Analysis of MRI patterns aids prediction
of progression in X-linked
adrenoleukodystrophy
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Abstract—Background: X-linked adrenoleukodystrophy (X-ALD) has variants with widely different outcomes, hampering
clinical counseling and evaluation of therapies. Objective: To evaluate the degree to which MRI patterns can predict lesion
progression. Methods: Two hundred six boys and men with cerebral X-ALD (median age 12.2 years, mean age 18.5 years,
age range 1.7 to 73.8 years) were studied. In 140 individuals, follow-up MRI were available. Data after bone marrow
transplantation (BMT) were excluded. The patterns of MRI abnormalities were subdivided into five groups based on the
anatomic location of the initial T2 signal hyperintensity (pattern 1: parieto-occipital white matter, pattern 2: frontal white
matter, pattern 3: corticospinal tract, pattern 4: cerebellar white matter, pattern 5: concomitant parieto-occipital and
frontal white matter). The X-ALD MRI Severity Scale, a 34-point scale previously described, was used in the analysis.
Results: Pattern 1 patients had rapid progression if contrast enhancement was present and if the MRI abnormality
manifested at an early age. The latter was also true for pattern 2 patients. Based on these variables, predictive formulas
were constructed for these two patterns using multiple regressions. MRI progression was much slower in pattern 3 and 4
patients, whereas in the few pattern 5 patients, it was more rapid than in any other of the patterns. Patterns 1 and 5
occurred mainly in childhood, patterns 2 and 4 in adolescence, and pattern 3 in adults. Conclusions: MRI progression in
X-ALD depends on patient age, initial MRI Severity Scale score, and anatomic location of the lesion. When used in

combination, these data aid the prediction of disease course and the selection of patients for BMT.
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X-Linked adrenoleukodystrophy (X-ALD) is a pro-
gressive disorder that involves the nervous system,
adrenal cortex, and testes.! It is associated with the
accumulation of very long chain fatty acids (VLCFA)
and can be diagnosed reliably by abnormally high
VLCFA levels in plasma.? The gene deficient in
X-ALD, ABCD1, codes for a peroxisomal membrane
protein that is a member of the ATP binding cassette
transporter superfamily.® The clinical manifestations
of X-ALD range widely from the childhood cerebral
form (CCER), leading to severe disability and death
by 10 years of age, to the milder adult form, adreno-
myeloneuropathy (AMN), which is compatible with
survival to the eighth decade.’* CCER affects about
40% of patients and involves the parieto-occipital
white matter most frequently, whereas AMN is
found in about 45% of affected males and involves
mainly the spinal cord.? Within these two major cat-
egories are a series of intermediate subgroups that
vary with respect to the degree and location of cere-
bral involvement.® The prognostic significance of
these subgroups is still poorly understood. The vari-
ous phenotypes co-occur often within the same fam-
ily and do not correlate with the nature of the gene

mutation” or the severity of the biochemical
abnormality.?

The inability to predict outcome limits severely
the capacity to counsel and to evaluate and select
therapeutic interventions. To overcome this limita-
tion, we have explored the role of neuroimaging stud-
ies as prognostic markers. We have reported recently
that a MRI severity score, designed specifically for
X-ALD,? correlates with the severity of neuropsycho-
logical and neurologic involvement and, when com-
bined with age, provides information of prognostic
significance in X-ALD.? The MRI score progression
also correlates strongly with survival.® In a separate
study, we demonstrated that the presence of perile-
sional contrast enhancement has a profoundly nega-
tive effect on prognosis.'®

The aim of the current study was to determine
whether different brain MRI lesion patterns predict
the course of cerebral X-ALD. Based upon lesion lo-
cation, five distinct patterns were identified. In three
of the patterns, progression was rapid, while a rela-
tively benign course was demonstrated in two. A for-
mula was developed that combines these new data
with the two previously described MRI variables and
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patient age. This formula was found to enhance pre-
dictive power with respect to the progression of the
MRI abnormality.

Methods. Participants. The study group was derived from pa-
tients with proven biochemical defect for X-ALD seen at the
Kennedy Krieger Institute (KKI) and the Johns Hopkins Hospital
(JHH) between 1987 and 2001. Two hundred six male patients
with cerebral X-ALD defined by an MRI score of =0.5 were
enrolled into the study. Follow-up MRI were available in 140
patients. None of these patients received bone marrow transplan-
tation (BMT) during the follow-up period. Dietary treatment with
a 4:1 mixture of glyceryl trioleate and glyceryl trierucate (Loren-
z0’s oil) was not an exclusion criterion.

MRI protocol. Eighty percent of the MRI examinations were
performed at KKI or JHH. The remaining MRI were sent from
other institutions. The exams included at a minimum sagittal
T1-weighted spin echo imaging (with repetition time [TR] ranging
from 500 to 600 milliseconds, depending on the scanner’s gradient
capabilities, and echo time [TE] between 15 and 25 milliseconds)
and axial double-echo spin echo imaging (TR between 2,500 and
3,500 milliseconds, depending on scanner, and TE1 at 20 and TE2
at 30 milliseconds). Contrast-enhanced axial T1-weighted spin
echo imaging (TR 500 to 600/TE 15 to 20 milliseconds) studies had
been performed in 40 of the 140 on whom follow-up studies were
available. We reported previously the baseline and last follow-up
evaluations in these 40 patients.’ For the purpose of the current
study, we also evaluated the MRI at 73 intermediate time points
in this group that had not been included in the previous study.
The MRI of these patients were classified as contrast positive in
the presence of gadolinium enhancement (T1-weighted spin echo
MR hyperintensity within or adjacent to the lesion after 0.10
mmol/kg gadopentetate dimeglumine administration) or as con-
trast negative.

All studies were reviewed by at least two physicians experi-
enced in X-ALD using the MRI Severity Scale scoring method
(table). Reviewers were blinded to the neurologic findings. For the
assessment of disease progression, the first abnormal MRI exam
was used as a reference for all subsequent examination.

Pattern definition. The patterns of MRI abnormalities were
subdivided into five groups based on the anatomic location of the
lesion. Primary involvement of white matter in the parieto-
occipital lobe or splenium of corpus callosum was defined as pat-
tern 1 (figure 1, a), whereas involvement of the frontal lobe or
genu of corpus callosum was defined as pattern 2 (see figure 1, b).
When the frontopontine or corticospinal projection fibers were the
primary affected location, the lesion was defined as pattern 3 (see
figure 1, c¢). Pattern 4 was defined as primary cerebellar white
matter involvement (see figure 1, d) and pattern 5 as combined
parieto-occipital and frontal white matter involvement (see figure
1, e). In six patients, the abnormalities did not conform to any of
these patterns (one patient had unilateral temporal involvement
and five had diffuse global white matter involvement representing
late stage of disease).

Follow-up analysis. In the group with multiple MRI studies,
assessment of progression was based on the increase of the MRI
severity score during the follow-up period (AMRI score/follow-up
time). The Kruskal-Wallis test was used to detect significant dif-
ferences of mean progression values between the first three pat-
terns. Multiple regression analyses were performed to measure
the effect of age and initial abnormal MRI score on follow-up MRI
score in each pattern. Follow-up time was used as a covariate in
the analysis, and a model for the follow-up MRI score after 1 year
was calculated. In the largest group (pattern 1), a sufficient num-
ber of gadolinium MRI studies were available so that this infor-
mation could be included as a covariate in the analysis. The
StatView software package (SAS Corp., Cary, NC) was used for
descriptive statistics and the nonparametric tests, whereas
STATA (Stata Corp., College Station, TX) was used for the multi-
ple regression analysis.

Results. Interobserver reliability for the MRI severity
score was high (r = 0.98), and rare disagreement between
the two reviewers was resolved by consensus.
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Table MRI Severity Scale

Parieto-occipital WM (maximum 4)
Anterior temporal WM (maximum 4)
Frontal WM (maximum 4)
Periventricular
Central
Subcortical
Local atrophy
Corpus callosum (maximum 5)
Splenium
Body
Genu
Splenium atrophy
Genu atrophy
Visual pathway (maximum 4)
Optic radiations
Meyer’s loop
Lateral geniculate body
Optic tract
Auditory pathway (maximum 4)
Medial geniculate body
Brachium to inferior colliculus
Lateral lemniscus
Pons
Projection fibers (maximum 2)
Internal capsule
Brainstem
Cerebellum (maximum 2)
White matter
Atrophy
Basal ganglia (maximum 1)
Global atrophy (maximum 4)
Mild
Moderate
Severe

Brainstem

This MRI Severity Scale has been designed specifically for
X-linked adrenoleukodystrophy® and has been shown to correlate
with severity of neurologic deficits and to be predictive of disease
progression.”’ Different brain regions are considered in the MRI
severity score. Each area is scored as 0 if normal, 0.5 if unilateral
involvement, and 1 if the lesion or atrophy is bilateral. The maxi-
mum severity score is 34; a score of =1 is considered abnormal.

WM = white matter.

MRI pattern frequency and relation to age. Figure 2
shows the distribution of patterns in relation to age.
Eighty patients were younger than 10, 43 patients be-
tween 10 and 16, and 83 patients older than 16 years at
the time of initial abnormal MRI scan. Whereas 80% of
patients under 10 years of age presented with pattern 1,
the overall frequency of this pattern was somewhat less
common in the older patients. For the group as whole, 137



Figure 1. Different patterns recognized in male patients
with cerebral X-linked adrenoleukodystrophy. (a) Pattern
1: white matter in the parieto-occipital lobe or splenium of
corpus callosum; (b) pattern 2: white matter in the frontal
lobe or genu of corpus callosum; (c) pattern 3: primary in-
volvement of frontopontine or corticospinal projection fi-
bers without affection of periventricular white matter; (d)
pattern 4: primary involvement of cerebellar white matter;
(e) pattern 5: combined but separate initial involvement of
frontal and parieto-occipital white matter.

(66%) patients presented with pattern 1, 32 (15.5%) with
pattern 2, 24 (12%) with pattern 3, 2 (1%) with pattern 4,
and 5 (2.5%) with pattern 5. The mean MRI severity score
of the whole cohort was 6 *+ 0.4 (SE). The median age was
12.2 years (mean 18.5 years) at the time of the first abnor-
mal MRI examination, with a range from 1.7 to 73.8 years.
As shown in figure 3, the pattern 1 and 5 groups were on
average the youngest, whereas patterns 2 and 4 presented
mostly during adolescence and pattern 3 during adulthood.

Follow-up studies. In the 140 patients with follow-up
MRI series, the average duration of follow-up was 3.51
years, ranging from a minimum of 59 days to 11.1 years.
Eighty-eight patients of this group presented with pattern
1, 24 with pattern 2, 20 with pattern 3, 2 with pattern 4, 4
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Figure 2. Frequency of the pattern presentation at first
abnormal MRI, subdivided according to age (gray col-
umns = <10 years; black columns = 10 to 16 years; open
columns = 16 years of age). In most instances, the age at
first MRI reflects the age at onset of symptoms. Patterns 1
and 2 are most frequent in children and adolescents, with
the “classic” pattern 1 by far the most common, particu-
larly in those who manifest before 10 years of age. Pattern
3 is most common in those who manifest in adulthood.

with pattern 5, and 2 patients with advanced global white
matter involvement. Of the 40 patients with contrast stud-
ies, 34 presented with pattern 1, 3 with pattern 2, 2 with
pattern 3, and 1 patient was in a late disease stage. The
median follow-up time of this subgroup was 1 year (mean
11 months, range 59 days to 4.3 years).

Progression of MRI abnormality.

1. The mean progression of the MRI score per year was
nearly the same for patterns 1 and 2 (figure 4). It was
lower in patients with pattern 3 (0.4 = 0.15 [SE];
Kruskal-Wallis test, p = 0.001). One of the two pa-
tients with pattern 4 did not show MRI progression
over 26 months, whereas the score in the second pa-
tient had increased by only 1.5 points over 3 years.
The four patients with pattern 5 showed very rapid
progression with a mean MRI score increase of 11.2 +
0.75 (SE) over 1 year.

2. Re-evaluation of the previously published data on the
40 patients with contrast studies confirmed our previ-
ous reports that progression was much more rapid in
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Figure 3. Mean ages at initial examination in various
patterns. The “classic” pattern 1 presents most commonly
in the youngest patients, with the second most frequent
pattern 2 presenting at a slightly older age. Pattern 3,
which involves the frontopontine and corticospinal projec-
tion fibers, presents in adulthood. Bars indicate SEM.
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Figure 4. Mean rate of progression of the MRI Severity
Scale score® (severity score/number of follow-up years) in
different pattern groups. Progression rates for patterns 1
and 2 are relatively rapid and similar, whereas progres-
sion in pattern 3 patients is slow. Progression in pattern 5
patients (simultaneous posterior and anterior presenta-
tion) is extremely rapid. Bars indicate SEM. Note that
pattern 4 and the “others” group include only two patients
each and the pattern 5 group only five.

the contrast-positive group (50/113 follow-up MRI ex-
aminations; 44%): In this group, MRI progression was
detected in 45 (90%) follow-up exams, whereas in the
contrast-negative group (63 follow-up MRI; 56%), MRI
severity score increased only in 7 (11%) patients.

Multiple linear regression analyses. Because of the
large group size, the analysis was most complete in the
pattern 1 patients:

Pattern 1: In the 34 patients who underwent contrast
studies, we constructed a model based on age (regres-
sion coefficient = —0.07 = 0.02 [SE], p = 0.006), MRI
severity score (regression coefficient = 1.05 *= 0.02
[SE], p < 0.0001) at initial exam, and presence or
absence of gadolinium enhancement around lesion (re-
gression coefficient = 2.28 + 0.32 [SE], p < 0.0001) as
independent variables. These covariates explained
96% of the variability of MRI progression after 1 year.
Based on this analysis, we developed a formula that
predicts the follow-up MRI severity score after 1 year:
predicted MRI score after 1 year = 2.28 enhancement
— 0.07 initial age + 1.05 initial MRI score + 0.87
(“enhancement”: perilesional gadolinium enhancement
around the lesion was defined as 1, the absence of this
phenomenon as 0).

Pattern 2: Disease progression was more rapid in pa-
tients who were 13 years old or younger compared
with those who were older than 13. It was not possible
to analyze the effect of contrast enhancement in pa-
tients with this pattern because of the small number
of contrast studies that were available for this group.
A formula was developed that accounted for 79% of the
variability of MRI progression after 1 year. The covari-
ates in this model were the age subgroup (<13 and
=13 years old; regression coefficient = —4.4 = 2.3
[SE], p = 0.05) and MRI severity score (regression
coefficient = 2.1 = 0.27 [SE], p < 0.0001) at initial
examination: predicted MRI score after 1 year = 2.1
initial MRI score — 4.4 age subgroup — 0.48 (age sub-
groups: 0: <13 years, and 1: =13 years old).
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Pattern 3: In this group, there was no significant effect
of age or MRI severity score at initial exam on the
progression of disease. Only 3 of the 20 (15%) patients
had an increase of the MRI severity score of >2. One
of these three patients developed progressive disease
(MRI score increase from 1 to 10.5) over a 5.7-year
period. The mean increase of the MRI severity score
over 1 year was only 0.44 = 0.16 (SE).

Pattern 4 and 5 groups were too small for multiple regres-
sion analysis. However, as mentioned above, the mean MRI
progression was slow in pattern 4 but very rapid in pattern 5.

Discussion. We report the relative frequency of
various MRI patterns of brain involvement in a large
group of cerebral X-ALD patients and the rate at
which the MRI abnormality increased in each. We
find that pattern 1 patients had serious prognosis if
contrast enhancement was present and if the MRI
abnormality manifested at an early age. The latter
was also true for patients with pattern 2. MRI pro-
gression was much slower in pattern 4 and 5 pa-
tients. Progression in the few patients with pattern 5
was more rapid than in any other of the patterns. A
formula that includes the pattern aspect in combina-
tion with two previously described MRI variables
and patient’s age was developed. This information
will aid in counseling and increases the capacity to
evaluate and select therapeutic interventions in
X-ALD.

Cerebral X-ALD is the most severe X-ALD pheno-
type and develops in approximately 40% of patients.!
MR findings either predate cerebral symptoms or
appear to develop at the same time as patients be-
come symptomatic.'>'? Pattern 1 (posterior white
matter involvement) has been reported to be the
most common pattern, with a frequency of 80% in
several studies,®® including our own.® This value was
based mainly on studies of boys with CCER who
were younger than 10. Although we confirm that
80% of the boys in this age group do present with
pattern 1, this pattern occurred in only 63% of those
between 10 and 16 years old and in 55% of those
older than 16 (see figure 2). Frontal involvement was
the second most common pattern of cerebral X-ALD
in the 10- to 16-year-old patients. The projection fi-
ber involvement (pattern 3) is most common in the
adult group.

Multiple linear regression analyses were applied
to develop formulas that predict follow-up MR sever-
ity scores at 1 year after the initial MRI study. The
formula to predict progression in pattern 1 patients
is especially useful as it accounts for 96% of all vari-
ability. The contrast data and, to a lesser extent, age
were the major determinants of disease progression
in this pattern. The contrast data effectively divided
this pattern into two groups. The group with con-
trast enhancement progressed rapidly, whereas the
group without contrast enhancement progressed
much more slowly. The positive contrast enhance-
ment most likely is a marker of the acute demyeli-



nating inflammatory process, as shown in pathologic
studies.!®

The predictive value of the formula for the pattern
2 group patients is less powerful than for pattern 1.
Owing to the small number of available contrast
studies, this item could not be included in the regres-
sion model. It has been reported that patients with
the frontal white matter involvement progress less
rapidly than those with pattern 1.6 In the current
study, the overall mean progression of the MRI se-
verity score was almost equal in both patterns. Fur-
ther analysis of pattern 2 patients showed that MRI
progression varies with patient age. Progression was
more rapid in patients under 13 years old, whereas
patients 13 years or older showed progression only
when the MRI severity score was =5. In the other
studies, the patients with pattern 2 were older than
those with pattern 1. We believe that these age dif-
ferences account for the discrepancy between those
observations and ours.

What is referred to here as pattern 3, namely, the
isolated involvement of the projection fibers, was ini-
tially observed in a CT study and designated as ALD
type I1.'* A major finding of the current study is that
pattern 3 has a more benign course than that associ-
ated with patterns 1 and 2 and that it presents at a
later age. The more common posterior (pattern 1)
and anterior (pattern 2) patterns showed nearly
identical yearly MRI score progression rates,
whereas pattern 3 progressed at one-eighth of that
rate (see figure 4). In 5 children and 15 adults with
pattern 3, the MRI score had not increased at
follow-up examinations. Only one of the pattern 3
patients, an adult in his late thirties, went on to
develop symptomatic cerebral disease. Clinically, 13
of the pattern 3 patients presented with symptoms
characteristic for the “pure” AMN phenotype, which,
according to Powers et al.,>'% is a noninflammatory
dying-back axonopathy and differs fundamentally
from the inflammatory myelinopathy in patients
with demyelinating cerebral lesions. The relative
lack of progression in the pattern 3 patients may
reflect this difference.

The two pattern 4 patients with primary cerebel-
lar involvement presented in their late teenage
years, and the MRI abnormalities were nonprogres-
sive. Pattern 5 patients who had combined but sepa-
rate frontal and parieto-occipital lesions at an early
age progressed very rapidly, suggesting that this is a
particularly ominous pattern.

The findings reported here are relevant to the se-
lection of therapeutic interventions. Once cerebral
symptoms become clinically apparent, the majority
of patients have a rapidly progressive downhill
course, resulting in a vegetative state or death.' The
only current effective treatment for cerebral X-ALD
is BMT.'¢ Selection of patients who can benefit from
BMT depends upon careful analysis of the stage of
the disease process. Because of the high morbidity/
mortality, which ranges up to 36%,'¢'® the procedure
is recommended only in children and adolescents

with early and progressive MRI disease.'® It is not
recommended for patients who do not have MRI or
clinical evidence of brain involvement, because about
50% of these patients will not develop the severe
cerebral form of the disease even without treatment.?
BMT is also not recommended in patients who al-
ready have advanced cerebral involvement, because
the risk of morbidity/mortality in these patients is
high and the likelihood of achieving a meaningful
quality of life is low.!® The challenge is to identify
those patients who are at risk of rapid disease pro-
gression at a time when brain involvement is still at
an early enough stage so that BMT can achieve long-
term stabilization and benefit. Although the pres-
ence of some degree of MRI brain abnormality is an
essential requirement, it is not sufficient for this rec-
ommendation, because some patients with abnormal
MRI remain stable without BMT, as shown in this
study and in previous reports by others.” The predic-
tive formula presented here may help identify those
patients who are at low risk of progression and in
whom BMT should be considered only with a great
deal of caution.

Several new therapies for X-ALD have been pro-
posed, including dietary therapy, lovastatin, phenyl-
butyrate, and gene therapy, and controlled trials are
planned here and elsewhere.?? Evaluation of thera-
pies is hampered by the great and unpredictable
variability in the natural history of X-ALD. The in-
formation presented here provides a degree of predic-
tive capacity, namely, the prediction of MRI
progression over a 12-month period in untreated pa-
tients. This will aid statistical evaluation of thera-
peutic interventions.

A limitation of this study is that the follow-up
period is short and thus cannot predict long-term
outcome. It is essential that research aimed to iden-
tify the trigger for rapidly progressive cerebral
X-ALD will be continued so that this devastating
process can be detected early. Search for modifier
genes and environmental factors is in progress.?>-2! It
is likely that inclusion of new emerging neuroimag-
ing techniques such MR spectroscopic imaging and
diffusion tensor and magnetization transfer MR
techniques will further increase predictive power.
Biochemical changes on MR spectroscopy have been
shown to precede MRI abnormalities and appear to
be predictive.?>?®> When a larger series of patients
have been studied, we plan to include these mea-
surements in our formula.
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