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Abstract
Objective
To describe the brain MRI findings in asymptomatic patients with childhood cerebral adre-
noleukodystrophy (CCALD).

Methods
We retrospectively reviewed a series of biochemically or genetically confirmed cases of adre-
noleukodystrophy followed at our institution between 2001 and 2015. We identified and
analyzed 219 brain MRIs from 47 asymptomatic boys (median age 6.0 years). Patient age, MRI
scan, and brain lesion characteristics (e.g., contrast enhancement, volume, and Loes score) were
recorded. The rate of lesion growth was estimated using a linear mixed effect model.

Results
Sixty percent of patients (28/47) showed brain lesions (median Loes score of 3.0 points; range
0.5–11). Seventy-nine percent of patients with CCALD (22/28) had contrast enhancement on
first lesional or subsequent MRI. Lesion progression (Loes increase of ≥0.5 point) was seen in
50% of patients (14/28). The rate of lesion growth (mL/mo) was faster in younger patients (r =
−0.745; p < 0.0001). Older patients (median age 14.4 y/o) tended to undergo spontaneous
arrest of disease. Early lesions grew 46× faster when still limited to the splenium, genu of the
corpus callosum, or the brainstem (p = 0.001).

Conclusion
We provide a description of CCALD lesion development in a cohort of asymptomatic boys.
Understanding the early stages of CCALD is crucial to optimize treatments for children
diagnosed by newborn screening.
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X-linked adrenoleukodystrophy (ALD) is caused by muta-
tions in the ABCD1 gene, which encodes the peroxisome
transporter protein ATP-binding cassette domain 1
(ABCD1). Mutations lead to an accumulation of very long-
chain fatty acids (VLCFA) in plasma and tissues. A total of
35% of boys with ALD develop childhood cerebral ALD
(CCALD), the most severe form of the disease.1 CCALD is
characterized by myelin destruction, microglial apoptosis, and
blood–brain barrier disruption.2,3 Eighty-five to ninety per-
cent of patients with CCALD will progress to inflammatory
demyelination. A total of 10%–15% of patients will have
spontaneous arrest of disease (self-halted CCALD), without
evidence of brain inflammation.1,4,5 CCALD lesions on MRI
precede clinical symptoms. After an asymptomatic time pe-
riod, patients undergo continuous neurologic decline, result-
ing in death within 2–3 years.1 Current cellular therapies are
most successful when initiated in the window prior to neu-
rologic symptoms in patients with progressive, inflammatory
CCALD.5–10 Patients with self-halted CCALD are ineligible
for treatment.1,4

MRI is the best available tool for detection and surveillance of
CCALD. Typical MRI findings of advanced CCALD have
been extensively described.10 Most commonly, brain lesions
appear as confluent, symmetrical areas of T2 hyperintensity
that originate in the splenium of the corpus callosum and
extend into the parieto-occipital periventricular white matter.
A rim of contrast enhancement may appear, which indicates
active inflammation in the brain.5

There are few reports describing brain MRI findings in
asymptomatic patients with ALD, especially with sequential
follow-up imaging.11 The recent addition of ALD to the
Recommended Universal Screening Panel has given renewed
urgency to understand early brain lesion characteristics in
presymptomatic patients.12

We provide a description of brain lesion characteristics
with serial MRI follow-up, including lesion volumetric
analysis, in a cohort of asymptomatic boys with ALD. An
understanding of early-stage disease progression is neces-
sary to improve lesion detection and selection of patients
for early treatment.

Methods
The primary objective of this study is to describe the brain
MRI findings in a cohort of asymptomatic patients with
CCALD.

Participants
We performed a retrospective review of our hospital medical
records to select cases of asymptomatic patients with ALD
who were evaluated between 2001 and 2015. The inclusion
criteria were as follows: (1) confirmed diagnosis of ALD by
genetic testing (ABCD1 gene mutation) or high levels of
plasma VLCFA13; (2) Neurologic Functional Scale (NFS)1 of
0, performed by one of two experienced pediatric neurologists
(F.S.E. and P.L.M.); and (3) available brain MRI with at least
one axial T2-weighted (T2W) sequence. CCALDwas defined
as patients with a positive lesion on brain MRI. Asymptomatic
was defined as an NFS of 0 (score range 0–15). Neuro-
psychological evaluation was not considered in our study.
MRI surveillance every 6months between the ages of 3 and 10
years, published by the New York State Newborn Screening
workgroup, was followed.12

Imaging

MRI measures
Only pretreatment MRI scans (prior to hematopoietic stem
cell transplantation or gene therapy) were included. MRI
studies of the brain were performed on 1.5T/3.0T MRI units
(Siemens, Munich, Germany; General Electric Medical Sys-
tems, Milwaukee, WI; Philips Medical Systems, Cleveland,
OH) from Massachusetts General Hospital and various
institutions around the world, using 8–12 channel head coils.
Outside images were imported into our hospital’s imaging
database. At least one axial T2W sequence was included in
each MRI protocol. The T2W sequences analyzed (including
parameters) were axial or sagittal fluid-attenuated inversion
recovery (frequency 350–400, phase 250–300, slice thickness
3–5mm, gap 0–1mm, number of excitations [NEX] 2–3, field
of view [FOV] 22 × 22 to 24 × 24 cm) and axial T2 (frequency
350–400, phase 250–300, slice thickness 3–5 mm, gap
0–1 mm, NEX 2–3, FOV 22 × 22 to 24 × 24 cm). The pre/
postcontrast T1-weighted (T1W) sequences (including
parameters) were axial or sagittal T1W images (frequency
350–400, phase 250–300, slice thickness 3–5 mm, gap
0–1 mm, NEX 2–3, FOV 22 × 22 to 24 × 24 cm). The time of
contrast bolus administration ranged from 2 to 17 minutes,
whenever recorded.

Imaging analysis
Each MRI scan was reviewed by a board-certified pediatric
neuroradiologist (P.A.C.), a neuroradiologist (A.L.), and
a pediatric neurologist (P.L.M.). The reviewers were partially
blinded to patient age (minimum age of 3 years was known to
allow for appropriate scan interpretation in the context of
normal age-dependent degree of myelination) and blinded to

Glossary
ABCD1 = ATP-binding cassette domain 1; ALD = adrenoleukodystrophy; CCALD = childhood cerebral adrenoleukodys-
trophy; FOV = field of view; NEX = number of excitations; NFS = Neurologic Functional Scale; T1W = T1-weighted; T2W =
T2-weighted; VLCFA = very long-chain fatty acids.
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Table 1 Clinical characteristics of asymptomatic patients (Neurologic Functional Scale = 0) with adrenoleukodystrophy

ID
Age at first MRI,
y

Total time of MRI follow-up,
mo

Total number of
MRIs

Elevated VLCFA
(+/2) Genotype

CCALDa

(+/2)

1 9.2 33.9 3 + — −

2 6.7 35.2 5 + c.1850G>A −

3 11.6 18.4 4 + — −

4 9.7 18.4 4 + — −

5 13.9 28.7 3 + — −

6 2.1 16.7 3 + c.1850G>A,
c.1399G>A

−

7 6.0 54.8 10 + c.323C>T −

8 3.5 69.1 12 + c.1478T>C −

9 1.4 30.3 4 + — −

10 15.0 77.3 6 + — −

11 4.0 100.4 4 + — −

12 3.0 13.2 3 + — −

13 9.2 2.9 4 + — −

14 1.5 23.6 4 + c.876G>C −

15 2.3 12.2 4 + — −

16 10.2 20.2 4 + — −

17 0.9 6.2 2 + — −

18 4.5 15.9 4 + — −

19 7.9 90.2 10 + — −

20 4.0 4.5 3 + c.1661G>A +

21 6.0 29.4 8 + L523F Hemizygote +

22 1.8 38.6 7 + Nt1170delTC +

23 1.4 52.5 8 + p.G266R +

24 6.9 5.6 3 + c.495_514del20 +

25 4.8 22.1 6 + c.1825G>A +

26 7.3 1.1 2 + c.1534G>A +

27 5.2 3.5 2 + c.1415_1416delAG +

28 6.2 9.1 5 + c.614C>A +

29 5.5 1.4 2 + c.1825G>A +

30 5.6 18.6 4 + c.1825G>A +

31 4.4 2.3 2 + c.887A>G +

32 6.4 4.2 3 + — +

33 5.9 18.1 2 + c.1850G>A,
c.1399G>A

+

34 3.1 74.2 11 + c.1866-10G>A +

35 10.1 45.9 9 + c.1850G>A,
c.1399G>A

+

36 2.6 74.3 14 + c. 1478T>C +

Continued
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other clinical information (i.e., name, medical record number,
sibling or parental data, genotype or biochemical data, out-
come). Patient demographics, number of scans, follow-up
duration, follow-up interval, and brain lesion characteristics
were recorded for all MRI scans.

Lesion burden and pattern
Reviewers evaluated T2W sequences for abnormal signal
hyperintensity or atrophy involving specific brain structures
known to be involved in CCALD. Lesional MRIs were scored
according to the Loes MRI severity scoring system, a validated
tool for monitoring white matter changes by degree and extent
of T2W hyperintense regions.14 Scores range from 0 to 34.
Higher scores represent greater lesion burden. In our study, the
presence of a brain lesion was defined as a Loes score of ≥0.5.

The lesions were subdivided into 5 patterns according to their
primary anatomic distribution as previously published15: (1)
parieto-occipital lobe white matter or splenium of the corpus
callosum; (2) frontal lobe white matter or genu of the corpus
callosum; (3) frontopontine or corticospinal projection fibers;
(4) cerebellar white matter; and (5) simultaneous parieto-
occipital and frontal white matter involvement.

Lesion contrast enhancement
The readers assessed MRI scans with available postcontrast
sequences for the presence of lesional contrast enhancement.
Presence of contrast enhancement was defined as an abnor-
mal hyperintensity present on the postcontrast T1W se-
quence, which was not present at the same site on precontrast
T1W sequence. Whenever present, the pattern of contrast
enhancement was also recorded.

Lesion progression
In patients with CCALD, the first abnormal scan was used as
the reference for progression analysis. Progression was defined
as an increase in Loes score by ≥0.5 points in subsequent MRI
scans. Patients with unchanged Loes scores during serial MRI
follow-up were categorized as having stable Loes scores. Those
with stable Loes scores without associated lesion contrast en-
hancement were considered to have self-halted disease.4

Progression was also assessed by calculating lesion volumes.
3D-SLICER software, a free open source software platform for
biomedical research, was used to create 3D label maps of the
lesion by thresholding the label intensity tomatch the lesion on
the source axial T2W sequence.16,17 Lesions were then man-
ually segmented voxel-by-voxel, restricted to subject-specific
threshold values. Lesion volumes were calculated semi-
automatically from the 3D label maps, and are reported in
milliliters. Lesion growth rate is reported in on a timescale of
months. Correlations were performed between brain lesion
growth rates, patient age, and Loes scores at first lesional MRI.
In addition, we performed subgroup comparisons between
patients with Loes scores ≤1 (early lesion) and Loes scores >1
to evaluate for differences in the lesion growth rate.

Statistical analysis
Continuous variables (age, follow-up duration, follow-up in-
terval, Loes score, and lesion volume) are reported as median
and range. Binary variables (presence of brain lesion, contrast
enhancement, lesion progression) and the categorical variable
(lesion patterns) are summarized as percentages whenever
appropriate. Lesion volumes were calculated for all patients
with CCALD, with 2 exceptions. Patient 40 presented with

Table 1 Clinical characteristics of asymptomatic patients (Neurologic Functional Scale = 0) with adrenoleukodystrophy
(continued)

ID
Age at first MRI,
y

Total time of MRI follow-up,
mo

Total number of
MRIs

Elevated VLCFA
(+/2) Genotype

CCALDa

(+/2)

37 15.5 66.3 7 + c.1609C>T +

38 14.5 20.8 3 + c.614C>A +

39 14.9 14.2 2 + c.761C>T +

40 8.4 1.3 2 + c.1850G>A +

41 2.3 30.1 7 + — +

42 12.8 0.0 1 + — +

43 7.8 3.1 2 + — +

44 8.8 9.9 2 + c. 1918>A +

45 12.9 17.7 4 + c.852_855insACTC +

46 14.2 11.4 3 + — +

47 5.6 8.2 2 + — +

Abbreviations: CCALD = childhood cerebral adrenoleukodystrophy; VLCFA = very long chain fatty acids.
a Abnormal adrenoleukodystrophy lesion on initial or follow-up T2-weighted MRI sequences.
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extensive cerebral disease that, when compared to the pop-
ulation volumetric average, produced an extreme outlier. Pa-
tient 42 presented with small, multifocal brainstem lesions that
limited accurate volumetric measurements.

A linear mixed-effect regression model with random intercept
and slope and best linear unbiased prediction was performed to
assess estimated brain lesion growth rates. The model assumes

each calculated volume to be an independent variable with
a normally distributed error, and therefore foregoes within-
subject volumetric changes over time. In patients with stable
Loes scores, the percent change in lesion volumewas calculated
over the total MRI follow-up period. Spearman rank test was
used for correlation analysis. We used a Wilcoxon-Mann-
Whitney test to compare differences in lesion volume and
growth rate among independent groups of patients with

Table 2 Loes score and contrast enhancement in asymptomatic patients (Neurologic Functional Scale = 0)with childhood
cerebral adrenoleukodystrophy

ID

Age at first
abnormal
MRI, y

Number of
abnormal
MRIs Loes score (contrast +/2/NA)

Self-
halted
(+/2)

20 4.0 3 1 (−) 3 (+)a 3 (+) −

21 7.5 5 1 (NA) 1 (NA) 1 (+)a 1 (+) 2 (+) −

22 4.1 4 1 (NA) 4 (NA) 4 (+)a 4 (+) −

23 5.0 3 1 (−) 1 (+)a 1 (+) −

24 6.9 3 1 (−) 1 (+)a 1 (+) −

25 5.8 4 1 (NA) 1 (+)a 1 (+) 2 (+) −

26 7.3 2 9 (+)a 11 (+) −

27 5.2 2 1 (+)a 2 (+) −

28 6.5 4 2 (+)a 3 (+) 4 (+) 5 (+) −

29 5.5 2 1 (+)a 1 (+) −

30 6.3 3 1 (+)a 3 (+) 4.5 (+) −

31 4.4 2 3 (+)a 3.5 (+) −

32 6.4 3 1 (−) 1 (−) 1 (+)a −

33 5.9 2 1 (−) 3 (+)a −

34 7.2 4 2 (+)a 2 (+) 3 (+) 3 (+) −

35 10.1 9 3 (+)a 3 (+) 4 (+) 4 (+) 4 (+) 4 (+) 4 (+) 4 (−) 4 (−) +

36 7.7 4 0.5 (−) 0.5 (+)a 1 (+) 1 (+) −

37 15.5 7 3 (−) 3 (−) 3 (−) 3 (−) 3 (−) 3 (−) 3 (−) +

38 14.5 3 1 (−) 1 (−) 1 (−) +

39 14.9 2 7.5 (−) 7.5 (−) +

40 8.4 2 11 (+)a 11 (+) −

41 4.5 2 1 (−) 1 (+)a −

42 12.8 1 6 (+)a −

43 7.8 2 1 (+)a 1 (+) −

44 8.8 2 2 (+)a 2 (+) −

45 12.9 4 4.5 (−) 4.5 (−) 4.5 (−) 4.5 (−) +

46 14.2 3 4.0 (−) 4.0 (−) 4.0 (−) +

47 5.6 2 1 (−) 2.5 (−) −

Abbreviation: NA = not available.
a First enhancing scans.
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distinct Loes scores. Stata statistical software release 14 (Sta-
taCorp LP, College Station, TX) was used for data analysis. p
Values lower than 0.05 were considered statistically significant.

Standard protocol approvals,
registrations, and patient consents
Participant data were retrospectively reviewed and de-
identified and storage was encrypted and password pro-
tected. Due to anonymization, consent was waived. Our
hospital institutional review board approved this study. Pro-
tocol number: 2012P000132.

Data availability
Following publication, any data not published within this
article will be anonymized and shared by request from any
qualified investigator.

Results
Participants
A total of 47 asymptomatic boys with X-linked ALD were
included in the study (median age 6.0 years at first MRI; range
1.4–15.5 years). All patients included in the study had ele-
vated VLCFAs, and 57% of patients had ALD genetic testing

(table 1). All patients were diagnosed due to a known family
history of ALD or presence of adrenal insufficiency.

Imaging analysis
A total of 219MRI scans were included in the study. A total of
47% were acquired in our home institution. Of these, 55%
(120), 44% (97), and 1% (2) of scans were performed on
1.5T, 3.0T, and 1.0T MRI units, respectively. The median
number of scans per patient was 4 (range 1–14), follow-up
duration was 18.4 months (range 0.0–100.4 months), divided
among 6.3-month intervals (range 0.8–64.7 months) (table
1). Eighty-nine MRIs revealed cerebral lesions, and 94% of
them included pre- and postcontrast sequences (table 2).

CCALD group
Sixty percent of patients (28/47) manifested CCALD on
initial or follow-up MRI (median age 7.1 years at first ab-
normal MRI; range 4.0–15.5 years) (table 2). The median
number of total scans per patient was 3 (range 2–9), dis-
tributed over a follow-up period of 18.1 months (range
1.1–90.2 months), with a follow-up interval of 6.3 months
(range 0.8–18.1 months) (table 1).

Eleven of the 28 patients initially presented with a normal
MRI (median age of 3.1 years, range 1.4–7.9 years), and
subsequently converted to CCALD at 6.3 years (range
4.1–11.4 years) (figure 1).

Figure 1 Conversion to childhood cerebral adrenoleukodystrophy on MRI

Development of a T2-hyperintense lesion in the spleniumof a 4-year-old boy (A) and genuof a 5.3-year-old boy (B) frompreviously normal imaging (Loes score of 0).
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Non-CCALD group
The median age of the remaining 19 patients without evi-
dence of cerebral disease was 6.0 years at first MRI (range
0.9–15 years). The median number of scans per patient was 4
(range 2–12), distributed over a follow-up duration of 23.6
months (range 2.9–100.4 months), with an interval of 6.3
months (range 2.9–64.7 months) (table 1).

Lesion burden and pattern
The median Loes score in patients with CCALD was 3.0
(range 0.5–11) (table 2, figure 2). Among the 11 patients with
a normal baseline MRI who subsequently converted to
CCALD, the median Loes score was 1 (range 0.5–5). The
most frequent lesion distribution was pattern 1 (n = 18
patients, 60%), followed by patterns 2 and 3 (n = 5 patients,
17%, each). No patients in our case series had pattern 4
lesions, and only 2 (6%) had pattern 5 lesions. The initial
brain lesions were located in the splenium (pattern 1) and
genu of the corpus callosum (pattern 2) as well as in the
corticospinal or frontopontine tracts (pattern 3). Splenium
and genu lesions of the corpus callosum were located at the

midline. While the former may originate either in the ventral
or dorsal half of the corpus callosum, the latter was typically
centered in its most rostroventral portion juxtaposed to the
callosal sulcus. Frontopontine or corticospinal tract lesions in
the brainstem were usually bilateral and symmetrical except
for one case where the first lesion arose from the left fron-
topontine projection fiber (figure 3).

Lesion contrast enhancement
Seventy-nine percent of patients (22/28) had lesional con-
trast enhancement. A total of 54% (12/22) presented with
contrast enhancement on first MRI (median age 7.3 years,
range 4.4–12.8), with a median Loes score of 2 (range 1–11).

The 7 patients who converted to contrast enhancement (e.g.,
had an available noncontrast enhancing image followed by
a contrasting enhancing image) were a median age of 5.9 years
(range 4.0–7.7) and had a Loes score of 1 (range 0.5–3.0)
over a time period of 5.3 months (range 2.1–18.1 months)
(figure 4). The most frequent pattern of enhancement was
peripheral (rim), around the edges of the lesions, although

Figure 2 Loes scores and patterns of enhancement on MRI

(A) A 5.5-year-old boy with a T2-hyperintense lesion in the splenium, Loes score of 2, and ring-like enhancement on T1-weighted postcontrast MRI. (B) A 4.3-
year-old boy with a lesion in the splenium, Loes score of 3, and patchy enhancement. (C) A 7.4-year-old boy with a lesion in the splenium extending into the
parieto-occipital white matter, Loes score of 11, with peripheral enhancement.
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patchy and solid patterns were also seen (figure 2). Curiously,
patient 35 had a stable lesion (pattern 3) that initially showed
contrast enhancement. However, it was not detected on MRI
follow-up.

Lesion progression
Progression by Loes score
Lesion progression by Loes score was found in 50% of patients
(14/28, median age 6.1 years, range 4.0–10.1). Initial scans in
this subgroup had a median Loes score of 1 (range 0.5–9).

Twenty-one percent (6/28) of CCALD patients (median 14.4
years of age; range 12.9–15.5 years) showed self-halted brain
lesions (median Loes score of 4; range 1–7.5) over a follow-up
duration of 17.7months (range 4.6–66.3months). Themedian
number of abnormal scans per patient was 3.5 (range 2–9).

Progression by volumetric analysis
Of the 26 patients in whom volumetric analysis was possible
(n = 86 MRI scans), the median lesion growth rate was 0.19

mL/mo (range −0.07 to 1.30 mL/mo). The lesion growth
rate had a strong, inverse correlation with patient age at first
abnormal MRI (r = −0.745; p < 0.0001) (figure 5). The
association between lesion growth rate and the Loes score of
the first abnormal MRI did not reach statistical significance (r
= −0.379; p = 0.056).

In the self-halted group, 3 patients showed aminor decrease in
lesion volume during total follow-up. The remaining 3
patients had an increase of 0%–21% in lesion volume despite
no change in score as captured by the semiquantitative gold
standard.

Subgroup comparisons
Twenty patients had stable Loes scores over at least 1 follow-
up period. A total of 50% (10/20) had sequential early lesions
(Loes score ≤1). The median percent lesion volume change
was higher in patients with Loes scores ≤1 (153%; range
8.3–13,045) as compared to patients with Loes scores >1
(11.1%; range −21.2 to 695.5, p = 0.006). The lesion growth

Figure 3 Early detection of childhood cerebral adrenoleukodystrophy on MRI

(A) An 8-year-old boy with a T2-hyperin-
tense lesion in the spleniumof the corpus
callosum, Loes score of 1. (B) A 7.2-year-
old boy with a lesion in the genu of the
corpus callosum, Loes score of 1. (C) An
8.2-year-old boy with a lesion in the left
frontopontine projection fibers, Loes
score of 0.5. Contrast enhancement can
be appreciated in all cases.
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rate was 46 times faster in patients with stable Loes scores ≤1
(84.3% volume change/mo; range 1.5–1,404) when com-
pared to those with Loes scores >1 (1.8% volume change/mo;
range −1.7 to 71.2, p = 0.001). The median MRI follow-up
time did not differ between subgroups (5.6 months; range
1.4–20.8 vs 11 months; range 0.9–66.6, p = 0.200). The
number of MRI scans was similar in both groups (3; range
2–4, vs 2; range 2–9, p = 0.942).

Discussion
CCALD remains one of the most devastating neurologic
disorders of childhood. Our study describes early lesion de-
velopment in asymptomatic boys with ALD. Among the 47
patients reviewed, over half (60%) presented with CCALD.
Initial lesion size varied widely, and contrast enhancement
was not uniformly present. The most important risk factors
for rapid lesion growth rate were young age and small initial
lesion size.

Eighty to eighty-five percent of patients with CCALD will
convert to the expected phenotype of rapid inflammatory
demyelination.1 Contrast enhancement at the site of the le-
sion is the hallmark of active inflammatory disease, indicative
of blood–brain barrier disruption and translocation of leu-
kocytes into brain.3,18 Seventy-nine percent of patients in our
cohort had active brain inflammation. Only 54% of patients
with CCALD presented with contrast enhancement on first
MRI. The median age of the 7 patients with CCALD who

converted to the inflammatory phenotype on MRI was 5.9
years.

A previous study described a 30%–35% occurrence of
CCALD in patients up to 10 years of age, but did not dis-
criminate based on presence or absence of symptoms.1

Spontaneous arrest of brain demyelination was described in
10%–15% of cases.1,4 In our study, 21% of the asymptomatic
CCALD cases underwent spontaneous arrest. They tended to
be older patients, with a median age of 14.4 years.

Consistent with prior reports,15 we demonstrated that most
lesions in the brain originate in the midline of the corpus
callosum, especially in the splenium (60%). Less commonly,
they arise from the genu (17%) or frontopontine or cortico-
spinal projection fibers (17%) in the brainstem. Least com-
mon are the combined frontal and parieto-occipital white
matter lesions. Two patients who originally presented with
pattern 1 lesions progressed to pattern 5 in this report.

Lesion progression observed in 50% of our patients may have
been underestimated by the current scoring system. Patients
with early stable Loes scores (≤1) showed an increase in
lesion size when measured volumetrically (153% median
volume change). In addition, lesions grew faster in the
younger patients (r = −0.745). Conversely, lesions in patients
with self-halted disease remained volumetrically stable, with
a maximum increase in size of 21%, without change in Loes
score. The detection of a minor decrease in lesional volume
may reflect variability betweenmeasurements at different time

Figure 4 Development of contrast enhancement in a cerebral adrenoleukodystrophy lesion

A 6.9-year-old boy, nonenhancing lesion in the
splenium of the corpus callosum, Loes score of 1,
develops contrast enhancement on the following
MRI 5.6 months later.
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points, or local atrophy around the lesion over time. Neither
the natural history of disease nor serial reports of the Loes
score have demonstrated spontaneous regression of lesions in
CCALD. Ultimately, the Loes score on the first abnormal
MRI was not predictive of growth rate. These observations
suggest that boys with small lesions captured at an early age,
the situation now made possible by newborn screening, re-
quire closer follow-up imaging (e.g., every 3 months) with
volumetric analysis to establish disease trajectory and need for
intervention.

The underlying pathologic substrate of white matter lesions
on MRI in early CCALD remains unclear. Studies in the
literature have correlated MR lesions with histopathology, but
most have focused on patients with advanced disease.2,15,19

Currently, the earliest T2 sequence abnormality is thought to
be due to myelin membrane instability and oxidative stress,
which triggers the initial damage in CALD.14 The contrast
enhancement seen at later stages may be due to endothelial
dysfunction, as ABCD1 is thought to play a role in tight
junction maintenance.3,5,18

Our study has several limitations. As a referral center, sam-
pling bias due to geographic, racial, and socioeconomic

factors may have influenced our results. Like prior studies,
heterogeneity of MR field strength and sequence measures
seen in our series could have led to potential errors in brain
lesion evaluation. Finally, we used the NFS as a measure of
clinical sign and symptom burden. Without neuro-
psychological testing, subtle cognitive symptoms may have
been missed20 and thus, asymptomatic patients may have
been overestimated.

In light of the recent addition of ALD to the Recommended
Uniform Screening Panel, we expect a substantial increase in
the early stage diagnosis of childhood cerebral ALD in the
coming years. Therefore, familiarity with the evolution of
early cerebral lesions on MRI is paramount to improve di-
agnosis and follow-up surveillance, and to help optimize the
selection of patients for rescue therapies.
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Figure 5 Correlation of lesion growth rate and age

A strong, negative relationship between rate of lesion growth (mL/mo) and
patient age (years) at first abnormal MRI can be appreciated (r = −0.745; p <
0.0001).
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