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Abstract

Background and Objectives

Childhood cerebral adrenoleukodystrophy (C-ALD) is a severe inflammatory demyelinating
disease that must be treated at an early stage to prevent permanent brain injury and neuro-
cognitive decline. In standard clinical practice, C-ALD lesions are detected and characterized by
a neuroradiologist reviewing anatomical MRI scans. We aimed to assess whether diffusion
tensor imaging (DTI) is sensitive to the presence and severity of C-ALD lesions and to
investigate associations with neurocognitive outcomes after hematopoietic cell therapy (HCT).

Methods

In this retrospective cohort study, we analyzed high-resolution anatomical MRI, DTI, and neu-
rocognitive assessments from boys with C-ALD undergoing HCT at the University of Minnesota
between 2011 and 2021. Longitudinal DTT data were compared with an age-matched group of
boys with ALD and no lesion (NL-ALD). DTI metrics were obtained for atlas-based regions of
interest (ROIs) within 3 subdivisions of the corpus callosum (CC), corticospinal tract (CST),
and total white matter (WM). Between-group baseline and slope differences in fractional an-
isotropy (FA) and axial (AD), radial (RD), and mean (MD) diffusivities were compared using
analysis of covariance accounting for age, MRI severity (Loes score), and lesion location.

Results

Among patients with NL-ALD (n = 14), stable or increasing FA, stable AD, and stable or decreasing
RD and MD were generally observed during the 1-year study period across all ROIs. In comparison,
patients with mild posterior lesions (Loes 1-2; n = 13) demonstrated lower baseline FA in the CC
splenium (C-ALD 0.50 + 0.08 vs NL-ALD 0.58 + 0.04; pgy; = 0.022 adjusted Benjamini-Hochberg
p-value), lower baseline AD across ROIs (e.g,, C-ALD 1.34 + 0.03 x10™” m”/s in total WM vs NL-
ALD 1.38 + 0.04 x10™° m*/s; pa = 0.005), lower baseline RD in CC body and CST, and lower
baseline MD across ROIs except CC splenium. Longitudinal slopes in CC splenium showed high
sensitivity and specificity in differentiating early C-ALD from NL-ALD. Among all patients with
C-ALD (n = 38), baseline Loes scores and DTI metrics were associated with post-HCT neu-
rocognitive functions, including processing speed (e.g., FA WM Spearman correlation coefficient
R = 0.64) and visual-motor integration (e.g, FA WM R = 0.71).

Discussion
DTTI was sensitive to lesion presence and severity as well as clinical neurocognitive effects of
C-ALD. DTI metrics quantify C-ALD even at an early stage.

*These authors contributed equally to this work as co-first authors.

From the Departments of Pediatrics (E.Il.P., R.L., A.G., T.L., P.J.O., W.B.D., M.B., A.P., I.N.), Neurology (A.M.), Psychiatry & Behavioral Sciences (J.R.W., B.A.M.), and Radiology (D.N.),
University of Minnesota Medical School, Minneapolis; Biostatistical Design and Analysis Center (R.S.), Clinical and Translational Science Institute, University of Minnesota, Minneapolis;
and Independent Neuroradiologist-Consultant (D.L.), Minneapolis, MN.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.
The Article Processing Charge was funded by the authors.
This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading

and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2024 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.
€209764(1)


mailto:pier0053@umn.edu
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000209764
http://creativecommons.org/licenses/by-nc-nd/4.0/

Glossary

AD = axial diffusivity; ALD = adrenoleukodystrophy; ANCOVA = analysis of covariance; BH = Benjamini-Hochberg; C-ALD =
cerebral adrenoleukodystrophy; CC = corpus callosum; CST = corticospinal tract; DTI = diffusion tensor imaging; FA =
fractional anisotropy; FLAIR = fluid-attenuated inversion recovery; FSL = FMRIB Software Library; GRAPPA = generalized
autocalibrating partially parallel acquisition; HCT = hematopoietic cell-based therapy; JHU = John Hopkins University; MD =
mean diftusivity; MPRAGE = magnetization-prepared rapid gradient echo; NL-ALD = adrenoleukodystrophy with no lesion;
RD = radial diffusivity; ROI = region of interest; TE = echo time; TI = inversion time; TR = repetition time; WM = white

matter.

Introduction

Adrenoleukodystrophy (ALD) is a rare X-linked disorder of
peroxisomal function caused by pathogenic variants in the
ABCDI gene that lead to the accumulation of very long chain
fatty acids across organ systems, including the adrenal glands
and nervous system." The most severe expression of this
disorder is cerebral adrenoleukodystrophy (C-ALD), a phe-
notype characterized by progressive inflammatory de-
myelinating brain lesions. Approximately 35%-40% of male
patients with ALD develop C-ALD in childhood, with typical
onset between 3 and 12 years.”> Hematopoietic cell-based
therapies (HCTs) with matched donor stem cells or autolo-
gous gene-corrected cells have demonstrated efficacy to halt
the progression of C-ALD.*S However, HCT must be per-
formed at an early stage to preserve neurocognitive function.”
The severity of cerebral lesions is conventionally assessed
using the radiologic scoring system developed by Loes, which
tallies the number and extent of brain structures affected by
lesions on anatomical MRL® The Loes score at the time of
HCT predicts survival, disease progression, and risk of long-
term neurocognitive and neuropsychiatric impairments.g’10

Over the past decade, the gradual expansion of newborn
screening for ALD has enabled presymptomatic MRI sur-
veillance of boys with ABCD1 gene variants, thus facilitating
earlier C-ALD detection and treatment.'’ A review of ana-
tomical MRI by a clinical neuroradiologist is the standard
method to detect and characterize lesions, but early radiologic
changes are often subtle and challenging to identify."?
Moreover, the anatomical MRI is unable to detect changes in
white matter (WM) integrity in areas outside of the visible
lesion. The emergence of new treatments for C-ALD has
demonstrated a need for unbiased, objective metrics sensitive
to subtle changes in WM microstructure that would support
the early detection of C-ALD and the evaluation of thera-
peutic response in future clinical trials.

Diffusion tensor imaging (DTI) assesses WM integrity based
on local properties of water molecule diffusion and has been
proposed as a potential early disease marker for ALD."*'*
Unlike the Loes score, DTT is sensitive to changes in normal-
appearing WM and can quantify the degree of degradation
within a specific region of interest (ROI).">'® These prop-
erties suggest that DTT may be useful for clinical monitoring
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and as a potential surrogate outcome measure in longitudinal
ALD clinical trials.*>*”

This observational study analyzed DTI acquired over a
1-year interval in 2 ALD patient groups. The first group
consisted of boys with C-ALD who underwent HCT. The
Loes score at the pre-HCT evaluation defined C-ALD dis-
ease severity. The second group included boys with ALD
without cerebral lesions (“no lesion” group; NL-ALD) who
were being monitored for potential development of C-ALD.
Because demyelinating lesions are nearly always first ob-
served in the corpus callosum (CC) or corticospinal tract
(CST) projection fibers (i.e., within the brainstem, internal
capsule),”'® we focused DTT analyses on these ROIs, com-
paring them with total WM. Four working hypotheses were
evaluated. The first hypothesis asserts that DTI metrics in
the CC and CST are sensitive to mild, early-stage C-ALD
lesions. The second hypothesis asserts that DTI changes in
boys with mild C-ALD are detectable in normal-appearing
WM. The third hypothesis asserts that individuals with
NL-ALD have stable WM maturation trajectories. The
fourth hypothesis asserts that DTI metrics are associated
with the development of neurocognitive symptoms in pa-
tients with C-ALD.

Methods

Participants

Our analysis included boys with ALD between 3 and 15 years
of age evaluated at the University of Minnesota Medical
Center over a 10.5-year period (May 1, 2011, to November 1,
2021). Figure 1 depicts patient selection. Of 66 individuals
who underwent HCT for C-ALD, a subset of 38 boys had
MRI scans with the same DTI acquisition protocol at 2 time
points ~1 year apart: an initial scan at 1.4 + 0.8 months before
HCT and a follow-up scan 12.3 £ 1.1 months after HCT
(interscan interval: 13.5 + 1.3 months; range: 11.1-16.3
months). Treatment protocols involved preparative regimens,
followed by either an allogeneic HCT or an autologous HCT
using genetically modified stem cells. An age-matched com-
parison group of 14 untreated boys with ALD without cere-
bral lesions was identified among those undergoing routine
MRI surveillance during this same period. Individuals were
included in the NL-ALD group if they had MRI scans using
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Figure 1 Study Selection

Male patients with ALD (ages 3-15 years)
evaluated at the University of Minnesota
between May 1, 2011, and November 1, 2021
(N =90)

Patients with lesions (C-ALD) undergoing
treatment with HCT
(n = 66)

Patients without lesions (NL-ALD)
undergoing routine MRI surveillance
(no treatment)

(n=24)

Excluded (n = 28):

+ Deceased during first year post-HCT (8)

* Missing baseline or 12-month MRI (13)

+ Insufficient scan acquisition or quality (7)

Excluded (n = 10):

* Another neurologic condition
not associated with ALD (4)

* Inadequate scan interval (4)

+ Insufficient scan acquisition or quality (2)

[ ALD = adrenoleukodystrophy; C-ALD =

Patients with 2 DTl scans
at 1 year apart (pre- and post-HCT)
(n=38)

Patients with two DTl scans
at 1 year apart
(n=14)

cerebral adrenoleukodystrophy; DTl =
diffusion tensor imaging; HCT = he-
matopoietic cell-based therapy; NL-
ALD = adrenoleukodystrophy with no
lesion.

the same DTT acquisition protocol approximately 1 year apart
(interscan interval: 13.3 + 1.6 months; range: 11.3-17.0
months). All patients with NL-ALD had confirmed elevations
in very long chain fatty acids and at least one of the following:
(1) an ABCDI variant classified as pathogenic or likely
pathogenic or (2) a family history of an ALD phenotype. The
14 boys in the NL-ALD group were followed for a median of
2.1 years (range: 1.0-8.1 years) past the second scan; 1 of the
14 has since developed C-ALD. Those with insufficient/
missing DTT acquisition or with another neurologic condition
not associated with ALD were excluded from both groups.

Standard Protocol Approvals, Registrations,
and Patient Consents

Written informed consent was obtained from parents or
guardians of all study participants enrolled in clinical research
studies for observation or treatment of ALD. Retrospective
MRI and neurocognitive data analysis was approved with
waiver of informed consent by the University of Minnesota
Institutional Review Board (STUDY00002247).

MRI

Brain MRI was performed on a 3T scanner (Siemens Skyra)
with a 20-channel head/neck coil located at the University of
Minnesota Masonic Children’s Hospital. High-resolution ana-
tomical images were acquired using sagittal 3-dimensional T1-
weighted magnetization-prepared rapid gradient echo
(MPRAGE) without a contrast agent (Figure 2). MPRAGE
acquisition parameters included repetition time (TR) = 1,900
milliseconds, echo time (TE) = 2.19 milliseconds, inversion
time (TT) = 900 milliseconds, voxel size 0.9 x 0.9 x 0.9 mm?>, flip
angle 9°, and generalized autocalibrating partially parallel ac-
quisition (GRAPPA) 2. Axial
2-dimensional T2-weighted fluid-attenuated inversion recovery

acceleration factor =
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(FLAIR) with fat saturation and T2-weighted fat-suppressed
turbo spin echo sequences were also collected as part of the
MRI ALD surveillance protocol (Figure 2). FLAIR acquisition
parameters were TR/TE/TI 9,000/81/2,500 milliseconds,
voxel size 0.6 X 0.6 X 4.0 mm”, flip angle 150°, and GRAPPA = 2.
T2 acquisition parameters were TR/TE 4,000/79 milliseconds,
voxel size 0.5 X 0.5 x 4.0 mm?>, flip angle 150°, and GRAPPA = 2.
The DTI protocol was acquired to quantify cerebral tissue mi-
crostructural integrity (e.g, mean diffusivity (MD) and frac-
tional anisotropy (FA) maps in Figure 2). Parameters of DTI
were TR/TE 6,300/95 milliseconds, posterior-anterior phase-
encoding direction, 12 unique bipolar gradient waveform di-
rections with the multidirectional diffusion weighting mode, b =
1,000 s/mm” acquired twice without averaging, 2 by scans, and
voxel size 1.875 x 1.875 x 5.000 mm® (70 scans; 67% of the data
set) or 2.188 x 2.188 x 5.000 mm" (34 scans; 33% of dataset).

19,20

Because DTI metrics are dependent on voxel size, voxel

volume was used as a covariate in statistical comparisons.

Radiologic Scoring

Loes scores were ascertained on a scale of 0-34 (higher scores
indicate more severe disease) by review of MPRAGE, T2, and
FLAIR images by a board-certified neuroradiologist (D.L. or
D.N.) who was blinded to the DTI metrics and neuro-
cognitive status of the patients. Before analysis, patients were
categorized into one of 7 subgroups for comparison and vi-
sualization of DTI results. Stratification of patients with
C-ALD based on pre-HCT Loes score, and disease pattern
was informed by recent studies demonstrating that both the
severity and location of the lesion are relevant factors in
predicting clinical outcomes.””*"** Subgroups were as fol-
lows: no lesion (Loes 0; n = 14); mild posterior lesion (Loes
1-2; n = 13); mild/moderate lesion (Loes 2.5-4.5) in pos-
terior (n = §), frontal (n = 2), or atypical (n = 4) WM
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Figure 2 Representative Examples of FLAIR and MPRAGE Scans With MD and FA Maps in 2 Similar-Aged Boys With ALD
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Top row: patient without cerebral demyelinating disease. Bottom row: patient with posterior pattern C-ALD affecting the CC splenium and adjacent parietal-
occipital WM (Loes = 2). Axial slices follow the orientation noted for the left top image (A = anterior, P = posterior, R = right, L = left). The interpatient slice
location was matched as closely as possible across different MRI contrasts. ALD = adrenoleukodystrophy; C-ALD = cerebral adrenoleukodystrophy; FA =
fractional anisotropy; FLAIR = fluid-attenuated inversion recovery; MD = mean diffusivity; MPRAGE = magnetization-prepared rapid gradient echo; WM =

white matter.

locations; moderate posterior lesion (Loes 5-8.5; n = 4); and
severe posterior lesion (Loes 9+; n = 10). For all patients with
posterior or frontal disease, lesions were observed to affect the
CC (the splenium or genu, respectively), whereas atypical
disease patterns affected portions of the CST (e.g, in the
brainstem or internal capsule), anterior temporal WM, and/or
auditory pathway without involvement of the CC.

Lesion Segmentation

To facilitate analysis of the sensitivity of DTI metrics to the
disease process in normal-appearing WM, lesion segmentation
was performed so that voxels within visible lesions could be
identified. For C-ALD cases, lesions were outlined semi-
automatically in the MPRAGE scans with ITK-SNAP visuali-
zation software (version 3.6) automated
3-dimensional image contour segmentation tool.”> Output la-
bels were then edited and manually corrected as necessary.

using an

DTI Preprocessing and Analysis

Cerebral microstructure analysis was conducted with a fully
automated pipeline. DTI data were analyzed with in-house
implemented scripts using FMRIB Software Library (FSL,
version 6.0.1).>* Eddy current—induced distortions and mo-
tion artifacts were corrected with the eddy correct function
using spline interpolation. Brain masks were estimated using
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the bet function and averaged eddy corrected image.” Dif-
fusion tensor was estimated in each brain voxel using the dtifit
function. Fractional anisotropy (FA) maps were nonlinearly
co-registered with the 1-mm FA template included in the John
Hopkins University (JHU) WM atlas using the fsl_reg func-
tion and contrast set to the FA value; subsequently, the JHU
WM atlas labels were warped into native space of the DTI
scan.’*>! For C-ALD scans, the FA map was also co-
registered to the MPRAGE scan using affine image registra-
tion and mutual information as a similarity criterion using the
flirt function.”*° The outlined lesion was warped into the
native space of the DTI scan. The warped JHU WM atlas
identified ROIs in the native diffusion space. The JHU-based
ROIs included total WM (i.e., all non-zero voxels belonging to
WM tracts in the atlas), CST, CC genu, body, and splenium.
Averaged FA and mean (MD), radial (RD), and axial (AD)
diffusivities were estimated for each ROI and scan using 2
approaches: (1) from all voxels of the ROI (fully automated
approach) and (2) from only normal-appearing voxels in the
ROI (semiautomated approach excluding voxels within the
segmented lesion). Higher FA and lower MD values generally
indicate better microstructural integrity.’> Longitudinal
trends in DTI metrics in ROIs were characterized as slopes,
with the number of years between scans defining between-
scan time intervals for slope estimation.
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€209764(4)


http://neurology.org/n

Neurocognitive Assessment

For patients with C-ALD, 6 neurocognitive domains were
assessed during clinical neuropsychological evaluations at
baseline and 1 year after HCT. Using methods established in
previous longitudinal ALD studies reporting cognitive
outcomes,7’10 verbal reasoning, visual reasoning, working
memory, and processing speed were evaluated using age-
appropriate versions of the Wechsler scales. Fine motor
dexterity was evaluated with the Purdue Pegboard test (av-
erage of dominant, nondominant, and both hand trials).
Visual-motor integration was evaluated with the Beery-
Buktenica Test of Visual-Motor Integration. Age-adjusted
standard scores were used for all neurocognitive tests. Details
regarding neurocognitive measurement methodology are
described in the eMethods.

Statistical Analysis

Between-group differences in DTI metrics and longitudinal
slopes were investigated with analysis of covariance
(ANCOVA) using age and voxel volume as covariates. To
account for multiple comparisons, adjusted Benjamini-
Hochberg (BH) p-values were reported to reduce the false
discovery rate (ppy < 0.0S). The adjusted ppp-values were
estimated from the complete set of original uncorrected p-
values of all DTI metrics and ROIs separately for the baseline
and slope tests. The original uncorrected p-values are provided
in eTable 1 including descriptive statistics of baseline, follow-
up, and slope measures. For boys with C-ALD, associations
between baseline DTT metrics and 1-year post-HCT neuro-
cognitive scores were assessed using Spearman correlation
coefficients, with corresponding CIs calculated using Fisher
transformation method. To further estimate the relationship
between DTI and neurocognitive metrics while accounting for
individual differences at baseline, a follow-up analysis evaluated
associations between longitudinal changes in DTT metrics and
neurocognitive functions (i.e., the difference between baseline
and year 1) using Spearman correlation coefficients.

Data Availability

Bash and Matlab scripts used for analysis of DTT data and
overall statistical analysis for this study are available at github.
com/umn-milab/qmri-ald (release v1.0.1"). The scripts and
deidentified DTI data set are available for the purposes of
replicating procedures and results. With the exclusion of any
patients enrolled in an ongoing and/or unpublished clinical
trial, deidentified neurocognitive data are available from the
corresponding author upon request.

Results

Characteristics of the study cohort are listed in Table 1. The
C-ALD and NL-ALD groups were similar in age at baseline,
with Loes scores ranging from 1 to 19 among patients with
C-ALD. Thirteen patients with C-ALD demonstrated Loes
scores between 1 and 2, constituting a subgroup of patients
with “mild” lesions. All patients with mild lesions had a

Neurology.org/N

Table 1 Study Cohort Characteristics

C-ALD
(n=38)

NL-ALD
(n=14)

Age at initial scan, y,
mean (SD); range

8.2(2.8), 4.7-14.9 8.0(3.7), 3.3-14.0

Age at follow-up scan, y,
mean (SD); range

9.3(2.8); 5.8-15.6 9.1 (3.8); 4.2-15.0

Radiologic severity,
mean (SD); range

Loes MRI score 5.5(4.7); 1-19 0
at initial scan

Loes MRI score 8.3 (6.0); 1.5-23 0
at follow-up scan

Demyelination pattern, n

Parietal-occipital variant 32/38 N/A

Frontal variant 2/38 N/A

Atypical variant (no 4/38 N/A

callosal lesion)

Abbreviations: C-ALD = cerebral adrenoleukodystrophy; NL-ALD = adreno-
leukodystrophy with no lesion.

posterior disease pattern starting in the CC splenium, with or
without involvement of parietal-occipital WM. This subgroup
was, on average, younger (mean age: 6.3 + 1.9 years) than the
overall C-ALD cohort and the NL-ALD group; age was,
therefore, included as a covariate in statistical comparisons.

Cross-Sectional Analysis

The sensitivity of DTI to the presence and severity of WM
lesions was assessed with a cross-sectional comparison of ALD
subgroups. Figure 3 shows baseline DTT metrics in the CC
splenium for subgroups with posterior lesions. Among patients
with more severe lesions (i.e, with higher Loes scores), FA
values were generally lower and RD values higher. FA better
distinguished patients without lesions from those with mild
lesions. AD was lower in patients with mild lesions as compared
with those without lesions but showed higher values among
patients with more severe disease. The CC body, CC genu,
CST, and WM ROIs showed similar findings (eFigures 1-4),
although less pronounced than in the CC splenium.

To evaluate whether DTI metrics distinguished patients
without demyelinating lesions from those with mild posterior
C-ALD lesions (Loes: 1-2), metrics for the baseline scan were
compared across these 2 groups (Table 2). The results of the
ANCOVA demonstrated that the group with mild C-ALD
showed lower FA and AD in the CC splenium compared with
the NL-ALD group. In addition, AD was lower in CC, CST,
and total WM ROIs for the mild C-ALD group at baseline.
These results were similar for MD, except for the CC sple-
nium. RD was lower in the CC body and CST. Similar results
were obtained when voxels classified as lesion were excluded
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Figure 3 Box Plots Depict Baseline DTl in the CC Splenium for Patients With a Posterior Disease Pattern
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(A) Lower FAwas associated with higher MRI severity (i.e., Loes score) in C-ALD patients. CC splenium FA was lower in patients with mild C-ALD lesions (0 < Loes
< 2; yellow triangles) compared with those without lesions (blue circles). (B) AD in the CC splenium was lower in patients with mild C-ALD (yellow triangles)
relative to those without lesions (blue circles) but demonstrated higher values in those with more severe lesions (i.e., higher Loes score). (C and D) Radial and
mean diffusivity were similar in patients with mild C-ALD relative to those without lesions; these metrics were higher with more severe lesions (i.e., with higher
Loes score). Patients with lesions in frontal or corticospinal tracts were not included in this figure because of the small sample sizes. AD = axial diffusivity; ALD =
adrenoleukodystrophy; C-ALD = cerebral adrenoleukodystrophy; CC = corpus callosum; DTI = diffusion tensor imaging; FA = fractional anisotropy.

from the ROI-based analysis (eTable 2). DTI was sensitive to
early demyelinating C-ALD processes even in the portions of
ROIs that appeared normal on standard anatomical MRI
scans.

Figure 4A visualizes longitudinal DTT results for FA in the
cerebral WM, subdivisions of the CC, and CST for each pa-
tient. Among boys in the NL-ALD group, FA generally in-
creased, whereas RD and MD decreased across regions over
time (see also Table 2), consistent with the typical pattern of
WM development in healthy children.*?* Slope values
(mean * SD) were calculated for a time interval measured in
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years, that is, an expected per-year change. Positive slopes
indicating increasing FA values (slope >0) were frequently
observed in patients with NL-ALD, especially in the CC
splenium (86%; slope = 0.011 + 0.01S per year) and genu
(93%; slope = 0.015 + 0.021 per year). However, in boys with
mild posterior C-ALD, FA in the CC typically declined in the
1-year period after HCT, with decreasing values in 92% of
patients in the splenium (slope = —0.073 + 0.102 per year)
and 100% in the genu (slope = —0.016 + 0.021). Figure 4B
visualizes FA slope discriminability between patients with NL-
ALD and mild C-ALD across all ROIs. Sensitivity and spec-
ificity values can be derived from Table 2.
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Table 2 Comparison of Cross-Sectional and Longitudinal DTI Metrics in a Group of Patients With ALD Without Lesions (No
Lesion; n = 14) and a Group With Mild Posterior C-ALD Lesions (Mild Lesion; n = 13) Across 5 Regions of Interest

No lesion Mild lesion ANCOVA
Loes=0 0<Loes<2 Ppen values Frequency of slope >0, n (%)
Baseline Slope No lesion Mild lesion

ROI Baseline Follow-up Baseline Follow-up comparison comparison (total n = 14) (total n =13)
Fractional anisotropy

WM 0.45+0.03 0.46 + 0.03 0.45 +0.02 0.43 +0.02 0.7811 0.0028 12 (86) 3(23)

CC splenium 0.58 + 0.04 0.59 + 0.04 0.50 + 0.08 0.42 + 0.09 0.0221 0.0347 12 (86) 1(8)

CCgenu 0.56+0.04 0.57+0.04 0.56+0.03 054+0.03 0.5662 0.0028 13 (93) 0(0)

CC body 0.48 + 0.05 0.49 + 0.05 0.49 + 0.05 0.46 + 0.05 0.4834 0.0030 10 (71) 3(23)

CST 0.57+0.04 0.59+0.04 0.57+0.03 056+0.03 0.3356 0.0042 13(93) 4(31)
Axial diffusivity

WM 1.38 + 0.04 1.39 £ 0.06 1.34 £0.03 1.34 +0.05 0.0052 0.5669 9 (64) 8 (62)

CC splenium 1.76 £+ 0.14  1.76+0.12 1.60 £ 0.09 1.73+0.20  0.0043 0.1136 6 (43) 10(77)

CC genu 1.59 £ 0.06 1.60 £ 0.08 1.52 £ 0.04 1.55+0.07 0.0116 0.9872 5(36) 8 (62)

CC body 1.75+0.13 1.76 £0.12 1.61 +£0.09 1.65+0.13 0.0037 0.8271 6 (43) 8 (62)

CST 1.46+0.05 1.48+0.05 142+0.04 1.42+0.05 0.0278 0.4686 8(57) 4(31)
Radial diffusivity

WM 0.76+0.06 0.76+0.06 0.75+0.03 0.77+0.04  0.0861 0.0422 4(29) 11(85)

CC splenium 0.74+0.10 0.73+0.10 0.77£0.12 0.97 £0.20 0.8077 0.0013 4 (29) 13 (100)

CCgenu 0.68+0.06 0.67+0.05 0.65+0.04 0.70+0.06 0.1495 0.0441 4(29) 12(92)

CC body 0.87+0.14 0.85+0.11 0.78 £ 0.09 0.85+0.11 0.0286 0.0288 6 (43) 12(92)

CST 0.66 + 0.07 0.65 + 0.07 0.63 +0.04 0.64 + 0.04 0.0271 0.0671 5(36) 8 (62)
Mean diffusivity

WM 0.90 + 0.05 0.89 + 0.05 0.88 +0.03 0.89 + 0.04 0.0256 0.1268 5(36) 11 (85)

CC splenium 1.01 £0.10 1.01£0.10 0.99 + 0.09 1.17+0.18 0.3410 0.0013 3(21) 13 (100)

CC genu 0.92 + 0.06 0.92 +0.04 0.88 £ 0.03 0.92 + 0.06 0.0226 0.0938 4(29) 11 (85)

CC body 1.11+£0.13 1.09 £0.10 1.00 £ 0.08 1.06 +£0.10 0.0120 0.0945 5(36) 11 (85)

CST 085+0.05 0.85+0.05 0.83+0.03 0.83+0.03 0.0162 0.1969 6 (43) 7 (54)

Abbreviations: ANCOVA = analysis of covariance; C-ALD = cerebral adrenoleukodystrophy; CC = corpus callosum; CST = corticospinal tract; DTI = diffusion
tensor imaging; psn = Benjamini-Hochberg adjusted p-values; ROI = region of interest; WM = white matter.

Axial, radial, and mean diffusivity units are x10~° m?/s. Fractional anisotropy, axial diffusivity, radial diffusivity, and mean diffusivity are reported for baseline
and follow-up time points in the cerebral white matter, subdivisions of the corpus callosum, and the corticospinal tract. Results of group comparisons of
baseline DTI metrics and slopes with ANCOVA are shown with adjusted p-values (values in bold show pgy < 0.05). The frequency of patients in each group
showing positive longitudinal change (frequency of slope >0) in each metric over the one year period is presented in the far-right 2 columns. Values in bold
indicate slope measures with high sensitivity (SE) and specificity (SP) for the group determination, with the threshold set at SE + SP >170%. SE and SP can be
derived from the positive slope frequency as follows: For FA, SE = 100% - mild lesion frequency and SP = no lesion frequency. For axial diffusivity, radial
diffusivity, and mean diffusivity, SE = mild lesion frequency and SP = 100% - no lesion frequency.

The longitudinal results for AD, RD, and MD are shown in
eFigures S-7. MD and RD provided high discriminability for
post-HCT changes among those with early-stage posterior
C-ALD lesions (Table 2; eFigures 6 and 7). In the CC sple-
nium, MD and RD slopes were 0.163 + 0.109 x10™° m*/s'y
and 0.183 +0.122 x10™° mz/S'y in mild posterior C-ALD and
-0.006 % 0.035 x10~° m”/s*y and ~0.009 # 0.029 x10™° m*/
s'y in NL-ALD, respectively.

Neurology.org/N

For all severity levels, eTable 1 shows baseline, follow-up, and
slope imaging measurements, including uncorrected statistical
comparisons.

Associations of MRI Metrics With Clinical
Neurocognitive Outcomes

Associations between pre-HCT MRI metrics (Loes score and
DTI metrics) and neurocognitive functions at 1-year after HCT
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Figure 4 Longitudinal Change in FA in 5 ROIs Among Boys With ALD With and Without Demyelinating Lesions
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(A) Visualization of longitudinal change in FA metrics over a 1-year period based on the presence and severity of lesions assessed by the Loes score. For
patients without lesions (dark blue) and those with frontal (cyan) and atypical (magenta) lesions, FA values in the CC splenium were generally similar at
baseline and showed stable or positive slope trajectories. By contrast, lower baseline values and declines over time were frequently seen in patients with C-
ALD with posterior lesions. In the genu, FA estimates were lower for patients with frontal lesions (cyan) and those with severe C-ALD (red). The gray arrow on
the plot of genu FA values points to a patient with an atypical disease pattern who developed frontal demyelination between scans. The graph for the
corticospinal tract ROl shows positive slopes for most patients with NL-ALD and negative (declining) slopes for most patients with C-ALD. The cerebral WM and
CC body show results similar to the CC splenium with a weaker group separation. (B) Comparison of FA slope across ROIs in boys without cerebral lesions
(dark blue) and those with mild posterior cerebral lesions (yellow). The red dashed line depicts a slope equal to 0. The time interval for the reported slope
values was measured in years. ALD = adrenoleukodystrophy; C-ALD = cerebral adrenoleukodystrophy; CC = corpus callosum; DTI = diffusion tensor imaging;
FA = fractional anisotropy; NL-ALD = adrenoleukodystrophy with no lesion; ROI = region of interest; WM = white matter.

are reported in Figure S. Moderate to large effect sizes (0.5-0.8)
were seen in correlations between pre-HCT Loes score and 4
post-HCT neuropsychological measures (ie., visual reasoning,
processing speed, fine motor dexterity, and visual-motor in-
tegration), with higher MRI severity associated with lower post-
HCT neurocognitive test performance. Both cerebral WM and
CC splenium DTI metrics (FA, MD, and RD) showed

Neurology | Volume 103, Number5 | September 10, 2024

correlations of similar magnitude with these same neuro-
cognitive outcomes. Better WM integrity metrics (i.e., higher FA
or lower RD and MD) at the time of HCT were associated with
better neurocognitive test results. Correlations were less robust
between pre-HCT Loes/DTI metrics and post-HCT verbal
reasoning and working memory. However, FA, RD, and MD in
the cerebral WM and CC splenium were moderately associated
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Figure 5 Correlation of Pre-HCT Loes Score and DTI Variables With Neurocognitive Measures 1 Year After HCT in 38 Boys

With C-ALD

Verbal reasoning Visual reasoning

Working memory

Processing speed  Fine motor dexterity Visual-motor

(n=32) (n=34) (n=30) (n=34) (n=34) integration (n = 34)
Pre-HCT measure R 99% Cl R 99% Cl R 99% Cl R 99% Cl R 99% Cl R 99% Cl
Loes score -0.19 (-0.59, 0.28) (-0.82,-0.24) -0.31 (-0.67, 0.17) (-0.85,-0.30) -0.48 (-0.75, -0.06) (-0.89, -0.48)
FAwhite matter | 0.28 (-0.19, 0.64) (0.27, 0.84) 1051 (0.06, 0.78) (0.28, 0.84) (0.20, 0.81) (0.40, 0.87)
FA splenium 0.08 (-0.38, 0.50) (0.11, 0.78) 038 (-0.09, 0.72) (0.17, 0.80) 0.45 (0.02, 0.74) (0.27, 0.83)
FA genu 023 (-0.23,0.62) 043 (0.00, 0.73) 035 (-0.13, 0.70) (0.19, 0.81) 041 (-0.03, 0.71) (0.17, 0.80)
FA body 023 (-0.24,0.61) 040 (-0.04, 0.71) 035 (-0.13, 0.70) 0.31 (-0.14, 0.66) 0.22 (-0.23, 0.60) 0.43 (0.00, 0.73)
FA CST 022 (-0.25,0.61) 045 (0.03, 0.74) 036 (-0.12, 0.70) 0.43 (0.00, 0.73) | 038 (-0.07, 0.70) 058 (0.20, 0.81)
AD white matter -0.14 (-0.55, 0.33) —0.36 (-0.69, 0.08) -0.16 (-0.58, 0.32) -0.21 (-0.59, 0.25) -0.36 (-0.69, 0.08) -0.37 (-0.69, 0.07)
AD splenium -027 (-0.64,0.20) B0.52 (-0.78,-0.12) -0.37 (-0.71, 0.11) E0I83 (-0.78,-0.11) 2054 (-0.77, -0.10) 2062 (-0.83,-0.25)
AD genu -023 (-0.61,0.24) -0.07 (-0.49, 0.38) -0.06 (-0.50, 0.41) -0.03 (-0.45, 0.41) -0.17 (-0.56, 0.29) -0.13 (-0.53, 0.32)
AD body -023 (-0.61,0.24) =030 (-0.65, 0.15) -0.21 (-0.61, 0.27) -0.21 (-0.59, 0.25) -0.31 (-0.66, 0.14) -0.35 (-0.68, 0.10)
AD CST 022 (-0.25,0.61) 0.17 (-0.28, 0.56) 0.25 (-0.23, 0.64) 0.19 (-0.27, 0.57) 0.17 (-0.29, 0.56) 029 (-0.16, 0.64)
RD white matter =025 (-0.62, 0.22) . (-0.85,-0.31) 04 (-0.80, -0.11) (-0.83, -0.27) . (-0.83, -0.25) (-0.88, -0.43)
RD splenium -0.11 (-0.53,0.36) (-0.81,-0.19) -0.46 (-0.76,-0.01) (-0.83, -0.27) (-0.77, -0.09) (-0.88, -0.41)
RD genu 030 (-0.66,0.17) -0.45 (-0.74,-0.02) -0.41 (-0.73, 0.06) (-0.82,-0.23) -0.46 (-0.75, -0.04) (-0.80, -0.17)
RD body 027 (-0.64,0.20) -0.43 (-0.73, 0.00) -0.32 (-0.68, 0.16) -0.35 (-0.68, 0.10) -0.31 (-0.65, 0.14) -0.47 (-0.75,-0.05)
RD CST -0.06 (-0.49,0.40) -0.47 (-0.75,-0.04) -0.28 (-0.66, 0.20) -0.38 (-0.70, 0.06) -0.34 (-0.67, 0.11) (-0.77,-0.09)
MD white matter -0.27 (-0.64, 0.20) . (-0.84, -0.29) . (-0.79, -0.09) (-0.80, -0.17) . (-0.81, -0.21) (-0.88, -0.43)
MD splenium -0.15 (-0.56, 0.31) (-0.83, -0.24) (-0.78, -0.06) (-0.84, -0.29) (-0.80, -0.16) (-0.89, -0.45)
MD genu 027 (-0.64,0.20) -0.37 (-0.69, 0.08) -0.33 (-0.68, 0.16) (-0.77,-0.10) -0.40 (-0.71, 0.03) (-0.78,-0.11)
MD body 026 (-0.63,0.21) -0.43 (-0.72, 0.01) -0.30 (-0.67, 0.18) -0.30 (-0.65, 0.15) -0.32 (-0.66, 0.13) -0.46 (-0.74,-0.03)
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Spearman correlation coefficient (R) and corresponding 99% confidence interval (Cl) are calculated for each row-column pair

-0.50 <R<-0.25
. -0.25<R<
Color key: or 0.25
0.25<R<0.50

AD = axial diffusivity; CST = corticospinal tract; DTI = diffusion tensor imaging; FA = fractional anisotropy; HCT = hematopoietic cell transplant; MD = mean

diffusivity; RD = radial diffusivity.

with working memory. Besides visual-motor integration, the pre-
HCT DTI metrics, mainly from the cerebral white matter (FA,
RD, AD) and CC splenium (MD, AD), revealed comparable or
even higher associations with 1-year post-HCT neurocognitive
functions than the pre-HCT Loes score.

Examination of longitudinal change in Loes score and DTI
metrics relative to changes in neurocognitive scores over 1 year
revealed a similar pattern of findings (eFigure 8), with more
modest associations. Increases in Loes score, MD, and RD and
decreases in FA were associated with declines in neurocognitive
abilities. For 2 measures (visual reasoning and processing
speed), Loes score changes showed the strongest correlations
with neurocognitive changes. For the remaining 4 measures
(verbal reasoning, working memory, fine motor dexterity, and
visual-motor integration), DTI changes showed similar or
higher correlations with neurocognitive changes than Loes
scores. For total WM, changes in RD and MD were modestly
correlated with changes across all 6 neurocognitive domains.

Discussion

This study demonstrates the sensitivity of DTI metrics to the
presence of early C-ALD lesions. These metrics quantify

Neurology.org/N

disease severity and associate with neurocognitive effects after
treatment of C-ALD.

Our findings demonstrate that DTI provides a sensitive, ob-
jective method to quantify early C-ALD lesions. The sensitivity
of DTT increases within ROIs that correspond to the location of
the earliest lesions. In ~80% of individuals with C-ALD, lesions
are first observed in the densely packed fibers of the CC sple-
nium and progress into periventricular parietal-occipital WM
(posterior pattern).'® In the remaining individuals, lesions
emerge in the CC genu or pyramidal tracts (frontal and atypical
pattern, respectively). In this study, when comparing a subgroup
of patients with the mildest posterior lesions (Loes = 1-2) with
patients without lesions, group differences were apparent across
several DTI parameters. FA in the CC splenium was lower in
most boys with mild posterior lesions as compared with those
without lesions. Lower AD was also observed across several
ROIs, including ROIs where lesions were not seen on radiologic
review (e.g, CC genu and CST). Group differences remained
after controlling for age and when examining only voxels
without visible lesions. This finding builds on prior studies de-
scribing differences between individuals with C-ALD and con-
trols in DTI metrics within normal-appearing WM ROIs.'*"*
Thus, these results support our first 2 working hypotheses.
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The observation that DTI differences can be detected in
normal-appearing white matter suggests the promise of DTI as
a potential tool to assist with early diagnosis of an emerging
C-ALD lesion. Further exploration of DTI within the research
setting could assess the potential benefit of using DTT alongside
conventional MRI to, for example, detect changes that might
prompt closer scrutiny or more frequent surveillance scans.
Prospective studies using a cohort of boys developing early
MRI changes during the monitoring period would be especially
valuable to evaluate whether subtle changes in the slope of DTI
metrics identify the onset of C-ALD. Nevertheless, some
caution is needed in considering an adaptation of DTI as a
tool for clinical practice. Although clear differences between
NL-ALD and mild C-ALD groups across DTI metrics were
evident in our study at the group level, some overlap in
distributions for each DTI metric was apparent (Figure 4).
This finding suggests that the DTT results at a single time
point would not have been sufficient to inform treatment-
related decision making at the individual patient level
(ie, independent from the radiologic review). Given the
substantial risks of the treatments presently available for
C-ALD, current clinical management guidelines recommend
confirmation of an active and progressive (usually contrast-
enhancing) lesion before proceeding with intervention.**>

Cross-sectional analysis allowed comparison of DTI metrics
of patients with C-ALD experiencing different stages of dis-
ease severity. Notably, DTT metrics vary in their correspon-
dence to different properties of WM microstructure.
Specifically, RD and AD quantify the ease of water diffusion
across or along axons and are believed to reflect the integrity
of myelin and axons, respectively.>>*” FA has been reported
to be an indicator of axonal count and density as well as
myelin content.*® In our data set, higher disease severity, as
measured by the Loes score, was associated with higher FA
and lower RD. AD showed a somewhat different pattern. The
results suggest that diffusivity along axons may initially de-
crease during early illness, perhaps because of axonal damage.
Later in the disease, AD may increase as lesions become more
severe, reflecting loss of axons. This finding aligns with re-
search regarding the pathophysiology of ALD lesions. Three
histopathologic zones with a spatiotemporal sequence can be
observed in C-ALD lesions.*** An outermost zone at the
peripheral edge (prelesional area) shows acute axonal damage
associated with early microglia loss.*' Moving inward, a sec-
ond zone is characterized by demyelinated axons, permanent
axon loss, and inflammation. The center of the lesion (inner
core) is characterized by near-complete loss of axons and
myelin sheaths as well as astrocytic scarring. Previous studies
showed an association between DTI metrics and these his-
topathologic zones, with lower FA at the lesion core than the
lesion periphery.'®*%*? In postmortem analyses, lower FA has
also associated with histopathologic metrics including lower
myelin and axon density and more severe astrogliosis.>”

Our analysis found that nearly all individuals in the NL-ALD
group showed stable or increasing longitudinal FA values across
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the ROIs examined, supporting our third working hypothesis.
This finding aligns with studies of healthy 4- to-11-year-old
children, which have reported a relatively small annual per-
centage change in FA values in the CC splenium and genu
relative to other fiber tracts (e.g, association fibers).* The
stability of FA values in the CC splenium and genu during this
period may reflect earlier maturation of CC tracts relative to
other fiber tracts.**** These findings lead to the hypothesis that
changes in slope direction of DTI metrics will provide valuable
information about the potential for the emergence of a lesion
even before observable WM changes. Further prospective re-
search is needed to study the value of DTI, ideally in combi-
nation with other biomarkers, in disease surveillance.

Given that DTI metrics can be affected by chemotherapy
agents*® and MRI progression may not stabilize until 6-18
months after HCT,” we expected that DTT metrics would show
declining white matter integrity over time among some patients
with C-ALD. A comparison of longitudinal change (slopes) in
DTI metrics between the NL-ALD group and the mild C-ALD
group found group differences across all ROIs. For any in-
dividual with C-ALD, the direction of longitudinal change in
DTI metrics in the post-HCT period could reflect the effects of
chemotherapy/HCT, further disease progression, or a combi-
nation of both factors. In future studies, continued monitoring
of DTI metrics further out from HCT could facilitate a better
understanding of the expected time course of post-HCT sta-
bility and change at each risk level. This understanding could
increase the utility of DTT as a potential quantitative marker of
treatment response in clinical trials, for example, to assess the
relative effectiveness of a new therapy.

Several prior studies have shown that pre-HCT Loes MRI se-
verity scores correlate with neurocognitive outcomes,'**>*7#
Our data extend these observations, showing a robust re-
lationship between pre-HCT DTI metrics and post-HCT
neurocognitive scores. A previous longitudinal study involving a
small cohort (n = 8) of patients with C-ALD found limited
evidence for an association of DTI metrics with neurocognitive
outcomes."® Only 1 pre-HCT metric (callosal body FA) was
associated with clinical outcomes at 1-year after HCT. The
present study using a substantially larger data set (n = 38)
detected correlations between pre-HCT DTI metrics and post-
HCT neurocognitive scores across multiple domains, support-
ing our fourth working hypothesis. Aligned with previous
studies, associations between brain-based and neurocognitive
metrics were strongest for neurocognitive tests involving visual
processing, performance speed, and fine motor dexterity.*’
These findings further differentiate the most sensitive clinical
indicators of disease burden among patients identified early in
the course of the disease.

Pre-HCT DTTI metrics showed comparable or even stronger
associations to post-HCT neurocognitive outcomes relative
to Loes scores. Furthermore, longitudinal changes in Loes
scores and DTT metrics were both correlated with changes in
neurocognitive functioning over the course of the 1-year post-
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HCT period, suggesting that brain changes and functional
changes were dynamically related. The strength of the asso-
ciations depended to some extent on which neurocognitive
domain was being assessed. Whereas DTI metrics (e.g., MD
in WM) generally showed stronger associations with verbal
reasoning and working memory outcomes, Loes scores gen-
erally showed stronger associations with visual reasoning and
processing speed (Figure S).

Given that Loes scores and DTI metrics had somewhat
comparable associations with outcomes, their relative ad-
vantages in clinical and research settings may depend on
practical considerations. Loes scores are based on visual in-
spection of anatomical MRI scans by a neuroradiologist,
which can vary based on individual raters’ impression and
extent of experience with this disease-specific scoring sys-
tem.>® By contrast, the DTI protocol used in this study
allowed for fully automated, objective results. Although some
experience with diffusion MRI is necessary, metrics can be
obtained using our acquisition protocol and DTI model even
with older (e.g., 1.5T) clinical scanners, making this meth-
odology widely applicable across clinical centers.

This study was performed in a 3T MRI scanner with 12-di-
rection DTT acquisition. Although this protocol has a higher in-
plane resolution than previous studies conducted on 1.5-3T
scanners with 6 different directions,"*'* the protocol could be
enhanced with further optimization. Future diffusion MRI
protocols would benefit from thinner slice thickness, an iso-
tropic voxel size, multishell acquisition with higher b value(s),
and high angular diffusion resolution imaging (i.e., more dif-
fusion directions). Improved diffusion acquisition protocols
provide reproducible tractography, and thus, reproducible as-
sessment of tract-specific morphology and microstructure as
well as the use of biologically inspired diffusion modeling. The
linear approximation of longitudinal DTT changes may not be
accurate; however, nonlinear longitudinal development cannot
be assessed from only 2 temporal measurements. Adding more
time points may uncover complex trajectories in diffusion
metric changes over time. Owing to a wide variety of HCT
protocols in our patients with C-ALD, it was not feasible to
account for heterogeneity in treatment parameters (e.g., allo-
geneic vs autologous HCT; chemotherapy regimens; graft
source) contributing to the variation in DTI metrics and neu-
rocognitive outcomes at the follow-up time point. The small
sample size and differences in the eligibility of patients for
specific treatment protocols prevented subgroup comparisons
based on specific treatment types. Future research involving
suitably matched cohorts should assess for potential differences
in radiologic findings of patients receiving different forms of cell
therapy. In addition, the lack of a healthy control group pre-
cluded a comparative assessment of white matter integrity in
the NL-ALD group and typically developing children. Finally, a
multimodal protocol, including optimized diffusion MRI, other
myelin-specific MRI techniques, and MR spectroscopy, may
unravel the underpinnings of ALD pathophysiology and pro-
vide noninvasive markers crucial in disease monitoring.

Neurology.org/N

Quantitative neuroimaging techniques such as diffusion MRI
may serve as useful tools for assessing disease onset, pro-
gression, and severity for C-ALD. Of the DTI metrics used in
this study, FA and AD in the CC splenium demonstrated
particular sensitivity for distinguishing early posterior disease.
Furthermore, these metrics generally remained stable in
longitudinal analysis of individuals with ALD who did not
have cerebral lesions. Diffusion imaging metrics may also
prove to be successful predictors of clinical outcomes. The
correlations between DTI metrics and neurocognitive out-
comes found in this study were similar in magnitude to those
previously demonstrated using the Loes score. Further studies
using optimized diffusion MRI protocols (alone and in
combination with other biomarkers) are needed to identify
the most robust indicators of disease onset and disease pro-
gression. These findings suggest opportunities to improve
surveillance protocols as well as quantify brain changes in
response to treatment.
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