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BACKGROUND AND PURPOSE: Conventional MR imaging for quantification of brain
damage in monitoring the evolution of cerebrotendinous xanthomatosis (CTX) has limitations.
Magnetization transfer (MT) MR imaging is overcoming these limitations. Using MT MR
imaging, we sought to quantify, in vivo, the extent of brain and cerebellar damage in patients
with CTX, with the ulimate goal to investigate the magnitude of the correlation between MT MR
imaging findings and clinical disability.

METHODS: Conventional and MT MR images of the brain were obtained in nine patients
with CTX and in 10 sex- and age-matched healthy volunteers. MT ratio histograms were derived
of the whole brain, brain normal-appearing white matter (NAWM), brain normal-appearing
gray matter (NAGM), cerebellar NAWM, and cerebellar NAGM. Clinical disability was mea-
sured by using the Expanded Disability Status Scale (EDSS).

RESULTS: Average MT ratio and peak heights of the whole brain, brain NAWM, and brain
NAGM histograms in patients with CTX were significantly lower than the corresponding
quantities in the control subjects. All cerebellar NAGM MT ratio histogram–derived metrics
and average MT ratio of the cerebellar NAWM histogram in patients with CTX were also
significantly lower than the corresponding quantities in the control subjects. Strong correla-
tions were found between the EDSS score and a composite whole-brain MT ratio histogram
score (r � 0.77, P < .01) and a composite brain white matter MT ratio histogram score (r �
0.71, P < .03). A strong correlation was also found between the cerebellar functional system
score and a composite cerebellar NAWM score (r � 0.72, P < .02).

CONCLUSION: The quantitative assessment of brain damage in patients with CTX with use
of MT MR imaging can provide powerful measures of disease outcome.

Cerebrotendinous xanthomatosis (CTX) is a rare, au-
tosomal recessive disorder due to a deficiency of the
mitochondrial enzyme 27-sterol hydroxylase (CYP27)
(1, 2). This causes an impairment of the metabolic
pathway of cholesterol, resulting in an excessive pro-
duction of cholestanol, which then accumulates in
many tissues (3, 4). Although the clinical manifesta-
tions of CTX can be secondary to damage of multiple

organ systems (1, 4), they are usually dominated by
the classical triad of the disease, which consists of
premature bilateral cataracts, tendon xanthomas, and
neurologic abnormalities (1, 4).

In patients with CTX, several studies with use of
conventional MR imaging have shown diffuse and
focal abnormalities of the white matter, cerebral and
cerebellar atrophy, and a typical abnormal MR signal
intensity change of the dentate nuclei and the sur-
rounding white matter (5–9). A recent proton MR
spectroscopy study also showed that the brain damage
in patients with CTX extends well beyond the abnor-
malities seen on conventional MR images in both the
supratentorial and infratentorial compartments (9).

In clinical neurology, in vivo quantification of brain
damage with use of MR-based technology is becom-
ing an important component in monitoring the evo-
lution of several diseases (10). This is particularly true
when disease-modifying treatments are available, as is
the case with CTX, for which treatment with che-
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nodeoxycholic acid alone or in combination with 3-hy-
droxy-methyglutaryl coenzyme A reductase inhibitors
has been shown to slow or even reverse the progres-
sion of the disease (11–13). In this context, outcome
measures derived from conventional MR imaging
have two major limitations. First, abnormalities seen
on conventional MR images provide a nonspecific
measure of the overall extent of macroscopic tissue
damage (10). Second, given the presence of diffuse
white matter abnormalities (5–9) and damage of the
normal-appearing tissues (9) in patients with CTX,
conventional MR imaging outcomes would inevitably
provide inaccurate estimates of the actual tissue dam-
age. Although proton MR spectroscopy enables us to
obtain important pieces of information about axonal
and mitochondrial dysfunction (9), it does not allow
(with most of the current techniques) complete brain
coverage, with the possibility of sampling and reposi-
tioning errors in serial studies, which are needed to
monitor treatment efficacy.

Magnetization transfer (MT) MR imaging can go
some way toward overcoming these limitations. A low
MT ratio indicates a reduced capacity of the protons
in the brain tissue matrix to exchange magnetization
with the surrounding water protons, and in a post-
mortem study of individuals with multiple sclerosis, a
low MT ratio was found to be strongly associated with
the degree of myelin and axon loss (14). In addition,
estimates of the amount and severity of tissue damage
of the whole brain can be obtained by using MT ratio
histogram analysis (15). Previous studies found that
MT ratio histogram-derived metrics correlated with
clinical disability and cognitive impairment in demy-
elinating (15–17), vascular (18, 19), and degenerative
(20) diseases of the central nervous system. Against
this background and with the ultimate goal to define
new putative markers for monitoring CTX evolution,
we performed this study based on MT ratio histogram
analysis to quantify the overall extent of macroscopic
and microscopic brain damage, to define the extent of
gray and white matter damage in the brain and the
cerebellum, and, most important, to investigate the
magnitude of the correlation between MT MR imag-
ing findings and clinical status of the patients.

Methods

Patients
Nine adult patients with CTX (five women, four men; mean

age, 39.1 years; range, 32–53 years) from seven families and 10
sex- and age-matched healthy volunteers (six women, four men;
mean age, 41.7 years; range, 26–56 years) were studied. All
patients met the clinical criteria for CTX and had a blood level
of cholestanol greater than 1 mg/dL. DNA point mutations or
deletions in the CYP27 gene were detected in all patients. A
complete clinical evaluation was performed on the day of the
MR imaging examination by an experienced neurologist (A.F.)
who was unaware of the MR imaging results, and the patients’
clinical disability was assessed by using the Expanded Disability
Status Scale (EDSS) (21). At the time of the clinical and MR
imaging examinations, all patients showed the classic triad of
the disease. Patients with CTX had been treated with chenode-
oxycholic acid for several years. Local ethics committee ap-

proval and written informed consent from all subjects were
obtained before study initiation.

MR Image Acquisition
Brain MR images were obtained by using a Gyroscan NT

operating at 1.5 T (Philips Medical Systems, Best, the Nether-
lands). During a single session, the following pulse sequences
were obtained in all subjects: dual-echo fast spin-echo (2800/20,
120/1 [TR/TE/excitations], echo train length of 5), and 2D
gradient-echo (640/12/2, flip angle of 20°) with and without the
standard manufacturer’s off-resonance radio-frequency satura-
tion pulse. For both sequences, 22 contiguous axial sections
were acquired with 5-mm section thickness, 256 � 256 matrix,
and 250 � 250-mm field of view. The sections were positioned
to run parallel to a line that joins the most inferoanterior and
inferoposterior parts of the corpus callosum.

MR Image Analysis and Postprocessing
Dual-echo images from all subjects were reviewed in a ran-

dom order and without knowledge of the subject’s identity by
two experienced observers (M.I., M.F.) by consensus to identify
the presence of hyperintense white matter (focal or diffuse)
and dentate nuclei abnormalities. Hyperintense lesion volume
on proton density–weighted images was measured as described
previously (16). These observers also assessed whether cerebral
or cerebellar atrophy was present, and, when detected, atrophy
was scored as mild, moderate, or severe.

Brain MT ratio histograms were obtained as follows. First,
the two gradient-echo images (ie, with and without the MT
saturation pulse) were coregistered. Registration was per-
formed by using an automated technique based on pixel simi-
larity measures (22). Next, an MT ratio image was calculated
from the coregistered gradient-echo images as previously de-
scribed (16). Brain MT ratio maps were then coregistered with
the dual-echo proton density–weighted images (23). The entire
brain was segmented from the MT ratio images by a single
observer (M.I.), without knowledge of the subject’s identity, by
using a segmentation technique based on local thresholding
(24). Finally, MT ratio histograms (with bins 1% in width) were
produced. We excluded from the analysis all the pixels with MT
ratios lower than 10%, to minimize partial-volume effects from
the CSF. To correct for the between-patient differences in
brain volumes, each histogram was normalized by dividing it by
the total number of pixels included. MT ratio histograms were
produced from the whole of the brain tissue and from brain and
cerebellar normal-appearing white matter (NAWM) and brain
and cerebellar normal-appearing gray matter (NAGM) in iso-
lation. To obtain the MT ratio histograms of NAWM and
NAGM, hyperintense lesion outlines from proton density–
weighted images were automatically transferred onto the
coregistered MT ratio maps and then masked out, as exten-
sively described elsewhere (23). By using the statistical para-
metric mapping program SPM99 and maximum image inho-
mogeneity correction (25), brain and cerebellar gray matter,
white matter, and CSF were automatically segmented from
proton density– and T2-weighted images. Each pixel was clas-
sified as gray matter, white matter, or CSF depending on which
mask had the greatest probability (maximum likelihood) at that
location. This generated mutually exclusive masks for each
tissue. The resultant masks were superimposed onto the MT
ratio maps on which hyperintense lesions were masked out and
the corresponding MT ratio histograms of NAWM and NAGM
were produced. For each histogram, the average MT ratio, the
peak height (ie, the proportion of pixels at the most common
MT ratio), and the peak position (ie, the most common MT
ratio) were measured. The average lesion MT ratio was calcu-
lated as described previously (16).
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Statistical Analysis
A two-tailed Student’s t test for nonpaired data was used to

compare MT ratio histogram–derived metrics from the pa-
tients with CTX with those from the healthy volunteers. To
reflect the large number of statistical comparisons and to avoid
type II errors, a P value of less than or equal to .01 was
considered to indicate a significant difference. To avoid a large
number of correlations, multivariable linear regression models
were used to generate composite MT ratio histogram–derived
scores. Each score was computed by using a linear combination
of the three MT ratio–derived metrics of the various histo-
grams. The weight of each MT ratio histogram–derived metrics
resulted from the coefficients estimated by the regression
model. The magnitude and the significance of the correlations
between EDSS scores or the cerebellar functional system
scores and composite MT ratio scores were evaluated by a
nonparametric Spearman correlation analysis, because EDSS
does not satisfy the assumptions of continuity and normality for
a valid inference in linear regression models, and the sample
size studied was too small for asymptotic properties to be
applied. The Spearman rank correlation coefficient was also
used to assess the correlations between EDSS scores and lesion
volumes or average lesion MT ratio.

Results
In the nine patients with CTX, the mean volume of

hyperintense abnormalities on T2-weighted images

was 2.0 mL (range, 0.4–4.7 mL) for focal abnormal-
ities, whereas it was 15.5 mL (range, 1.5–39.3 mL)
when including diffuse hyperintense abnormalities on
T2-weighted images. The average MT ratio of focal
lesions was 53.3% (range, 34.1–62.6%). It was 60.5%
(range, 51.6–65.0%) when focal and diffuse hyperin-
tense abnormalities were pooled together. Cerebral
atrophy was evident at visual inspection in eight pa-
tients (mild in five, moderate in two, and severe in
one). Cerebellar atrophy was also seen in eight pa-
tients (mild in seven and severe in one). An abnor-
mality on MR images was clearly detected in the
dentate nuclei and surrounding white matter in seven
patients.

Table 1 reports the mean and SD of the whole-
brain, NAWM, and NAGM MT ratio histogram–
derived metrics for patients with CTX and for control
subjects. Average whole-brain, NAWM, and NAGM
MT ratio histograms from patients and control sub-
jects are presented in Fig 1. Average MT ratios and
peak heights of all three histograms from patients
with CTX were significantly lower than the corre-
sponding quantities from the control subjects. Table 2
reports the means and SD of the MT ratio histogram-
derived metrics of cerebellar NAGM and NAWM

TABLE 1: Mean MT ratio histogram-derived metrics of whole-brain tissue, NAWM, and NAGM for the nine patients with CTX and the 10 con-
trol subjects

Variable Control Subjects Patients with CTX P Value*

Whole brain
MT ratio (%) 58.0 (0.5) 56.2 (1.4) .005
MT ratio peak height† 82.9 (7.4) 73.2 (7.0) .006
MT ratio peak position (%) 60.3 (0.6) 59.8 (1.2) NS

NAWM
MT ratio (%) 63.4 (0.4) 62.2 (1.3) .01
MT ratio peak height† 171.9 (18.5) 134.7 (17.8) �.001
MT ratio peak position (%) 60.8 (0.4) 60.5 (1.0) NS

NAGM
MT ratio (%) 58.1 (0.9) 55.4 (2.2) .003
MT ratio peak height† 92.1 (13.0) 67.8 (14.1) .001
MT ratio peak position (%) 56.1 (0.8) 55.7 (1.0) NS

Note.—Numbers in parentheses are SD.
* NS indicates not significant.
† These data are normalized pixel count.

FIG 1. A–C, MT ratio (MTR) histograms from patients with CTX (black line) and healthy volunteers (gray line) for whole brain (WB) (A),
brain NAWM (B), and brain NAGM (C).
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from patients with CTX and from control subjects.
NAGM MT ratio histogram–derived metrics from
patients with CTX were significantly lower than the
corresponding quantities from control subjects. Aver-
age MT ratio of the cerebellar NAWM histogram was
also significantly different between patients with CTX
and control subjects.

Strong correlations were found between the EDSS
score and the composite whole-brain MT ratio histo-
gram score (r � 0.77, P � .01) (Fig 2), and the
composite brain white matter MT ratio histogram
score (r � 0.71, P � .03). A moderate correlation was
also found between the EDSS score and the compos-
ite gray matter MT ratio histogram score (r � 0.59,
P � .09). A strong correlation was found between the
cerebellar functional system score and the composite
cerebellar NAWM score (r � 0.72, P � .02). No
significant correlations were found between EDSS
score and lesion volume or average lesion MT ratio,
or between the cerebellar functional system score and
composite cerebellar NAGM score.

Discussion
There is an increasing body of evidence that the

brain tissue damage in patients with CTX extends
well beyond the abnormalities seen on conventional
MR images and that the ‘occult’ component of CTX

brain damage contributes to the development of irre-
versible neurologic disability (8, 9). Nevertheless, the
distribution and the nature of this microstructural
damage, to our knowledge, have not been investi-
gated yet. In addition, MR imaging markers of dis-
ease progression that would enable quantification of
overall brain damage in patients with CTX are lack-
ing; such markers might enable accurate monitoring
of the evolution of the disease.

Several considerations indicate MT MR imaging as
a good candidate to provide new measures of CTX
brain damage that will improve our ability to under-
stand and monitor this disease. First, as shown in
several neurologic conditions of different origin (15–
20, 23), MT MR imaging is sensitive to the most
destructive aspects of central nervous system disease
(ie, irreversible and severe demyelination and neuro-
nal and axonal loss) that occur both outside and
within lesions of the central nervous system that are
visible on T2-weighted images. Second, by means of
histogram analysis (15–20), MT MR imaging allows
the assessment of damage in the whole of the brain
tissue, thus avoiding sample biases that are likely to
occur when using a region-of-interest–based analysis.
Third, extracting information regarding specific tis-
sues (such as NAWM and NAGM) (26) and anatomic
regions (such as the cerebellum) from MT MR imag-
ing data is possible (27).

Whole-brain MT ratio histogram analysis from
brain tissue provided additional evidence for the pres-
ence of diffuse abnormalities in patients with CTX
(9). As in other white matter diseases, such as multi-
ple sclerosis (15–17), focal white matter lesions con-
tribute little to whole-brain MT ratio histogram
changes. On the contrary, diffusely damaged tissue
and normal-appearing tissue represent the largest
component of the examined tissue and, as a conse-
quence, are likely to be the major contributors to the
observed MT ratio histogram abnormalities. This is of
particular importance in patients with CTX, in whom
neuronal and mitochondrial dysfunction is known to
occur in the normal-appearing tissue (9) and in whom
a considerable amount of diffusely hyperintense
changes of the white matter exists (5–9), the extension
of which is difficult to determine reproducibly on
conventional MR images owing to the fuzzy borders
of these abnormalities. Consistent with the view that

TABLE 2: Mean MT ratio histogram-derived metrics of cerebellar NAWM and NAGM for the nine patients with CTX and the 10 control subjects

Variable Control Subjects Patients with CTX P Value*

NAWM
MT ratio (%) 61.9 (1.0) 59.1 (2.9) .01
MT ratio peak height† 170.9 (60.5) 149.2 (82.3) NS
MT ratio peak position (%) 57.4 (2.0) 57.2 (3.4) NS

NAGM
MT ratio (%) 56.3 (0.9) 51.7 (3.8) .002
MT ratio peak height† 116.9 (20.6) 76.1 (26.6) .002
MT ratio peak position (%) 52.7 (0.8) 48.4 (1.0) .01

Note.—Numbers in parentheses are SD.
* NS indicates not significant.
† These data are normalized pixel count.

FIG 2. Scatterplot of the correlation between the EDSS score
and composite whole-brain (WB) MT ratio (MTR) histogram
score in the nine patients with CTX (r �0.77).
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nonfocal damage of CTX is important in causing
neurologic impairment in these patients, we found a
strong correlation between the whole-brain MT ratio
histogram composite and the EDSS scores. Such a
strong correlation between clinical and MT MR his-
togram findings in CTX indicates that the quantita-
tive assessment of overall brain damage might pro-
vide a new powerful approach to monitoring the
disease evolution. This is even more important when
considering that lesion volume, as also found by oth-
ers (8), and average lesion MT ratio did not correlate
with EDSS score. In addition, the extensive and dif-
fuse involvement of brain tissue fits well with the
notion that CTX is a genetic disorder. Similar MT
ratio findings were indeed present in patients with
other genetic conditions involving the central nervous
system, such as Leber hereditary optic neuropathy
(28) and nocturnal frontal lobe epilepsy (29).

This study also assessed NAWM and NAGM
pathologic changes separately and provided the first,
to our knowledge, in vivo evidence that both these
tissues are not spared by CTX brain damage. We
segmented NAWM from both focal and diffuse hy-
perintense abnormalities as seen on conventional MR
images. As a consequence, the NAWM MT ratio
histogram changes are attributable to microstructural
damage beyond the resolution of conventional MR
imaging, and our results are indicative of a graded but
overall white matter structural damage in patients
with CTX. The strong correlation found between pa-
tients’ EDSS scores and brain and cerebellar NAWM
changes also suggests that CTX microstructural dam-
age is not negligible in terms of the clinical outcome
of the disease. Although this study does not allow for
defining the pathologic nature of the microstructural
white matter changes of CTX, Wallerian degenera-
tion of fibers passing through the macroscopic lesions
of the disease or microscopic damage secondary to
local accumulation of cholestanol are two possible but
not mutually exclusive factors. We also found that
patients with CTX have abnormal NAGM MT ratio
histograms. Although we cannot exclude a contribu-
tion from CSF partial-volume averaging, particularly
in those patients with brain and cerebellar atrophy,
this finding fits with the results of previous conven-
tional MR imaging (5–9) and histochemical (30) stud-
ies showing that gray matter in patients with CTX is
frequently and diffusely involved and with the dem-
onstration of a widespread N-acetylaspartate de-
crease in the brain in patients with CTX (9). Al-
though the relatively small number of patients studied
prevented us from finding a significant correlation
between the composite NAGM MT ratio histogram
and EDSS scores, our findings are consistent with the
common and profound cognitive impairment of pa-
tients with CTX (2, 4).

Reduced MT ratio histogram–derived metrics in-
dicate a reduction of ‘bound’ water in the diseased
tissue (10). Although we can only speculate on the
possible pathologic substrates of these findings, they
are likely to reflect two of the major aspects of CTX,
that is, nerve cell loss in the gray matter and demy-

elination and axonal injury in the white matter (31,
32). However, the exact dynamics of the central ner-
vous system damage in CTX remains to be estab-
lished, since some authors suggest demyelination to
be the primary event (33, 34), whereas others propose
that the basic enzymatic effect of this disorder may
lead to the accumulation of neurotoxic metabolites
responsible for a primary neuroaxonal abnormality
with secondary myelin loss (31, 32). Given that MT
MR imaging is able to depict and to provide separate
information about CTX-related changes in white
matter and gray matter, the in vivo assessment of
tissue damage in early cases of CTX by using serial
MT MR imaging might improve our understanding of
this important aspect of the disease, which is unlikely
to be clarified on the basis of postmortem studies.

Conclusion
MT ratio histogram analysis provided in vivo esti-

mates of CTX brain damage that strongly correlated
with the clinical status of the patient. It also provided
in vivo evidence that both NAWM and NAGM are
not spared by CTX damage. Quantitative assessment
of brain damage in patients with CTX by using MT
MR imaging has the potential to provide powerful
measures of disease outcome and to improve our
understanding of CTX pathophysiology.
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