robin spaces (Figure 3) The presence and extent of 
periventricular signal changes and enlargement of the Virchow-Robin spaces was positively 
correlated with the occurrence of atrophy, especially supratentonally (consisting of cortical 
atrophy and ventricular widening) 

In addition to the non-specific supratentonal abnormalities, more characteristic lesions 
were observed in the basal ganglia and infratentonal region Lesions with increased signal on 
T2-weighted images were seen in the medial part of the globus pallidas in 67% of patients, 
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abutting the lateral border of the posterior limb of the internal capsule Involvement of the 
corticospinal tracts was frequently evident as symmetrical increase in signal on T 2 weighted 
images in the cerebral peduncles (Fig 1) In the early disease stage, the involvement was 
restricted to the paramedian part of the cerebral peduncles, bordering the substantia nigra In 
the advanced stage of the disease, the entire cerebral peduncles were involved, partly 
extending into the tegmentum mesencephali, in the most severe cases also with increased 
signal in the periaqueductal grey matter (Fig 4b,c) 

Table 2. Brain MR imaging findings in 24 patients with CTX 

Region involved 

Atrophy 
supratentonal 
infratentonal 

Parenchymal lesions 
periventricular white matter 
globus pallidus 
cerebral peduncles 
dentate nucleus 
cerebellar white matter 

Mum 

mild 

1 
3 

6 
4 
7 
3 
0 

ber ol abnormal 

moderate 
10 
9 

14 
9 
7 

16 
3 

subji ects 

severe 
3 
2 

4 
2 
2 
0 
7 

(percentage) 

all 
14 (58%) 
14(58%) 

24(100%) 
15(63%) 
16(67%) 
19(79%) 
10(42%) 

The cerebellum was affected in most patients (84%), but not in the four youngest patients 
Cerebellar involvement typically started in the dentate nucleus (fig 5), and when more severe 
extended into the surrounding white matter of the cerebellar hemispheres (fig 1) These 
lesions consisted of high signal on T2 weighted MR images, and were isointense or, when 
extensive, hypointense on T, weighted images (Fig 4a) In two patients with advanced stage 
disease, areas of lowered signal on T2 weighted images were observed in the dentate nucleus 
(Fig 1c) In three patients, symmetrical high signal lesions were seen in the inferior olive (Fig 
4 d, e) In four patients with a long disease duration, CT scanning showed hypodense lesions 
in the cerebellum, with central hyperdensity in one 

Spinal cord images were available in five patients, presenting with a mainly spinal cord 
syndrome In all of them, extensive, poorly delineated bands of increased signal on T2 

weighted images were observed in spinal cord, which on axial images (not available for all 
patients), were restneted to the lateral and dorsal columns (Fig 6) The Achilles tendons were 
affected in seven of eight patients studied, with bilateral involvement in all but one patient 
The tendon xanthomas typically showed intermediate signal intensity, comparable to muscle 
on Τ | weighted images, and a patchy appearance with a mixed intermediate/high signal on T2 

weighted images (Fig 7) 
The MR imaging abnormalities tended to be more severe in older patients with a longer 
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disease duration Below the age of 20 years, most abnormalities were found supratentonally 
consisting of mild to moderate periventricular white matter hypenntensities In the older 
patients, inftatentonal atrophy, dentate nucleus, cerebellar white matter, and mesencephalic 
lesions were more frequently found In seven patients, MR scanning was repeated after 
CDCA therapy, in one patient after five years, in four patients after four years, and in two 
patients after two years [92] In all patients, the pre-existing MR abnormalities remained 
unchanged Although pyramidal tract and cerebellar involvement were clinically present in 
the majority of the patients, no clear correlation with the presence or seventy of the MR 
lesions could be determined Moreover, no correlations were present between the MR lesions 
and the serum cholestanol levels or the genotype (data not shown) 

Postmortem findings 
In patient A postmortem MRI was performed, revealing the same areas of increased signal 
intensity on T2 weighted images in vivo, located at the border of the globus palhdus and the 
posterior limb of the internal capsule, the mesencephalon, inferior olives and cerebellum 
Apart from the high signal areas on T2 weighted images, symmetric remarkably hypointense 
signals were found in the area of the dentate nucleus (Figure Id) In patient Β only the CT 
scan was available, showing hypodense lesions in the internal capsule, cerebral peduncles, 
dentate nucleus and cerebellar white matter, comparable with the MRI findings in patient A 
Only the cerebellar white matter lesions showed a central hyperdensity (Fig 2a,b) 

The neuropathological findings were similar in both patients The cerebrum and brain stem 
were externally unremarkable at gross inspection, while the cerebellum showed mild to 
moderate atrophy The cerebellum and brain stem were relatively firm The brains had a 
normal weight (1255 and 1220 grams, respectively) On cut surface, prominent, symmetric 
lesions were seen in cerebellum, mesencephalon, globus palhdus and internal capsule (fig 1 
e-g) The dentate nucleus and surrounding white matter showed a glassy, greyish appearance 
with locally brown-yellow discoloration (fig le, 2c), similar yellow discolorations were found 
in the medial part of the cerebral peduncle (fig If) and the globus palhdus (fig lg), and in the 
basis pontis 

Microscopically, the dentate nucleus and surrounding white matter of both cerebellar 
hemispheres showed extensive rarefaction with severe neuronal loss and demyelination, lipid 
crystal clefts fibrosis, reactive astrocytosis, scattered (patient A) to widespread (patient B) 
deposition of hemosiderin pigment and focal calcifications (fig Ih, 2d) The lesions contained 
many macrophages with foamy cytoplasm and occasional lymphocytes, the macrophages 
often being accumulated around blood vessels Furthermore, a dispersed, extracellular, 
sometimes perivascular deposition of homogeneous, myelin-like material was present 
(strongly LFB positive) The cerebellar cortex showed some loss of Purkinje cells and 
proliferation of Bergmann glia, otherwise the cortex and subcortical white matter are normal 

In the medial part of the cerebral peduncle severe demyelination, astrocytosis, infiltration 
of foamy macrophages, and some lipid crystal clefts were present In the central part of this 
tract only some dispersed macrophages and reactive astrocytes were found The lesions in the 
cerebral peduncles extended into the substantia nigra In patient A this nucleus showed 
scattered extracellular neuromelamn pigment and some Lewy bodies (fig 11) Smaller areas 
of demyelination, astrocytosis, and macrophage infiltration were found in the optic tract, 
internal capsule In the basis pontis, the longitudinal tracts were more severely involved than 
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the transverse tracts. In the globus pallidus severe neuronal loss was present, accompanied by 
rarefaction of the tissue, astrocytosis, and some macrophage infiltration. Both inferior olives 
showed severe neuronal loss and astrocytosis without accumulation of macrophages. Apart 
from occasional perivascular macrophages, correlating with the prominent enlargement of the 
Virchow-Robin spaces on MR, other regions of the brain were normal, including the 
periventricular white matter. 
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Discussion 
We report the spectrum of imaging abnormalities in a large series of CTX patients, and its 
correlation with neuropathological findings in two patients In all patients, clinical and 
biochemical findings were diagnostic of CTX Even though typical findings (neurological 
abnormalities, xanthomas, cataract and diarrhoea) were present in many patients, many 
patients were initially misdiagnosed, for example as multiple sclerosis or Friedreich's ataxia 
Moreover, the imaging abnormalities on CT and MR scans are frequently not recognised, the 
vast majonty of the images from the cohort presented in our study were initially interpreted as 
"normal" It is important to recognise these abnormalities, since effective therapy is available, 
consisting of the combination of CDCA and simvastatin [9,92], with no progression of MR 
abnormalities under treatment 

Diffuse non-specific periventricular abnormalities were present in all patients, but the most 
characteristic imaging findings consisted of lesions in the basal ganglia and infratentonal 
region In accordance with the pathological findings, abnormal signal on MRI was found in 
the globus pallidus, abutting the lateral border of the postenor limb of the internal capsula, in 
the cerebral peduncles extending into the substantia nigra, in and around the dentate nucleus, 
and in some cases in the inferior olives The symmetric picture, also in the spinal cord, is 
highly suggestive of a metabolic disease, with a remarkable preference for involvement of 
several grey matter nuclei, with pathology extending into the adjacent white matter structures 
It should be noted that in certain patients, the presentation might be purely spinal, presenting 
as a chronic myelopathy with absence of cerebellar and cerebral signs, and with no tendon 
xanthomas While cataract is present in such patients, MRI may be particularly helpful in 
showing the symmetric lesions in the lateral and postenor columns and subclinical lesions in 
the posterior fossa and globus pallidus, suggesting a diagnosis of CTX [89] 

The distribution of the lesions fits within the clinical presentation with pyramidal and 
cerebellar signs The latter were more prominent in patients with advanced stage disease, in 
accordance with more severe MRI abnormalities later in the disease However, in individual 
patients, the correlation between the extent of imaging abnormalities and clinical presentation 
was not clear (nor with the type of mutation) Cerebellar MR lesions for example were more 
frequent than cerebellar symptoms, especially in the later phases of the disease, illustrating 
the high sensitivity of MRI in the preclinical stage We found an increase of MR lesion scores 
with increasing age, and thus with longer disease duration No correlations were present 
between the MR lesions and the biochemical abnormalities or the present mutations 

In 1992, Hokezu et al reported on the findings on CT and MR scans in eight CTX patients 
Seven patients had cerebral atrophy, four patients had cerebellar atrophy T2 weighted MRI 
showed high signal lesions in the cerebral white matter, focal in four patients and diffuse in 
one, and in the globus pallidus in three patients, two of whom also had lesions in the 
cerebellar white matter No correlation with neurological symptoms and signs was found, the 
spinal cord was not investigated [53] Berginer et al described MR findings in 13 CTX 
patients [54] They found cerebral atrophy in 13 and cerebellar atrophy in 12 patients White 
matter lesions in the cerebellum, hypointense on Τ, weighted images, and hypenntense on T2 

weighted images, were seen in four patients Focal lesions in the basal ganglia and 
mesencephalon were seen in two patients After 2 - 3 years of CDCA therapy, neither 
deterioration nor improvement on MR was observed, the spinal cord was not investigated 
Dotti et al described the CT and MR findings in the brain and spinal cord of 10 CTX patients 
[55] They did not find correlations between clinical, biochemical (cholestanol levels), and 
neuroimaging findings In the majority of patients, cerebellar bilateral focal lesions and mild 
white matter signal alterations were present Except for diffuse cerebral and cerebellar 
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atrophy, they found atrophy of the brain stem and corpus callosum in half the patients No 
spinal cord abnormalities were present Slight atrophy of the cervical spinal cord was reported 
mone study [61] 

Our imaging findings are in line with these earlier reports The high frequency of lesions in 
the spinal cord and infratentonal region probably reflects the advances of modem imaging, 
notably MRI This enables visualization of even subtle involvement of, for example, the 
dentate nucleus We found lesions in the dentate nucleus (84%), providing a sensitive marker 
of CNS involvement in CTX In comparison to previous reports, our findings stress the 
frequent involvement of grey matter structures, in agreement with the pathological findings 
This spectrum of MR findings, particularly the symmetrical basal ganglia and infratentonal 
lesions, seems quite typical for CTX Some of these radiological findings can also be 
observed in other rare disorders, such as Langerhans' cell histiocytosis [187,188], 
Erdheim-Chester disease (dentate nucleus) [189,190], adrenomyeloneuropathy [191-193] and 
Refsum's disease (brainstem) [194] 

Although most of the lesions in CTX patients microscopically contained lipid depositions, 
none of the CNS or tendinous lesions were hyperintense on Τ, weighted MRI All were 
hyperintense on T2 weighted images, with the exception of the dentate nucleus lesions The 
low signal in those two patients on T2 weighted MRI can be explained histopathologically by 
deposition of hemosiderin, small haemorrhages, and focal calcification On CT scanning the 
latter were hyperdense in patient B, while the other lesions were hypodense Previous studies 
reported that cerebral CT scans in CTX patients in early stages of the disease do not show 
abnormalities In advanced disease stages, however, in most patients diffuse cerebral atrophy 
was seen in addition to cerebellar and brainstem atrophy with deep cerebellar hypodense 
lesions, sometimes with hyperdense areas within these lesions as in patient Β [53,55,195] 
These hyperdense lesions are usually interpreted as calcifications, deposition of hemosiderin 
pigment and small haemorrhages may also contribute to these hyperdense signals 

The main pathology in CTX is found in selective areas within the central nervous system 
The lesions in CTX consist of a combination of xanthomatous lesions, spindle-shaped lipid 
crystal clefts as unique lesions in CTX found in the CNS tissue, fibrosis and hemosiderin 
deposition, especially in the area around the dentate nucleus, and are pathognomonic for this 
disease Furthermore, a dispersed, extracellular, sometimes perivascular deposition of 
homogeneous, LFB positive myelin-hke material can be found The pathogenesis of CNS 
involvement is hypothetical Several authors suggest demyelmation as the primary 
pathological lesion [1,68,69,71,73,74], whereas others suggest primary neuroaxonal 
pathology with secondary myelin loss [45,72] Our imaging findings suggest a 
localization-related pathology in CTX, initially afflicting vulnerable grey matter areas within 
the CNS The presence of Lewy bodies in the substantia nigra of patient A might be explained 
as coincidental Parkinson's disease However, Lewy bodies are occasionally observed in other 
neurodegenerative diseases and in patients without an apparent neurological disorder [196] 

Up to now, several mechanisms have been described that may lead to CNS pathology in 
CTX Salen et al [88] reported a defect of the blood-brain barrier (BBB), with high amounts 
of apolipoprotein B, a earner of cholestanol, in the cerebrospinal fluid (reversible after CDCA 
therapy) Results obtained from animal studies suggest a selective accumulation of sterols 
within the CNS When mice are fed with a cholestanol-ennched diet, selective accumulation 
of cholestanol in the cerebellum was found [197] In rats fed with a cholestanol ennched diet, 
cholestanol accumulated in Purkinje cells, resulting in apoptosis [184] It can be hypothezised 
that in the early disease stage, because of a selectively increased BBB permeability, there is 
an influx of sterols in vulnerable areas like the deep nuclei (dentate nuclei, globus pallidus, 
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inferior olive), extending into the adjacent white matter (central in the cerebellum, internal 
capsule, brainstem corticospinal tracts) as the disease progresses. Under CDCA therapy, toxic 
metabolites responsible for the BBB dysfunction, may disappear [88], possibly explaining the 
lack of progression of MR abnormalities after start of CDCA [92]. 

In conclusion, the (MR) imaging findings in CTX are symmetric, suggesting the metabolic 
nature of this disease. Typical infratentorial and basal ganglia lesions may be subtle in the 
early disease stage. Additionally, non-specific supratentorial abnormalities are also frequently 
found. In particular, grey matter nuclei are involved, including the globus pallidus, substantia 
nigra, dentate nucleus and inferior olive, these lesions extending into the adjacent white 
matter of the internal capsule, cerebral peduncles and cerebellum, during disease progression. 
Although many of these lesions microscopically contained lipid depositions, none of the 
lesions in brain or tendons are hypenntense on T, weighted MR images, but all lesions are 
hyperintense on T, weighted MR images, with the exception of lesions in the dentate nucleus, 
were low signal could be explained by deposition of hemosiderin, and by calcifications (with 
hyperdensity on CT). This typical pattern of lesions reflects the classical histopathological 
findings, and should prompt the diagnosis of CTX, a treatable disorder. Since imaging studies 
will be performed frequently in these patients, we hope that our detailed description of the 
imaging findings will contribute to an earlier recognition in CTX patients. 
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Figure IA. Patient A. Axial T2 weighted MR 
images show symmetrical high signal lesions in 
the globus pallidus. 

Figure IB. Patient A. Axial T, weighted MR 
images show symmetrical high signal lesions 
in the substantia nigra, extending into the 
deep part of the cerebral peduncles. 



135 

Figure IC. Patient A. Axial Τ, weighted MR 
images show symmetrical high signal lesions in 
the inferior olive. Also note the lesions in the 
region of the dentate nucleus lesions, partly 
showing low signal surrounded by hyperintense 

Figure ID. Patient A. Postmortem coronal 
T2 weighted MR image showing low signal 
in the dentate nucleus, corresponding 
histopathologically to deposits of 
hemosiderin and calcification. 



Figure IE. Patient A. Macroscopy of the (symmetrical) lesions in axial sections of cerebellum. Note the prominent discoloration and glassy 
appearance of the dentate nucleus and surrounding white matter in the cerebellum. 

Figure IF. Patient A. Macroscopy of the (symmetrical) lesions in axial sections of cerebrum. Note the relatively subtle discoloration of part 
of the globus pallidus. 

Figure IG. Patient A. Macroscopy of the (symmetrical) lesions in axial sections of the cerebral peduncle/mesencephalon. Note the prominent 
discoloration. 
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Figure 1 I. Patient A. Occasional neurons in 
the substantia nigra of this patient contained 
Lewy bodies as a coincidental finding (HE 
staining, original magnification 200x; the 
Lewy bodies are indicated by arrowheads). 

Figure IH. Patient A. Microscopically, the area 
of the dentate nucleus shows extensive fibrosis 
with multiple dispersed spindle shaped lipid 
crystal clefts, foamy macrophages, and some 
lamellae of blue staining myelin-like material 
(LFB-HE staining, original magnification 200x). 
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Figure 2A. Patient Β. Axial CT image shows 
hypodensity in the globus pallidus (arrows). 

Figure 2B. Patient B. Axial CT image 
shows hypodensity in the dentate nucleus 
and surrounding white matter. Note the 
focal area of hyperdensity on the left side 
(arrow), histopathologically showing 
calcium and hemosiderin. 
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Figure 2C. Patient B. Macroscopy of the 
cerebellar hemisphere at cut surface showing grey, glassy appearance of the dentate nucleus 
and white matter with focal discoloration caused by bleeding in the past with deposition of 
iron pigment. 

Figure 2D. Patient B. Microscopy cerebellum. 
The Perls staining highlights the iron pigment 
deposition in the neighbourhood of the lipid 
crystal clefts (original magnification 200x). 
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Figure 3A. Axial T2 weighted MR images 
showing diffiise cortical atrophy and enlarged 
Virchow-Robin spaces. These non-specific 
finding was found in the majority of patients. 

Figure 3B. Axial T2 weighted MR images 
showing diffuse cortical and diffusely increased 
signal in the deep white matter. These 
non-specific finding was found in the majority 
of patients. 
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D E F 

Figure 4A. Sagittal Τ, weighted MR image shows hypointense signal in the cerebellum (arrow). 

Figure 4B. Axial T2 weighted MR image shows extensive lesions with increased signal in the 
atrophic cerebral peduncles. 

Figure 4C. Axial T2 weighted MR images show extensive lesions with increased signal in the 
basis pontis. 

Figure 4D. Axial CTscan shows hypodensity surrounding the dentate nucleus (arrows). 

Figure 4E The corresponding T2 weighted MR image shows high signal in the cerebellum, as 
well as in the inferior olives (arrowhead) as well as hypointense signal in the dentate nucleus 
(arrow). 

Figure 4F The corresponding T2 weighted MR image shows a hypointense signal in the dentate 
nucleus (arrow). 



142 

Figure 5. In this young patient with a short disease duration and absence of cerebellar 
symptoms, only subtle lesions with increased signal on T, weighted MR are seen in the region 
of the dentate nucleus (arrows). 
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Figure 6A. Sagittal mildly T2 weighted image 
of the cervical cord shows increased signal 
throughout the entire length. 

Figure 6B. In the and axial heavily T2 

weighted image of the thoracic cord these 
hyperintense signal appears to be restricted to 
the dorsal (arrowhead) and lateral columns 
(arrows). 

The areas of low signal ( ψ ) dorsal to the cord 
are caused by CSF flow-voids. Although in 
this patient brain abnormalities were also 
present, spinal lesions and symptomatology 
can be the only manifestation in so-called 
"spinal xanthomatosis". 
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Figure 7A. Sagittal Τ, weighted MR image of a 
xanthoma of the Achilles tendon with 
intermediate signal. 

Figure 7B. T2 weighted MR image of a 
xanthoma of the Achilles tendon with mixed 
intermediate/high signal. 
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CHAPTER 14 

Hypothesis for the pathogenesis in CTX 
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Sterol 27-hydroxylase deficiency 
In CTX, the pathogenesis of the leading symptoms and signs, e g premature bilateral 
cataract, followed by neurological abnormalities, and the formation of tendon xanthomas and 
premature atherosclerosis, is only partially known In this chapter a hypothesis for the central 
nervous system involvement in CTX is proposed 

The sterol 27-hydroxylase defect, due to mutations in the CYP 27 gene, and the 
resulting metabolic derangement of excessive cholestanol and bile alcohol production are 
well characterised facts However, the pathogenetic point of departure from here, e g the 
resulting phenotype, the intrafamiliar phenotypic variability of the disease and the reported 
clinical deterioration after start of the therapy, are still unexplained 

It is unlikely that a sterol 27-hydroxylase (CYP 27) knockout animal will clarify these 
issues in CTX Mice with a disrupted CYP 27 gene resulting in a markedly reduced synthesis 
of bile acids, had normal plasma levels of cholesterol and cholestanol In bile and in faeces of 
these CYP 27 -/- mice only traces of bile alcohols were found There was no cholestanol 
accumulation or CTX-related pathological abnormalities [185] 

Blood-brain barrier defect 
In 1987 it was reported that in CTX the BBB-permeabihty was increased [88] In the 
cerebrospinal fluid high amounts of apolipoproteine B, a carrier of cholestanol, were found 
BBB integrity restored after several months of CDCA therapy It was suggested that there 
might be a toxic influence of bile alcohols on the endothelial cells, which form a part of the 
BBB, allowing an increased influx of cholestanol into the cerebrospinal fluid However, this 
toxic influence on the BBB in CTX patients must be mild to moderate for several reasons 
First, reported BBB defects, reflected by an increase in both the albumin quotient and the 
protein level in the cerebrospinal fluid are mild [48,88] Second, it is plausible that this toxic 
influence starts early in life, many years before the diagnosis CTX has been made and therapy 
has been started A senous attack on the BBB is not likely to be compatible with a usually 
slow progressive course of the neurological signs in CTX patients 

The disruption of the BBB seems unrelated to the sterol 27-hydroxylase deficiency 
itself, because the enzyme deficiency persists after starting CDCA therapy Therefore, it is 
likely that one or more abnormal metabolites, produced in CTX, are responsible for this effect 
on the BBB, possible candidates for investigation are cholestanol, bile alcohols or unknown 
metabolites 

LDL receptors, cholestanol, cholesterol, oxysterols and macrophage function 
Results obtained from animal studies suggest a selective accumulation of sterols within the 
CNS When mice are fed with a cholestanol ennched diet, selective accumulation in the 
cerebellum of the cholestanol was found [197] Recently it was shown that in rats, fed with a 
cholestanol enriched diet, cholestanol accumulated in Purkinje cells, resulting in apoptosis 
[184] 

Additionally to the increased influx of sterols into the CNS, there might be a decrease in 
cellular sterol efflux in CTX Bjorkhem et al [198] reported that human alveolar 
macrophages, cultured in a medium containing serum, produced significant amounts of 
27-hydroxycholesterol and 39 -hydroxy-5-cholestenoic acid that are transferred from the cells 
into the medium They suggested that conversion of cholesterol into 27-hydroxycholesterol 
and 39-hydroxy-5-cholestenoic acid represents a general defence mechanism for 
macrophages and possibly also other peripheral cells exposed to cholesterol [198] 
Additionally, they showed that increasing the intracellular concentration of cholesterol by a 
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factor of 10 leads to about a twofold increase in the excretion of 27-oxygenated products from 
cultured macrophages and that inhibition of the sterol 27-hydroxylase caused a significant 
intracellular accumulation of cholesterol They suggested that 27-oxygenation is a general 
mechanism for removal of intracellular cholesterol and concluded that the 27-hydroxylase 
pathway is of significance for elimination of extrahepatic cholesterol [26] 

In CTX patients there is evidence for an enhanced fractional clearance of LDL, most 
likely due to an increased activity of hepatic receptors for LDL [160,199] For this reason, 
BBB LDL-receptors may be upregulated as well The occurrence of a low-density lipoprotein 
(LDL) receptor on the BBB had already been demonstrated [200] In 1998 it was reported that 
LDL is specifically transcytosed across the monolayer using an in vitro model of the BBB 
The nondegradation of the LDL during the transcytosis indicated that the transcytotic 
pathway in brain capillary endothelial cells is different from the LDL receptor classical 
pathway [201] It was shown that cholesterol-depleted astrocytes upregulated the expression 
of the LDL receptor at the BBB, and that the LDL transcytosis parallels the increase in the 
LDL receptor, indicating that the LDL is transcytosed by a receptor-mediated mechanism 

In CTX, macrophage clusters are found within the CNS, particularly in the cerebellum 
This macrophage infiltration in the cerebellum can also be found in other conditions than 
CTX, for example several forms of histiocytosis, a group of diseases with an unknown 
etiology, in which the cerebral MRI and histology findings show a striking similarity with 
CTX Particularly the area of the dentate nuclei appear to be frequently involved in both 
diseases on MRI [53,187,189,190,202-208], and on pathology studies [1,3,45,68-73,118,209] 

Hypothesis 
It can be hypothesized that the phenotype in CTX is the result of a primary membrane 
dysfunction, followed by an increased influx of sterols into the eye lens (blood-lens barrier), 
the central nervous system (blood-brain barrier), peripheral nerves (blood-nerve barrier), and 
vessel wall (endothelial cell membrane) leading to cataracts, central nervous system 
involvement, peripheral neuropathy and accelerated atherosclerosis respectively The 
disturbance of the BBB-endothelial cell function together with the presence of high amounts 
of cholestanol are absolute requisites preceding CNS involvement in CTX That high serum 
levels of cholestanol by themselves lead to CNS pathology is unlikely, because 
hypercholestanolemia can also be found in other conditions than CTX, for example patients 
with liver disease [36], or sitosterolemia [32,88] without development of lipid related CNS 
pathology 

For these reasons we hypothesize that instead of a clear biochemical-clinical correlation 
model, it is likely that the unique combination of factors in CTX patients will lead to CNS 
involvement in this disease (Figure 1) After disruption of the BBB, there may be an 
increased LDL-receptor and transcytosis mediated influx of sterols into the CNS The 
presence of excessive amounts of cholestanol and cholesterol that accumulate preferentially 
within the cerebellar matrix may lead to incorporation in myelin Cholestanol laden myelin 
sheaths or accumulation of these sterols in the cerebellar matrix may trigger macrophage 
migration into the CNS, possibly enabled by the disturbed BBB function These CNS 
migrated macrophages play a role in the elimination of the abnormal myelin and the 
excessive amounts of cholestanol and cholesterol in the cerebellar matrix However, because 
of the CYP 27 deficiency in CTX, cholesterol efflux is insufficient [25,26,198], and the 
macrophagesalter into foam cells These abnormal lipid laden macrophages release hydrolytic 
enzymes, cytokines, chemokines, and growth factors This process leads to increased 
migration from new macrophages from the blood, and subsequently inflammatory cell 
multiplication within the CNS lesions, were eventually gliosis and necrosis appears [210] 
The cytokine release, cholestanol, and bile alcohol influx in the CNS may contribute to 
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neuronal dysfunction and neuronal loss After the start of therapy in CTX patients, noxious 
metabolites that were responsible for the BBB endothelial dysfunction, disappear The BBB 
function restores, LDL receptor clearance is down regulated, and the high amounts of 
apohpoproteine B, and thus of cholestanol in the CSF will diminish [88] However, the 
vicious circle of myelin breakdown, foam cell formation, cytokine release, and glial scar 
formation can not be halted immediately This vicious circle may explain the neurological 
deterioration despite CDCA therapy, reported by several authors [76,82-85] 

Additionally, this hypothesis may be an argument for the early start of the combination 
therapy with CDCA and simvastatin, to obtain a further lowering of serum cholestanol levels, 
of the cholesterol production and macrophage cytokine production [211] Moreover, this 
hypothesis may provide an explanation for the striking intrafamihar phenotypic variability in 
CTX patients [87,100,176] Instead of a clear biochemical-clinical correlation model, the 
phenotype results from a contribution of different but not independent factors 



Figure 1. Hypothesis for the central nervous system involvement in CTX. First, the disturbance of endothelial function resulting in an increased permeability 
of the BBB. The second factor is the production of high amounts of cholestanol and cholesterol, leading together with the upregulation of the BBB 
endothelial LDL receptor to an influx of these compounds into the CNS. The third factor is the incorporation of cholesterol and cholestanol into CNS tissues, 
and the subsequent migration of macrophages, predominantly in the cerebellum. The insufficiency of cholesterol efflux by these macrophages, results in 
transformation into foam cells, which are releasing cytokines. By then, the vicious circle of neurological deterioration has been started. 

CTX SERUM 

Cholesterol synthesis Î 

Cholestanol synthesis Î 

Increased BBB permeability j 
Endothelial LDL receptor î 
Lipid INFLUX î into the CNSJ 

Incorporation of cholesterol 
and cholestanol in myelin 

'CENTRAL NERVOUS SYSTEM*] 
Increased BBB permeability Neuronal damage 
Endothelial cell dysfunction M y e l i n l o s s Macrophage migration in CNS 

Macrophage Cholesterol efflux I 

Macrophage Cholestanol efflux I 

Cytokine production 

Foam cell formation 

dysf 

\ 

Gliosis 



150 



151 

SUMMARY 

Chapter 3 describes the signs and symptoms at time of diagnosis in a series of CTX patients 
(n = 32). Almost two thirds of these patients did not have any tendon xanthomas. Bilateral 
cataracts and neurological signs and symptoms were present in the majority of patients; 
nearly half of them had chronic diarrhoea. In the adult patients, there was a considerable 
delay in diagnosis. The fact that the majority of our CTX patients did not have any tendon 
xanthomas, in contrast with reports in the literature, implies that there must be more CTX 
patients without any tendon xanthomas. Therefore, it was concluded that CTX is a worldwide 
underdiagnosed disease. The presence of two of the clinical hallmarks of CTX, e.g. premature 
cataracts, intractable diarrhoea, progressive neurological signs and tendon xanthomas, must 
be backed-up with biochemical investigations to confirm this diagnosis. 

In Chapter 4, seven Dutch patients from six families are described with a slowly 
progressive, mainly spinal cord syndrome that remained the sole expression of CTX for many 
years. White matter abnormalities in the lateral and dorsal columns of the spinal cord were 
found with MR imaging. Postmortem examination of one of the patients showed extensive 
myelin loss in these columns. An array of genotypes was found in these patients. It was 
concluded that "spinal xanthomatosis" is a separate clinical and radiological entity of CTX 
that should be included in the differential diagnosis of "chronic myelopathy". 

Chapter 5 describes the neuromuscular characteristics of 10 CTX patients. Peripheral 
neuropathy is an established clinical feature in this disease, whereas the presence of 
myopathy and the characteristics of the neuropathy were still matters of debate. Only one of 
our patients complained of muscle weakness, while six patients showed clinical signs of 
peripheral neuropathy. EMG revealed predominantly axonal neuropathy in seven patients. 
Neurogenic changes were seen in the muscle biopsies of nine patients. Sural nerve biopsies 
from three patients showed features of axonal neuropathy. Five patients had normal 
mitochondrial respiratory chain enzyme activity. It was concluded that the most prominent 
neuromuscular abnormality is sensorimotor axonal polyneuropathy and that myopathy is not a 
feature of CTX. 

In Chapter 6 the speech characteristics of thirteen patients with various clinical stages 
of CTX were assessed by measuring their spontaneous speech rate and Maximum Repetition 
Rate. The three patients of younger than 20 years had normal speech;the six patients aged 20 
to 40 years had an increased speech rate (tachylalia) and the four patients of older than 40 
years had predominantly cerebellar dysarthria. It was concluded that tachylalia is a 
neurological sign that should be added to the clinical features of CTX. 

In Chapter 7, a 41 -year-old woman is described who was suffering from two extremely 
rare diseases that to our knowledge are unrelated: CTX and pulmonary 
lymphangioleiomyomatosis. A brief review of the latter diseases is made. 

Chapter 8 presents the spectrum of symptoms and signs and the effects of treatment 
over a period of five years in five children with CTX. In these children biochemical, 
neuroradiological and neurophysiological studies were done. All the children were receiving 
CDCA (15 mg/kg/day) in three separate oral doses. Diarrhoea and juvenile cataracts were the 
main clinical features. Psychomotor retardation, pyramidal and cerebellar signs were also 
found. After starting treatment, the biochemical abnormalities normalized and the diarrhoea 
disappeared. After one year of therapy there was no further delay in motor development; in 
three children the intelligence quotient had improved; the EEG abnormalities had 
disappeared. After five years of therapy the clinical condition of the children was stable. It 
was concluded that the clinical, biochemical and neurophysiological abnormalities in five 
children with CTX showed striking improvement after starting treatment with CDCA. 
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Moreover, the early diagnosis of CTX and the early start of treatment prevented neurological 
deterioration over a penod of five years 

In Chapter 9 the effects of a combination of CDCA and simvastatin on the serum lipid 
profile were investigated in seven adult patients with CTX, who were on long-term treatment 
with CDCA These patients received a combination of CDCA (750 mg daily) and an 
increasing dose of simvastatin over a period of six months This combination therapy caused 
the serum cholestanol and LDL cholesterol levels to decrease significantly compared to the 
effect of CDCA alone, particularly with a daily dose of 40 mg of simvastatin No side effects 
were reported and there were no effects on the clinical condition, cerebral MRI, visual evoked 
potentials and EEG features It was concluded that a combination of 750 mg of CDCA and 40 
mg of simvastatin daily further reduced the serum cholestanol, LDL cholesterol and 
lathosterol levels in adult CTX patients on long-term CDCA treatment It remains to be 
established whether this combination of treatment will in the long-term prevent neurological 
deterioration and atherosclerosis 

Chapter 10 reports two new mutations in the sterol 27-hydroxylase gene in two CTX 
patients G deletion at position cDNA 546/547 in exon 3 led to a frameshift and the 
introduction of a premature termination codon in one patient who was homozygous for this 
mutation C Τ transition at position 496 in exon 3 also led to a premature termination codon 
in another, heterozygous, patient These mutations were confirmed by restriction analysis 

In Chapter 11, a splice donor site mutation is described This g a transition at the 
splice donor site in intron 4 led to skipping of exon 4, resulting in the loss of 66 amino acids 
in the CYP 27 enzyme molecule 

Chapter 12 documents the mutations in 58 CTX patients from 32 unrelated families 
Eight of these were novel mutations, two of them were combined with two already known 
pathogenic mutations Twelve of the mutations found in this patient group have been 
described in the literature In the patients from 31 families, mutations were found in both 
alleles The literature describes 28 mutations in 67 patients with cerebrotendinous 
xanthomatosis from 44 families Pooling our patient group and the patients reported in the 
literature resulted in 37 different mutations in 125 patients from 74 families Identical 
mutations have been found in families with different ethnic backgrounds In 41% of all the 
patients, 27-sterol hydroxylase gene mutations were found in the region of exons 6-8 This 
region encodes for adrenodoxin and haeme protein binding sites Genotype-phenotype 
analysis was done for 79 homozygous patients in the group of 125 patients These patients 
were from 45 families and they had 23 different mutations The patients with compound 
heterozygous mutations were excluded from the genotype-phenotype analysis The 
genotype-phenotype analysis did not reveal any correlations 

In Chapter 13 the spectrum of MR abnormalities is described in 24 patients with CTX 
Cerebral CT (4 patients), cerebral MR (24 patients), spinal cord MR (5 patients) and tendon 
xanthoma MR imaging ( 8 patients) were reviewed for site and frequency of involvement and 
compared to postmortem neuropathological findings in 2 patients Apart from non-specific 
brain atrophy and supratentonal deep white matter changes, more typical hypenntense T2 
lesions were seen in the dentate nucleus (84%), globus pallidas, substantia nigra and inferior 
olive, steadily extending into the adjacent white matter as the disease progressed At these 
locations, light microscopy demonstrated lipid crystal cleft and perivascular macrophages, 
neuronal loss, demyehnation, fibrosis and reactive astrocytosis Sometimes low signal T» 
lesions were found in the dentate, related to the deposition of haemosidenn and calcification 
CT scanning showed fewer lesions, most of which were hypodense, except for the 
calcifications Spinal cord MRI sometimes revealed hypenntense signal in the lateral and 
dorsal columns Achilles tendon xanthomas produced intermediate signals on Ti and Ττ 
weighted images It was concluded that the classical histopathological picture was reflected in 
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the typical pattern of MR findings. Such MR findings provide strong evidence for the 
diagnosis of CTX. Although no clear correlation could be demonstrated with the clinical 
signs and symptoms, the MRI lesion load increased with age, and thus with more advanced 
stage disease. 

In Chapter 14, a hypothesis for the pathogenesis in CTX is proposed. Instead of a clear 
biochemical-clinical correlation model, it is suggested that an unique combination of factors 
in CTX patients will lead to CNS involvement in this disease. This sequence starts with a 
blood-brain barrier dysfunction. Subsequently, an increased cholesterol and cholestanol influx 
into the CNS and incorporation in myelin may trigger macrophage migration into the CNS 
which play a role in the elimination of the abnormal myelin and the excessive amounts of 
cholestanol and cholesterol in the cerebellar matrix. Because of a diminished macrophage 
cholesterol efflux, these cells alter into foam cells and will release hydrolytic enzymes, 
cytokines, chemokines, and growth factors. This process leads to inflammatory cell 
multiplication within the CNS lesions, in which eventually gliosis and necrosis will appear. 
Apart from providing an explanation for the striking intrafamiliar phenotypic variability in 
CTX patients, this vicious circle of myelin breakdown, foam cell formation, cytokine release 
and glial scar formation, could explain the ongoing neurological deterioration in several CTX 
patients despite the start of CDCA therapy. 
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SAMENVATTING 

Cerebrotendineuze xanthomatosis (CTX) is een zeldzame, autosomaal recessief erfelijke 
stofwisselingsziekte met als belangrijkste verschijnselen dubbelzijdig juvemel cataract, 
progressieve neurologische symptomen en peesxanthomen Er is een deficiëntie van het 
enzym sterol 27-hydroxylase, onmisbaar in de galzuursynthese De eerste klinische 
beschrijving dateert van 1937, ruim dertig jaar later werd ontdekt dat het centrale 
zenuwstelsel van CTX patiënten een verhoogd gehalte aan cholestanol bevat De klinische 
diagnose is vaak niet eenvoudig vanwege het variabele fenotype De begmsymptomen treden 
meestal op na het tiende levensjaar, maar een debuut beneden de leeftijd van tien jaar is 
beschreven De biochemische diagnostiek is relatief eenvoudig, evenals determinering van 
het genotype De ziekte is medicamenteus te behandelen In verband hiermee is een vroege 
diagnose belangrijk 

Het defect in de galzuursynthese is terug te voeren op een deficiëntie van het 
mitochondnele enzym sterol 27-hydroxylase, leidend tot een excessieve productie van 
galalcoholen, cholestanol en cholesterol De laatstgenoemde stoffen accumuleren in diverse 
weefsels, met name in de ooglens, de witte stof van het centrale zenuwstelsel en in pezen 
Uiteindelijk leidt dit tot de karakteristieke klachten en symptomen van deze ziekte Het exacte 
mechanisme van deze stapeling is nog onbekend De diagnose CTX kan gesteld worden door 
de bepaling van galalcoholen in een unneportie Dit is de belangrijkste diagnostische 
parameter Daarnaast kan het serum cholestanol worden bepaaldTenslotte kan de mutatie in 
het gen worden vastgesteld 

Op dit moment bestaat de therapie uit het oraal toedienen van chenodeoxycholzuur 
(CDCZ) Gedurende de behandeling met CDCZ treedt er over een penode van een tot twee 
jaar een vnjwel volledige normalisenng op van de serumspiegel van cholestanol De 
uitscheiding in de urine van galalcoholen daalt zeer sterk in een tijdsbestek van een of enkele 
weken na aanvang van de therapie De neurologische verschijnselen verbeteren of 
stabiliseren 

Cerebrotendineuze xanthomatosis is een zeldzame, maar goed te behandelen ziekte 
Teneinde invaliderende neurologische afwijkingen en athérosclérose zoveel mogelijk te 
voorkomen is het echter noodzakelijk de diagnose in een zo vroeg mogelijk stadium te 
stellen 

DOEL VAN HET ONDERZOEK 

De studie werd gestart in 1994, in dat jaar waren er 16 Nederlandse CTX patiënten (7 
families) bij ons bekend Gedurende de studie groeide dit aantal naar 59 patiënten (32 
families), waarvan 17 patiënten uit het buitenland afkomstig waren In deze geleidelijk 
uitbreidende patiëntengroep werden diverse klinische, radiologische, genetische, 
pathologisch-anatomische en pathofysiological aspecten van CTX onderzocht Als eerste 
werden de klinische aspecten van onze patiëntengroep vergeleken met de CTX patiënten, 
beschreven in de literatuur Vervolgens werd een onderzoek gedaan naar het effect van de 
combinatie van CDCZ met simvastatine als therapie bij langdurig met CDCZ behandelde 
CTX patiënten Tevens werden de klinische kenmerken van kinderen met CTX onderzocht In 
deze laatste groep was er een follow-up van vijfjaar Parallel aan dit onderzoek werd het 
genotype van onze groep in kaart gebracht Ondanks de beschreven fenotypische 
heterogeniteit van verschillende CTX patiënten is onderzocht of er mogelijksprake zou 
kunnen zijn van een genotype - fenotype correlatie bij CTX 
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De cerebrale MRI kenmerken bij onze patiënten zijn in kaart gebracht. Bij twee 
overleden CTX patiënten is er gekeken naar het pathologisch substraat van de MRI 
bevindingen. Tenslotte wordt een hypothese gelanceerd, welke een verklaring zou kunnen 
geven voor het onstaan van klinische verschijnselen van deze ziekte. 

Na de inleiding (hoofdstuk 1) van het ziektebeeld cerebrotendineuze xanthomatosis (CTX) 
en de uiteenzetting van het doel van het onderzoek (hoofdstuk 2) worden in hoofdstuk 3 de 
klachten en symptomen beschreven, aanwezig op het moment van de diagnose bij 32 CTX 
patiënten. Bij bijna tweederde van deze groep waren de peesxanthomen afwezig. De 
meerderheid had bilateraal cataract en neurologische verschijnselen. De helft van de patiënten 
had een chronische diarree. Er was een aanzienlijk interval tussen het begin van de ziekte en 
het stellen van de diagnose bij de volwassen patiënten. Het opvallend grote aantal van 
patiënten zonder peesxanthomen in onze groep, suggereert dat er, vergeleken met de in de 
literatuur beschreven patiënten, meer CTX patiënten zonder peesxanthomen zouden moeten 
zijn. Daarom werd geconcludeerd dat er wereldwijd te weinig aan de diagnose CTX gedacht 
wordt. De aanwezigheid van twee van de belangrijkste verschijnselen van CTX, te weten 
prematuur cataract, onbehandelbare diarree, een progressief neurologisch syndroom en 
peesxanthomen moet leiden tot metabool onderzoek om deze ziekte te diagnostiseren. 

In hoofdstuk 4 worden zeven Nederlandse patiënten (afkomstig van zes families) 
beschreven. Allen lijden zij aan een langzaam progressief myelum syndroom dat vele jaren, 
naast cataract, het enige symptoom is van CTX. Met behulp van MRI worden in de witte stof 
van met name de zij-en achterstrengen in het ruggenmerg lesies gevonden welke bij 
postmortem onderzoek bij één patiënt blijken te berusten op een uitgebreid myéline verlies in 
deze structuren. Het genotype van deze patiënten is divers. Deze spinale vorm van CTX, de 
zogeheten "spinal xanthomatosis" is een klinische en radiological aparte entiteit die moet 
worden opgenomen in de differentiële diagnose van een "chronische myelopathic". 

In hoofdstuk 5 worden de neuromusculaire afwijkingen bij tien patiënten beschreven. 
Polyneuropathie is een bekend symptoom van deze ziekte. Echter de aanwezigheid van een 
myopathie wordt betwijfeld, evenals het karakter van de Polyneuropathie. Van de tien 
patiëënten klaagde er één over spierzwakte. Bij zes patiënten werden er bij het neurologisch 
onderzoek verschijnselen van Polyneuropathie vastgesteld. Het EMG paste bij zeven 
patiëënten bij een voornamelijk axonale neuropathie. In het spierbiopt werden bij negen 
patiënten neurogene veranderingen vastgesteld. De nervus suralis van twee patiënten 
vertoonde de kenmerken van een axonale neuropathie, bij een derde patiënt een combinatie 
van demyeliniserende en axonale pathologie. Bij vijf onderzochte patiënten was de 
enzymactiviteit van de mitochondriële ademhalingsketen normaal. Concluderend is de meest 
prominente neuromusculaire afwijking in CTX de aanwezigheid van een sensorimotore 
axonale Polyneuropathie. Voor het bestaan van een myopathie werd geen bewijs gevonden. 

In hoofdstuk 6 zijn de spraak kenmerken van dertien CTX patiënten, in verschillende 
fasen van de ziekte, onderzocht. Onderzocht werden de spontane spraak en de zogeheten 
"Maximum Repetition Rate". Drie patiënten, allen onder de 20 jaar, hadden een normale 
spraak. Een verhoogde spraaksnelheid (tachylalie) werd gevonden bij zes patiënten in de 
leeftijd van 20 tot 40 jaar. De vier patiënten ouder dan 40 jaar hadden een, overwegend 
cerebellaire, dysarthrie. De conclusie was dat tachylalie gezien moet worden als een 
neurologisch symptoom, behorende bij het klinisch spectrum van CTX. 
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In hoofdtuk 7, wordt een 41 jange patiente beschreven die lijdt aan twee zeer zeldzame 
ziekten die voorzover bekend niet aan elkaar zijn gerelateerd CTX en een pulmonale 
lymfangioleiomyomatosis Van beide ziekten wordt een kort overzicht gegeven 

In hoofdstuk 8 worden het klinische spectrum, inclusief de biochemische, 
radiologische en neurofysiologische bevindingen, en de behandelingsresultaten over een 
periode van vijfjaar beschreven bij vijf kinderen met CTX Alle kinderen werden behandeld 
met CDCZ (15 mg/kg/dag, in drie doses) De belangrijkste symptomen waren diarree en 
cataract Psychomotore retardatie, pyramidale en cerebellaire Symptomatologie waren 
eveneens aanwezig Na de start van de behandeling normaliseerden de biochemische 
afwijkingen en verdween de diarree Na een jaar behandeling was er geen verdere motore 
ontwikkelingsvertraging, drie kinderen hadden een verbeterd IQ De EEG afwijkingen waren 
verdwenen Na vijfjaren behandeling zijn de kinderen in een stabiele conditie De conclusie 
was dat de klinische, biochemische en neurofysiologische afwijkingen bij vijf kinderen met 
CTX evident verbeterden na starten van de behandeling met CDCZ Bovendien hebben de 
vroege diagnose en de directe start van de behandeling een neurologische achteruitgang 
geduende een periode van vijfjaar voorkomen 

In hoofdstuk 9 werden de effecten onderzocht van een combinatie behandeling van 
CDCZ en simvastatine op het serum hpiden profiel van zeven volwassen CTX patiënten, 
welke langdurig zijn behandeld met CDCZ Gedurende een penode van zes maanden werden 
deze patiënten behandeld met de combinatie van CDCZ, 750 mg per dag en een opklimmende 
dosis simvastatine Deze combinatie therapie leidde tot een significante verlaging van het 
serum cholestanol en LDL cholesterol in vergelijking met CDCZ alleen, m η bij de 40 mg 
dosis van simvastatine Er werden geen bijwerkingen gemeld Er waren geen klinische 
veranderingen of veranderingen van de cerebrale MRI scan, visual evoked potentials en de 
EEG afwijkingen De conclusie was dat de combinatie van 750 mg CDCZ en 40 mg 
simvastatine per dag effectief het serum cholestanol, LDL cholesterol en lathosterol gehalten 
verlaagd bij langdurig met CDCZ behandelde volwassen CTX patiënten Het moet nog 
blijken of deze combinatie behandeling effectief is voor de preventie van neurologische 
detenoratie en het onstaan van athérosclérose op de lange termijn 

In hoofdstuk 10 worden twee nieuwe mutaties in the sterol 27-hydroxylase gen 
beschreven bij CTX patiënten Het betreft een G deletie op cDNA positie 546/547 in exon 3 
leidend tot een frameshift en het ontstaan van een voortijdig stop codon bij een patient, 
homozygoot voor deze mutatie Bij een andere, heterozygote, patient leidde een C -> Τ 
transitie op cDNA positie 496 in exon 3 eveneens tot het ontstaan van een voortijdig stop 
codon De muaties werden bevestigd met ehulp van restrictie analyse 

In hoofdstuk 11 wordt een zogeheten splice donor site mutatie beschreven Deze g a 
transitie in de splice donor site van intron 4 leidt tot een deletie (of skipping) van exon 4, 
resulterend in het verlies van 66 aminozuren van het CYP 27 enzym 

In hoofdstuk 12 worden de mutaties beschreven die zijn gevonden in 58 CTX patiënten 
van 32 niet gerelateerde families Van deze mutaties waren er acht nieuw, twee van deze 
nieuwe werden samen (op een allei) gevonden met reeds bekende mutaties Twaalf mutaties 
in deze patiënten groep waren al beschreven in de literatuur Bij de patiënten afkomstig uit 31 
families werden in de beide al leien van het CYP 27 gen mutaties gevonden In de literatuur 
zijn er 28 mutaties beschreven bij 67 CTX patiënten uit 44 families Inclusief de beschreven 
patiëntengroep zin er in totaal 37 verschillende mutaties bekend bij 125 patiënten (uit 74 
families) In families met een verschillende ethnische achtergrond zijn identieke mutaties 
gevonden Bij 41% van alle patiënten, werden CYP 27 gen mutaties gevonden in het gebied 
van de exonen 6 - 8 Deze regio codeert voor de adrenodoxine en haem bindingsplaatsen van 
het enzym Van het totaal van 125 patiënten werd bij 79 homozygote patiënten (45 families) 
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met 23 verschillende mutaties, een genotype-fenotype analyse gedaan er werd geen correlatie 
vastgesteld De patiënten met gemengd heterozygote mutaties werden niet betrokken bij deze 
analyse 

In hoofdstuk 13 werd het spectrum van de MRJ afwijkingen bij 24 CTX patiënten 
beschreven De cerebrale CT (4 patiënten), cerebrale MRI (24 patiënten), myelum MRJ (5 
patiënten) en MRI scans van peesxanthomen (8 patiënten) werden geëvalueerd met 
betrekking tot locahsatie en frekwentie van de afwijkingen en vergeleken met de postmortem 
neuropathologische bevindingen bij twee patiënten Behalve met-specifieke globale atrofie en 
supratentonele subcortical witte stof veranderingen werden er typische hypenntense lesies 
gezien op de T2 gewogen opnamen in de nucleus dentatus (84%), globus pallidas, substantia 
nigra, en de onderste olijfkem, uitbreidend in de aangrenzende witte stof bij m een meer 
gevorderd ziektestadium In de bovengnoemde structuren werden bij microscopisch 
onderzoek vet kristalspleten, penvasculaire clusters van macrofagen, verlies van neuronen, 
demyelinisatie, en fibrose met een ractieve astrocytose gevonden Soms werd in de nucleus 
dentatus een laag signaal gezien op de T2 gewogen opnamen, gerelateerd aan een depositie 
van hemosiderme en calcificaties De CT leverde minder afwijkingen op De meeste lesies 
waren hypodens, behalve de calcificaties MRI scanning van het ruggenmerg leverde bij 
enkele patiënten een verhoogd signaal op, gelokaliseerd in de zij- en de achterstrengen De 
Achillespees Xanthomen leverden op zowel de Ti alsook de T2 gewogen opnamen een 
intermediair signaal op De conclusie was dat het typische patroon van van MRI afwijkingen 
het klassieke histopathologische beeld weerspiegelt, en moet leiden tot de diagnose CTX 
Hoewel er geen duidelijke correlatie met de klinische bevindingen aanwezig was, namen de 
hoeveelheid op de MRI zichtbare lesies met de leeftijd van de patient, en dus met het 
voortschrijden van de ziekte, toe 

In hoofdstuk 14 werd een hypothese beschreven voor de Pathogenese van CTX In 
plaats van een rechtlijnig biochemisch-klinisch correlatie model werd voorgesteld dat een 
unieke combinatie van factoren bij CTX patiënten kan leiden tot de CZS pathologie bij deze 
ziekte De cascade begint met een dysfunctie van de bloed-hersen bamere Vervolgens, wordt 
door een verhoogde cholesterol en cholestanol instroom in het CZS en een incorporatie van 
deze stoffen in de myéline macrofagen migratie in het CZS op gang gebracht Deze 
macrofagen zijn betrokken bij de eliminatie van het veranderde myéline en de excessieve 
hoeveelheden cholestanol en cholesterol in de cerebellair matnx Tengevolge van een 
verminderde cholesterol efflux van de macrofagen bij CTX veranderen deze in schuimcellen 
en produceren vervolgens hydrolytische enzymen, cytokines, chemokines en groeifactoren 
Dit proces leidt tot een vermenigvuldiging van deze "ontstekingscellen" binnen de CZS lesies 
en het uiteindelijk onstaan van gliose en necrose Behalve een verklanng voor de opvallende 
intrafamiliaire fenotypische variabiliteit bij CTX patiënten, zou deze hypothese van myéline 
verval, schuimcel vorming, cytokine productie en het ontstaan van gliosis een verklaring 
kunnen vormen voor de neurologische achteruitgang bij sommige CTX patiënten ondanks de 
CDCZ therapie 
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FUTURE RESEARCH 

Several findings in this thesis warrant further study. Apart from cholesterol metabolites that 
are synthesized via the auxiliary and acidic pathway in bile acid synthesis, another 
hydroxylation product of cholesterol has recently been discovered, which is expressed in the 
brain and adrenal glands. [212-215] This conversion of cholesterol into 24S-
hydroxycholesterol contributes to brain cholesterol homeostasis. The concentrations of 24S-
hydroxycholesterol in the brain and adrenal glands were found to be 30 - 1500 times higher 
than those in other organs. Via this pathway, brain cholesterol elimination is 4 - 6 mg in 24 
hours. The enzyme has not yet been identified, it can be expected that in the near future more 
information will become available about cholesterol homeostasis and the conversion of 
cholesterol into oxysterols in patients with CTX. 

Hypercholestanolemia can also be found in patients with other conditions than CTX, for 
example liver disease [36,216-219], or sitosterolemia [32,88]. Patients with sitosterolemia, 
patients do not develop lipid-rclatcd CNS pathology, whereas patients with end-stage liver 
cirrhosis develop (skin) xanthomas [220,221], nervous system pathology such as 
encephalopathy, (xanthomatous) neuropathy [222,223] and myelopathy [224,225]. 
Investigations have been started on possible similarities in pathogenesis between these 
complications of end-stage liver cirrhosis and CTX. 

CDCA in combination with simvastatin effectively lowered the serum cholesterol, 
cholestanol and lathosterol levels m adult CTX patients. A follow-up study has been started to 
evaluate the long-term clinical effects of this combination therapy in these patients. 

The pathogenetic properties of the novel missense mutations found in this patient group 
require further attention. At present missense mutation expression studies are underway. In 
vitro mutagenesis is being performed in Nijmegen, while enzyme expression is being 
investigated in Japan. 

The most intriguing subject for future research concerns the pathophysiology of CTX: 
not only the central nervous system involvement, starting with increased blood-brain-barrier 
permeability, but also the mechanisms of diarrhoea and accelerated atherosclerosis. Further 
studies have already been started on these issues, while investigations are in preparation on 
the pathogenesis of diarrhoea, e.g. gut motility studies and on the microbiological 
characteristics of the gastro-intestinal tract in CTX patients. 
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Dormons, J. Bulten, N. Cox, A.F.J. Van Heijst, WO. Renier, J.J.M. Tolboom, A. Stalenhoef, 
A.Van Spreeken, B.G. Wolthers en J. Valk dank ik voor hun betrokkenheid bij het tot stand 
komen van de artikelen. De collega's R. de Sevaux en P. Praamstra dank ik voor hun 
kritische commentaar. 

Pa en Moe; jullie opvoeding heeft de basis gelegd voor dit werk. Het ongerichte projectiel 
tijdens de middelbare school periode heeft toch voldoende zitvlees gehad om dit tot een goed 
einde te brengen. Bedankt voor jullie interesse in en aanmoediging van mijn activiteiten. 

Kim, Laura en Nick: wat zien ze er mooi uit, die tekeningen! Drie dikke knuffels! 

Lieve Monique. "Het zit er op" is niet van toepassing. De trein dendert gewoon door, op naar 
het volgende station. Lief dat je meereist. 
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Aad Verrips werd geboren op 2 juli 1962 te Zwolle. Na het volgen van het kleuter- en 
basisonderwijs werden achtereenvolgens de HAVO en het VWO (Meander College te 
Zwolle) doorlopen. Na het winnende lot werd in September 1982 begonnen met de opleiding 
Geneeskunde aan de Katholieke Universiteit Nijmegen; in juni 1986 werd het doctoraal 
examen succesvol afgelegd. In april 1989 werd het artsexamen afgelegd en kon er als AGNIO 
Neurologie worden gestart in achtereenvolgens het AZN (Prof. dr. B.P.M. Schulte), het 
Medisch Spectrum Twente (Dr. J. Troost) en wederom het AZN (Dr. H.C. 
Schoonderwaldt/Prof. dr. G.W.A.M. Padberg/Prof. dr. S.L.H. Notermans). De opleiding tot 
neuroloog startte in 1992, gevolgd door de opleiding tot kindemeuroloog (Prof. dr. F.J.M. 
Gabreëls), inclusief een half jaar Neonatologie (Prof. dr. M. van de Bor) en een half jaar 
Algemene Pediatrie (Prof. dr. R.C.A. Sengers). Vanaf januari 1999 is de auteur werkzaam als 
kindemeuroloog binnen het Interdisciplinair Kindemeurologisch Centrum en het 
Kinderoncologisch Centrum Zuid-Oost Nederland met als aandachtsgebieden de 
neuromusculaire en de neuro-oncologische ziekten op de kinderleeftijd. 
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STELLINGEN 

BEHORENDE BIJ HET PROEFSCHRIFT 

CEREBROTENDINOUS XANTHOMATOSIS 

Some clinical, radiological, genetic and pathophysiological aspects 

AAD VERRIPS 



1. Bij CTX patiënten is er sprake van een, voornamelijk axonale, neuropathie bij 
afwezigheid van een myopathie: de histologische afwijkingen in de spier zijn 
neurogeen van origine. {Dit proefschrift) 

2. Wereldwijd zijn enkele tientallen mutaties in één gen verantwoordelijk voor een 
fenotypisch heterogeen ziektebeeld: een genotype-fenotype correlatie ontbreekt bij 
CTX. {Ditproefschrift) 

3. Bij aanwezigheid van twee van de volgende vier verschijnselen, te weten cataract, 
neurologische symptomen, chronische diarree of peesxanthomen, dient de 
concentratie van galalcoholen in de urine en het cholestanol gehalte van het serum te 
worden bepaald. (Dit proefschrift) 

4. Spinale xanthomatosis is een milde fenotypische variant van cerebrotendineuze 
xanthomatosis zonder specifiek genotype. (Dit proefschrift) 

5. Simvastatine is in staat om bij CTX patiënten die al lange tijd behandeld worden met 
chenodeoxycholzuur de serumgehalten van LDL-cholesterol en cholestanol verder te 
verlagen. (Dit proefschrift) 

6. De spraaksnelheid bij CTX patiënten kent een verloop in de tijd: normaal onder de 
twintig jaar, verlaagd in de groep ouder dan veertig jaar; in de groep tussen twintig en 
veertig jaar wordt een verhoogde spraaksnelheid, ook wel tachylalie genoemd, 
waargenomen. (Dit proefschrift) 

7. Tachylalie is een nieuw symptoom van CTX. (Ditproefschrift) 

8. Cerebrale en myelum MR scans van CTX patiënten tonen afwijkingen die 
karakteristiek zijn voor de ziekte; er is een correlatie van MR afwijkingen met de 
pathologie, maar niet met de biochemische afwijkingen of het klinische fenotype. 
(Dit proefschrift) 

9. Makkelijke omgangsvormen werken rendement verhogend in de gezondheidszorg; 
omgekeerd gaat er veel energie verloren in intercollegiale wrijving. 

10. Het recht praten van wat krom is vergt wat extra ruimte. 

11. De prijs van het verlengen van een officieel document zoals een paspoort of rijbewijs 
staat in geen verhouding tot het geleverde werk. 

12. De honoreringsregeling voor specialisten werkzaam in de academische centra is, 
indien naar de letter uitgevoerd, voor pas geregistreerde specialisten een 
aanmoediging te kiezen voor een carrière in een algemeen ziekenhuis. 

13. Aan de juridische infiltratie van de Nederlandse gezondheidszorg hangt een fors 
prijskaartje. 



14 Academische zorg en wetenschappelijk onderzoek zijn onlosmakelijk met elkaar 
verbonden 

15 Anno 2000 is het onbegrijpelijk dat met-artsen, werkzaam in de alternatieve 
geneeskunde, wanneer zij verwijtbare fouten maken hierop juridisch nauwelijks 
aangesproken kunnen worden 

16 Met het nemen van eigen maatregelen, in plaats van te vertrouwen op bestaande 
systemen, creëren sommige bedrijven hun eigen millenniumprobleem 

17 Bij gehandicapten dient men uit te gaan van de mogelijkheden en niet van de 
beperkingen van de persoon 

18 Bij binnenkomst van een patient met een matig tot ernstig schedel-hersentrauma 
geldt eerst scannen, dan denken 

19 Simvastatme behandeling leidt bij "Childhood X-linked Adrenoleukodystrophy" met 
tot een daling van het gehalte van de zeer lange keten vetzuren (A Vernps et al 
Annals of Neurology, in press) 




