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CHAPTER

General introduction and thesis outline



Research into rare diseases is challenging. A small patient population limits the possibilities to
recruit enough participants for clinical studies and study funding can be difficult to obtain because
rare diseases are less commercially attractive. This holds true especially for studies on the natural
history of a disease, which often require long follow up and therefore are resource intensive and
time consuming (both for patients and researchers). Furthermore, natural history studies are

usually considered far less appealing than those describing a new disease or treatment.

Knowledge of the natural history of a disease is, however, essential not only for adequate diagnosis
and patient counseling, but also for drug development. This was recently emphasized by the Food
and Drug Administration (FDA) in a guideline on natural history studies for drug development in
rare diseases. In this document, it is stated that ‘comprehensive knowledge of a disease can help
design and conduct adequate and well-controlled clinical trials of adequate duration and with
clinically meaningful endpoints’* With increasing interest from biopharmaceutical companies in
rare diseases and orphan drugs, it is important to accurately describe disease characteristics and

identify potential treatment outcomes.

This certainly applies to the myelopathy of adrenoleukodystrophy (ALD). ALD is a metabolic
disorder with an estimated incidence of 1 in 17000.> Myelopathy is the most frequent and
disabling manifestation, affecting all male patients and about 80% of female patients.® In addition
to myelopathy, approximately 80% of male patients develop adrenocortical insufficiency and 60%
progressive inflammatory cerebral white matter lesions (cerebral ALD).>* While adrenocortical
insufficiency is treated with steroid replacement therapy and cerebral ALD with stem cell
transplantation if detected in an early stage,® no treatment for the myelopathy of ALD is yet
available.®* However, disease modifying therapies are coming within reach: one international
placebo-controlled clinical trial is currently ongoing (NCT03231878, www.clinicaltrials.gov) and
other therapies are under preclinical development. Consequently, there is an urgent need for
reliable data on the natural history of myelopathy in ALD, including identification of potential

treatment outcomes.

Myelopathy in ALD

Pathophysiology and pathological findings

ALD is caused by mutations in the ABCD1 gene on the X-chromosome.” More than 750 unique
mutations in the ABCD1 gene have been identified and about 4% of patients carry a de novo
mutation.®> ABCD1 mutations lead to deficiency of ALD protein (ALDP), a peroxisomal protein
involved in degradation of very long-chain fatty acids (VLCFA).® As a consequence, VLCFA
accumulate in plasma and tissues, including the adrenal cortex, brain white matter and spinal
cord.®>*® Both in vivo and in vitro experiments have demonstrated that this VLCFA accumulation is

toxic to neurons and glial cells.***2 VLCFA-induced oxidative stress, mitochondrial dysfunction and



endoplasmic reticulum stress have been implicated in the pathophysiology of this neurotoxicity.**?
Pathological specimens of the spinal cord of ALD patients show non-inflammatory degeneration
of the long ascending and descending tracts, particularly the dorsal columns (carrying
proprioceptive information) and lateral corticospinal tracts (carrying motor information).** The
axonal degeneration shows a ‘dying back’-pattern, meaning that it is worse furthest from the cell
or origin. Consequently, ascending tract (dorsal column) degeneration is worse in the upper spinal
cord, as the cell bodies of these neurons lie in the dorsal root ganglia. Conversely, descending
(corticospinal) tract degeneration is worse in the lower spinal cord, as the cell bodies of these

neurons lie in the cerebral cortex.

History and clinical features

Although an association between myelopathy and adrenal insufficiency had been previously
described,**¢ it was first recognized as part of the clinical spectrum of ALD by Budka et al. in
1976.Y In a case-report, they describe a 22-year old male patient with adrenal insufficiency who
developed a slowly progressive paraplegia with sensory deficits in his legs and bowel and bladder
dysfunction; the patient died at age 24 due to an adrenal crisis. In the same period, Griffin et al.
described four more cases and introduced the term adrenomyeloneuropathy (AMN) to indicate
the frequent co-occurrence of adrenocortical insufficiency, myelopathy and peripheral neuropathy
in men with ALD.*® Although still widely used, the term AMN is confusing as these phenotypes
do not necessarily coincide: patients can have a myelopathy without adrenocortical insufficiency
and vice versa. Moreover, phenotypes can evolve over time, as ALD is a progressive neurological
disease. Therefore, a more specific terminology would be preferable, stating that a patient has
ALD with one or more of the clinical phenotypes: adrenal insufficiency, myelopathy, peripheral

neuropathy and/or cerebral ALD.

Both age of onset and rate of disease progression of myelopathy in ALD are highly variable. The
typical male patient presents in the 3™ or 4™ decade with a slowly progressive gait disorder,
caused by a spastic paraparesis and sensory ataxia.’® In the 6" decade, most patients need a
walking aid and some eventually become wheelchair dependent.?® Sphincter disturbance (with
both urinary and fecal urgency) and sexual dysfunction are also frequently reported.?* Findings
on neurological examination are leg spasticity, paresis (most evident in the iliopsoas muscles),
dorsal column dysfunction with reduced or absent vibration sense and hyperreflexia with Babinski
signs. Although signs of myelopathy (especially hyperreflexia) can be found in the arms as well,
patients usually do not report any symptoms of the upper extremities.!® Diagnosing ALD in patients
presenting with myelopathy can be challenging: the signs and symptoms are not specific for
ALD and conventional magnetic resonance imaging (MRI) of the spinal cord, usually the first
diagnostic step in patients with myelopathy, is often unremarkable. Therefore, ALD should be
in the differential diagnosis of every patient with a progressive non-compressive myelopathy.?
If ALD is suspected, definitive diagnosis is made by a combination of elevated levels of VLCFA in

plasma in combination with ABCD1 mutation analysis.?> The majority of patients will, however,



already be diagnosed with ALD before symptoms of myelopathy appear — either because of

adrenal insufficiency, cerebral ALD or through family screening.

Together with the myelopathy, ALD patients develop a peripheral neuropathy. Nerve conduction
studies usually show a symmetric sensorimotor axonal polyneuropathy,? but demyelinating and
small fiber neuropathies have also been reported.?>* The signs and symptoms of the myelopathy
are usually more severe, masking this peripheral neuropathy. Moreover, symptoms can overlap:
sensory ataxia, for example, can be caused both by dorsal column degeneration and peripheral

neuropathy. In a subset of patients, the peripheral neuropathy causes severe neuropathic pain.*

Despite the X-linked inheritance, most women with ALD also develop symptoms. Therefore
the frequently used term ‘carrier’, which implies having a genetic defect without displaying any
symptoms of the disease, does not apply. Adrenocortical insufficiency and cerebral ALD are seen
sporadically, but about 80% of women with ALD develop a progressive myelopathy with similar
symptoms as male patients.?® Mean age of onset is higher and disease progression slower than

in male patients.?®

The problem: measuring myelopathy in ALD

As stated previously, the fact that ALD is a rare disease limits the amount of available research
data. Most of the clinical features described above are derived from small retrospective or cross-
sectional studies.?®*° These study designs are inherently sensitive to bias (for example information
or selection bias). For reliable information about disease progression, prospectively collected

longitudinal data are needed.

Being a rare disease is not the only factor complicating research on myelopathy in ALD. Firstly,
the disease course is highly unpredictable.* Symptoms can start as early as age 18, but if a natural
history study would include patients from that age it could take decades before the first symptoms
appear, since some patients develop symptoms only as late as the sixth decade. Secondly,
average disease progression is slow, occurring over years or even decades.?’ To prospectively
measure disease progression, one would have to follow many patients over a long period of time.
Finally, there are no validated ways to quantify myelopathy in ALD. For diagnostic purposes, the
combination of symptoms and signs on neurological examination is usually sufficient to localize
the problem to the spinal cord and determine the required ancillary tests. However, such an
unstandardized neurological examination is highly variable between and within observers and
does not result in a quantitative measure that can be followed over time to monitor disease

progression. Therefore, more structured and quantitative measures are needed.
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Clinical outcome measures

The most frequently used clinical assessment of disability in studies on the myelopathy of ALD is
the Expanded Disability Status Scale (EDSS). The EDSS is a structured neurological examination
that was designed to rate neurological impairment in multiple sclerosis (MS).* It ranges from 0
(no disability) to 10 (death). The EDSS, however, not only measures myelopathy, but also focuses
on cerebral and cerebellar symptoms, components that are not relevant for myelopathy in
ALD. Alternatively, the Japanese Orthopedic Association (JOA) score is used, which is specific
for assessing myelopathy, but is only validated for compressive cervical myelopathy and not
for myelopathy in ALD. It ranges from O (severe disability) to 18 (no disability).?? The Severity
Scoring system for Progressive Myelopathy (SSPROM) was specifically designed for progressive
myelopathies such as that in ALD. It ranges from 0 to 100, with lower scores indicating a higher
degree of impairment.® Because it is relatively new, the SSRPOM has only been used in a few

clinical studies in ALD.3#3°

An alternative way to clinically quantify myelopathy is to use a functional outcome measure such
as walking ability. Several timed walking activities have shown promising results as outcome
measures for myelopathy — for example the timed up-and-go (TUG), 6-minute walk test (6MWT)
and 10-meter walk test (10MWT)3**” — but again have not been studied in ALD.

Finally, patient reported outcome measures (PROMs) are measurements of any aspect of a
patient’s health or well-being as reported by the patient, without interpretation of the physician.®
One clinical study used the Short Form-36 (SF-36) questionnaire to cross-sectionally measure
quality of life in female ALD patients, showing no significant differences between asymptomatic
and symptomatic patients.’® Patient-reported quality of life has also been used as outcome
measure after stem cell transplantation for cerebral ALD.*® Apart from these studies, there are
no reports on PROMs in ALD.

Surrogate outcome measures

As progression of myelopathy in ALD is slow, a trial using these clinical outcome measures
would still require many patients and long follow up. To make clinical trials in ALD more feasible,
more sensitive and reproducible measures of myelopathy are needed. This is where surrogate
outcome measures (or surrogate endpoints) come into play. In a guideline on providing evidence
for effectiveness of drugs, the FDA states that ‘in cases where utilizing clinical endpoints is not
feasible because changes in symptoms and disease status occur too slowly to be measured in a

clinical trial of reasonable duration, surrogate endpoints may be considered’.*°

A surrogate endpoint is an outcome that can be observed prior to the health outcome of interest
(the true endpoint) and that is used to make conclusions about the effect of an intervention on
the true outcome.** A well-known example is LDL-cholesterol as surrogate outcome for lipid

lowering drugs, where myocardial infarction or stroke would be the true outcomes. To date, a
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number of potential surrogate outcomes for myelopathy in ALD have been studied, most of them
being imaging parameters. In one MRI study, the cervical spinal cord was significantly smaller
in patients compared to healthy controls, but this spinal cord atrophy did not correlate with
clinical outcomes.*> More advanced MRI techniques such as diffusion tensor imaging (DTI) and
magnetization transfer (MT) imaging have shown differences between ALD patients and healthy
controls, and some correlated with clinical measures of myelopathy.**** In addition, one study
has shown that ALD patients with myelopathy have reduced balance compared to controls, as
expressed by increased postural body sway amplitude measured with a force plate.*® Similar to
the studies on clinical outcome measures, these studies all have a cross-sectional design and most
only studied very small populations (10-15 patients). Therefore, additional data supporting these

surrogate outcome measures are needed before they can be used in clinical trials.

Aim and outline of this thesis

Over the last few years, we have intensively followed a cohort of ALD patients at the Amsterdam
University Medical Centers (the ‘Dutch ALD cohort’) using a range of clinical, imaging, laboratory
and other investigations. In this thesis, we describe our findings on myelopathy in ALD of this

cohort with two aims:

1) to clinically characterize myelopathy in ALD by measuring both disease severity and

progression;

2) to find sensitive and reproducible surrogate outcome measures for myelopathy in ALD, in

order to make clinical trials in ALD more feasible.

In chapter 2, we present the first longitudinal natural history data on myelopathy in male ALD
patients, using practical and clinically relevant outcome measures. Chapter 3 through 8 are all
studies on surrogate outcome measures. Chapter 3 describes longitudinal diffusion MRI of the
brain and spinal cord as surrogate outcome measure for myelopathy in ALD. In chapter 4, we
evaluate spinal cord atrophy on MRI as a measure of disease severity. As axonal degeneration in
ALD might not be limited to the brain and spinal cord, in chapter 5 and 6 we evaluate whether
retinal neurodegeneration on optical coherence tomography (OCT) reflects severity and
progression of myelopathy in ALD. Neurofilament light and GFAP have been shown to serve as
markers of neurodegeneration in a range of neurological diseases; their value as biomarker for
myelopathy in ALD is evaluated in chapter 7. Finally, in chapter 8 we explore the potential of
postural body sway — a measure of balance — as surrogate outcome measure for myelopathy in
ALD.
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Abstract

Men with adrenoleukodystrophy develop progressive myelopathy causing severe disability
later in life. No treatment is currently available, but new disease-modifying therapies are under
development. Knowledge of the natural history of the myelopathy is of paramount importance
for evaluation of these therapies in clinical trials, but prospective data on disease progression is
lacking. We performed a prospective observational cohort study to quantify disease progression
over 2 years of follow-up. Signs and symptoms, functional outcome measures and patient-
reported outcomes were assessed at baseline, 1 and 2 years of follow-up. We included 46 male
adrenoleukodystrophy patients (median age 45.5 years, range 16-71). Frequency of myelopathy
at baseline increased with age from 30.8% (< 30 years) to 94.7% (> 50 years). Disease progression
was measured in the patients who were symptomatic at baseline (n=24) or became symptomatic
during follow-up (n=1). Significant progression was detected with the functional outcome
measures and quantitative vibration measurements. Over 2 years of follow-up, Expanded Disability
Status Score (EDSS) increased by 0.34 points (p=0.034), Severity Scoring system for Progressive
Myelopathy (SSPROM) decreased by 2.78 points (p=0.013), timed up-and-go increased by 0.82
seconds (p=0.032) and quantitative vibration measurement at the hallux decreased by 0.57 points
(p=0.040). Changes over 1-year follow-up were not significant, except for the 6-minute walk test
that decreased by 19.67 meters over 1 year (p=0.019). None of the patient-reported outcomes
were able to detect disease progression. Our data show that progression of myelopathy in
adrenoleukodystrophy can be quantified using practical and clinically relevant outcome measures.
These results will help in the design of clinical trials and the development of new biomarkers for

the myelopathy of adrenoleukodystrophy.
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Introduction

Myelopathy is the most frequent clinical manifestation and main cause of disability in men with
adrenoleukodystrophy (OMIM:300100).%? Adrenoleukodystrophy is a peroxisomal metabolic
disorder caused by mutations in the ABCD1 gene, leading to accumulation of very long-chain
fatty acids (VLCFA) in plasma and tissues.>* Virtually all male patients develop myelopathy,
which presents as a slowly progressive gait disorder due to spastic paraparesis and sensory
ataxia.® In addition to myelopathy, approximately 80% of male patients develop adrenocortical
insufficiency and 60% progressive inflammatory cerebral white matter lesions (cerebral
adrenoleukodystrophy).#”® Adrenocortical insufficiency is treated with steroid replacement
therapy and cerebral adrenoleukodystrophy with stem cell transplantation if detected in an early
stage.®* No treatment is currently available for the progressive myelopathy,? but new therapies
are under (pre)clinical investigation (for example NCT03231878, www.clinicaltrials.gov). Therefore,
detailed knowledge of the natural history of the myelopathy is becoming increasingly important,

as it is essential for clinical trial design.

Prospective natural history studies, however, have not been performed to date. Because
adrenoleukodystrophy is a rare disease (birth incidence of 1 in 14700)* it is difficult to set up large
prospective studies. Consequently, data on the rate of disease progression and the parameters
best used to measure this progression are lacking. The most frequently used measure of disability
in studies on the myelopathy of adrenoleukodystrophy is the Expanded Disability Status Scale
(EDSS).**” Unfortunately, these studies are cross-sectional or retrospective and do not address
progression of the EDSS over time. One retrospective study in 60 male patients showed an increase
on the modified Rankin score from 1.7 to 2.9 over a median period of 7.1 years.*®* The modified
Rankin score is a 5-point disability scale that is mainly used in stroke research® and it has not been
frequently used in adrenoleukodystrophy. The Severity Scoring system for Progressive Myelopathy
(SSPROM) and Japanese Orthopaedic Association (JOA) are specific myelopathy rating scales.
They were studied prospectively in 29 women with adrenoleukodystrophy showing small but
significant progression,? but have not been reported for men. Finally, preliminary data of one
small prospective study on quantitative measurements of balance, sensory threshold and motor
function showed some progression of these measures over a period of six months.** However,
the number of patients was very small (five to nine depending on the type of measurement) and
follow-up short. Therefore, definite conclusions about disease progression cannot be drawn from
this study.

We assembled a prospective natural history cohort (the Dutch ALD cohort) that includes 61
male patients (children and adults) and 65 female patients. Here, we report the 2-year follow-up
data on the adult male patients in this cohort. Using clinical assessment, functional outcome
measures and patient-reported outcomes, we aim to quantify the progression of myelopathy in

adrenoleukodystrophy for future clinical trials.
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Materials and methods

Patients and study design

In this prospective cohort study we recruited patients from the outpatient neurology clinic of
the Academic Medical Centre (Amsterdam, The Netherlands), the national referral centre for
adrenoleukodystrophy in the Netherlands. Male patients over 16 years of age were eligible to
participate. We excluded patients with active cerebral adrenoleukodystrophy or other neurological

diseases interfering with the assessment of myelopathy.

History, neurologic examination and outcome measures were assessed at baseline, 1 and 2 years.
All assessments were done by two physicians (IH and WB) between June 2015 and February 2018.
Patients gave written informed consent prior to participation. The study protocol was approved
by the local Institutional Review Board (METC 2014_347).

Assessment of disability

Clinical assessment: history and examination

A detailed history was focused on the symptoms of myelopathy. In short, we recorded symptoms
of a gait disorder and use of walking aids, sensory disturbance, neuropathic pain and fecal or
urinary incontinence. Gait was considered affected if the patient complained of impaired balance,
tripping or limited walking distance that was not caused by comorbidity. We recorded sensory
disturbance if the patient reported numbness or paresthesias in the legs. Neuropathic pain was
defined as a symmetrical, predominantly distal, burning or stabbing pain requiring the use of
analgesics. Age of onset of myelopathy and use of walking aid were determined retrospectively

by history and chart review.

Neurological examination included assessment of muscle strength, spasticity, deep tendon reflexes
and sensation. We rated muscle strength with the Medical Research Council (MRC) scale and
spasticity using the modified Ashworth scale.?* Reflexes were considered pathological when brisk
(at least three beats of clonus) or if plantar responses were extensor. Sensory examination was
recorded as abnormal if there was a reduced sensation of touch, pain (pin-prick), proprioception,
temperature or vibration. We performed quantitative measurements of vibration sense with a
Rydel-Seiffer tuning fork (using the black triangle scale) at the dorsum of the interphalangeal joint
of the hallux and the internal malleolus of the ankle. Values were compared to reference values

corrected for age.??

Based on neurological history and examination, patients were categorized into three groups: (1)
no signs or symptoms; (2) signs, but no symptoms; (3) both signs and symptoms. Myelopathy
was considered present if there were both signs and symptoms of myelopathy, as described

previously.?
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Functional outcome measures

We used four functional outcome measures to assess disability: the EDSS, SSPROM, timed up-
and-go and 6-minute walk test. The EDSS, designed to assess disability in multiple sclerosis but
also widely used in adrenoleukodystrophy, measures neurological disability ranging from 0 (no
disability) to 10 (death). Two independent raters (IH and WB) scored the EDSS based on the
documented neurological history and examination, using the Neurostatus manual.?*? If scores
differed, agreement was reached during a consensus meeting. SSPROM is a measure of the
severity of myelopathy. It ranges from 0 to 100, with lower scores indicating a higher degree of
impairment.?® The timed up-and-go and 6-minute walk test are timed activities to assess walking
function. During the timed up-and-go the time is recorded that the patient needs to get up from
an armchair, walk 3 meters, turn around, walk back and sit down again.?” The test was performed
three times and the average time was calculated. The 6-minute walk test measures the maximum
walking distance in 6 minutes and was performed on a 50-meter flat indoor trail.?® Patients were
allowed to use their usual walking aid for both tests. Patients who could not perform the timed

walking tests were excluded from analysis.

Patient-reported outcomes

In addition to the functional outcome measures, we used four patient-reported outcomes: the
modified Japanese Orthopedic Association score (mJOA), AMC Linear Disability Scale (ALDS),
International Consultation on Incontinence Questionnaire —Male Lower Urinary Tract Symptoms
(ICIQ-MLUTS) and Short Form 36 Health Survey (SF-36). The mJOA is an investigator-administered
tool which evaluates neurological function in patients with myelopathy, based on symptoms
reported by the patient. It ranges from 0 to 18, with lower scores indicating more disability.?® The
ALDS measures the impact of a disease on the level of daily activities. It ranges from 10 (high level
of disability) to 100 (low level of disability).>° ICIQ-MLUTS is a 13-item questionnaire used to assess
urinary symptoms (range 0-52) and associated quality of life (range 0-130). Higher scores indicate
more severe symptoms.3 The SF-36 is a health-related quality of life questionnaire containing
eight subdomains: physical functioning, role limitations due to physical problems, bodily pain,
general health perceptions, vitality, social functioning, role limitations due to emotional problems
and mental health. We calculated z-scores for these domains using reference values for the Dutch
population, matched for age and gender. In addition we calculated two summary scores: the
physical and mental component summary. These are linearly transformed scores ranging from 0

(low quality of life) to 100 (high quality of life) with a mean of 50 and a standard deviation of 10 323,

Clinimetric properties

There are no validated outcome measures or questionnaires for adrenoleukodystrophy.? Although
this was not a validation study, we evaluated two test characteristics of the functional outcome
measures and patient-reported outcomes at baseline: the clinical validity and construct validity.
Clinical validity was assessed by determining if scores on the outcome measures were different

for groups that were clinically clearly distinct in terms of disability. First, we compared scores
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between symptomatic and asymptomatic patients. Second, we compared scores between three
ambulation groups: patients with unaffected walking, patients with affected (but unaided) walking
and patients requiring a walking aid. Tests with good clinical validity should be able to distinguish
between these groups. Construct validity was determined by calculating the correlation between
outcomes measures. ltems that measure the same or a related function, for example leg function
as assessed by EDSS or SSPROM, should have a strong correlation (convergent validity). Items that

measure different or unrelated functions should have a weak correlation (divergent validity).*

Disease progression

We analyzed disease progression by evaluating changes in clinical assessment, functional outcome
measures and patient-reported outcomes. Since the myelopathy of adrenoleukodystrophy is
slowly progressive, we hypothesized that significant disease progression would be detectable at
2-year follow-up, but not 1-year follow-up. Also, we did not expect to detect change on outcome
measures in patients who were asymptomatic at baseline and remained asymptomatic during
the study. Therefore, analyses of disease progression were done between baseline and 2-year
follow-up for patients who were symptomatic at baseline or became symptomatic during follow-
up. In addition, we performed the analyses including the patients with only signs on neurological

examination, but no symptoms of myelopathy (signs-only group).

Statistical analysis

Normality was assessed with visual inspection and using the Shapiro-Wilk test.>> Depending on the
distribution, data were summarized as means with standard deviations or medians with ranges.
Median age of onset of myelopathy and time from onset of myelopathy to use of a walking aid

were calculated with Kaplan-Meier survival analysis.

To evaluate clinical validity (non-normally distributed data), we assessed differences between
two groups with the Mann-Whitney U-test. Differences between three groups were assessed
with the Kruskal-Wallis test. Subsequently, pairwise comparisons were performed using Dunn’s
procedure with a Bonferroni correction for multiple comparisons. To evaluate construct validity
(non-normally distributed data), correlations between outcome measures were calculated using

Spearman’s rank-order correlation with Bonferroni correction for multiple testing.

To determine disease progression, we calculated mean paired change per outcome measure with
corresponding 95%-confidence intervals. The mean paired change was calculated as the mean of
the individual differences between baseline and follow up for each patient. Differences between
outcome measures on baseline and follow-up were evaluated with paired-samples t-test for
normally distributed data and Wilcoxon signed-rank test for non-normally distributed data and
ordinal variables. For measures that could detect significant progression of myelopathy, an effect
size was reported. For normally distributed data this was done by dividing the test statistic (t) by
the square root of the number of patients; for non-normally distributed data by dividing the test
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statistic (z) by square root of the number of observations.*** In addition, a sample size calculation
was performed using the mean paired change to calculate the number of participants that would
be needed for a placebo controlled trial (placebo versus patients, 1:1) assuming a 50% decrease
in progression rate and 80% power.*® We tested for effect of age at examination or age of onset

of myelopathy on progression rates using univariate linear regression analyses.

For all statistical tests a significance level of a =0.05 (2-sided) was chosen. Significance levels after
Bonferroni corrections were reported separately. IBM SPSS statistics version 24 (IBM Inc.) was

used for all statistical analyses.

Results

Baseline assessment
In total, 71 male patients were approached for participation. Of these, nine were not interested
and one was excluded because of active cerebral adrenoleukodystrophy. Of the remaining 61

patients, 15 were < 16 years of age and therefore excluded.

Median age of the 46 patients at baseline was 45.5 years (range 16-71). Details of the baseline
assessment, summarized per age group, are presented in Table 2.1. Symptoms and signs of
myelopathy were present in 33/46 (71.1%) of the patients. The proportion of symptomatic patients
increased with age from 30.8 % (< 30 years) to 94.7% (> 50 years). The youngest symptomatic
patient was 28 years old. The oldest asymptomatic patient was 63 years old. This patient had
signs on neurological examination, but no symptoms. The oldest patient with neither signs or

symptoms of myelopathy was 45 years old.

The most frequently reported symptoms were a gait disorder, sensory disturbance in the legs and
urinary symptoms. The most frequent signs were a sensory deficit in the legs (mainly reduced
or absent vibration sense at the hallux) and pathological reflexes, both reaching a prevalence of
95% in the oldest age group. Weakness of leg muscles was most frequent in the iliopsoas muscles
(17/46, 37.0%), followed by the hamstrings (14/46, 30.4%), and anterior tibial muscles (11/46,
23.9%). The most common abnormalities on neurological examination in the signs-only group

were pathological reflexes (4/5) followed by a sensory deficit (2/5).

Median age of onset of myelopathy, as assessed with Kaplan-Meier survival analysis, was 41
years (95% confidence interval 31.6-50.4 years). A survival curve of time to onset of myelopathy
is presented in Figure 2.1. Median time from onset of myelopathy to use of a walking aid was
13.0 years (95% confidence interval 9.1-16.9 years).

In total, 120 EDSS-assessments were done and a consensus meeting was required for 10 (8.3%)
of these scores. The median EDSS at baseline was 3.5 (range 0-7.0) and SSPROM 85.5 (range
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54.5-100), indicating moderate disability. Median time on the timed up-and-go was 7.2 seconds
(range 2.6-16.6) and median distance on the 6-minute walk test was 461 meters (range 202-869).
Scores on the patient-reported outcomes were: mJOA 14.0 (range 8.0-18.0), ALDS 89.0 (range
49.7-89.5), ICIQ-MLUTS questionnaire 11.50 (range 0-37.0). Baseline results on the SF-36 quality

of life questionnaire, stratified by symptomatic status, are presented in Figure 2.2.

Table 2.1 Baseline clinical data

< 30years 30-50 years >50 years All
(n=13) (n=14) (n=19) (n=46)
Symptomatic status
no signs or symptoms 7 (53.8) 1(7.1) 0(0) 8(17.4)
signs, no symptoms 2 (15.4) 2 (14.3) 1(5.3) 5(10.9)
signs and symptoms 4(30.8) 11 (78.6) 18 (94.7) 33(71.1)
Neurological symptoms
gait disorder 4(30.8) 10(71.4) 17 (89.5) 31(67.4)
walking with aid 2 (15.4) 4(28.6) 9 (47.4) 15 (32.6)
urinary urgency 3(23.1) 8(57.1) 15 (78.9) 26 (56.5)
faecal incontinence 3(23.1) 3(21.4) 4(21.1) 10 (21.7)
sensory disturbance legs 4(30.8) 8(57.1) 16 (84.2) 28 (60.9)
neuropathic pain legs 0(0) 3(21.4) 3(15.8) 6(13.0)
Neurological signs (legs*)
weakness 3(23.1) 6 (42.9) 8 (42.1) 20 (43.5)
spasticity 3(23.1) 7 (50.0) 9(47.4) 20 (43.5)
pathological reflexes 6 (46.2) 11 (78.6) 18 (94.7) 35(76.1)
spastic gait 4(30.8) 9 (64.3) 16 (84.2) 29 (63.0)
sensory deficit 3(23.1) 12 (85.7) 18 (94.7) 33(71.7)

Symptoms and signs at baseline assessment, both for the entire cohort and stratified by age group. Data are
summarized as absolute numbers (percentage). *Except for brisk reflexes in some patients, there were no signs
of myelopathy in the arms, therefore only the signs in the legs are shown. n = number of patients.

Clinimetric properties at baseline

Clinical validity

Symptomatic and asymptomatic patients had significantly different scores on all functional
outcome measures (EDSS, SSPROM, timed up-and-go and 6-minute walk test). Scores were also
different on some of the patient-reported outcomes: mJOA, ICIQ-MLUTS and four domains of
the SF36 (physical functioning, vitality, social functioning and physical component summary).
Comparison of the three ambulation groups (unaffected walking, affected walking and walking
with aid) showed that all three groups had significantly different scores on EDSS, SSPROM, timed
up-and-go and 6-minute walk test. Most of the patient-reported outcomes scores could distinguish
between the groups with unaffected versus affected walking, but not between the groups with

affected walking versus walking with aid. Details of these analyses are listed in Table 2.2.
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Figure 2.1 Age of onset of myelopathy
Kaplan-Meier survival curve of the age of onset of myelopathy as expressed by the event-free probability
distribution.
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Graphical representation of the SF-36 quality of life scores for each of the eight domains and the two
component scores (mental and physical component summary). Bars represent Z-scores that were calculated
using reference values for the Dutch population, matched for age and gender.
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Construct validity

After Bonferroni correction for multiple comparisons, correlations were considered significant if p
<0.01 (two-tailed). Measures of leg function correlated strongly (Spearman’s rho >0.72, p<0.0005).
Similarly, measures of urinary symptoms correlated strongly (Spearman’s rho >0.84, p<0.0005).
There was no or a very weak correlation between either measures of leg function or urinary
symptoms and other domains of the outcome measures, such as arm function, mental health and

pain (Spearman’s rho -0.28-0.38, p >0.05). Details are presented in Supplementary Table 2.1.

Table 2.2A Clinical validity — two groups

Symptomatic Asymptomatic

Outcome measure N U P-value
N Mean rank N Mean rank
EDSS 46 11.50 33 29.89 13 7.27 <0.0005*
SSPROM 46 0.00 33 17.00 13 40.00 <0.0005*
Timed up-and-go 44 19.00 31 28.39 13 8.46 <0.0005*
6-minute walk test 39 16.00 28 15.07 11 32.55 <0.0005*
mJOA 46 13.00 33 17.39 13 39.00 <0.0005*
ALDS 44 43.00 31 17.39 13 34.69 <0.0005*
ICIQ-MLUTS 44 21.00 31 28.66 13 7.81 <0.0005*
SF-36 Physical functioning 44 33.00 31 17.06 13 35.46 <0.0005*
SF-36 Role physical 44 163.50 31 21.27 13 25.42 0.326
SF-36 Bodily pain 44 160.00 31 21.16 13 25.69 0.284
SF-36 General health 44 126.00 31 20.06 13 28.31 0.052
SF-36 Vitality 44 114.50 31 19.69 13 29.19 0.025*
SF-36 Social functioning 44 101.00 31 19.26 13 30.23 0.010*
SF-36 Role emotional 44 141.00 31 17.85 13 24.45 0.115
SF-36 Mental health 44 153.00 31 20.94 13 26.23 0.212
SF-36 Physical component 44 63.00 31 18.03 13 33.15 <0.0005*
SF-36 Mental component 44 196.00 31 22.68 13 22.08 0.887

Differences in outcomes measures between symptomatic and asymptomatic patients at baseline were assessed
with Mann-Whitney U-tests. * Indicates a significant difference (p < 0.05).

ALDS = AMC Linear Disability scale; EDSS = Expanded Disability Status Scale; H = Kruskal-Wallis H statistic;
ICIQ-MLUTS = International Consultation on Incontinence Questionnaire — Male Lower Urinary Tract Symptoms;
mJOA = modified Japanese Orthopedic Association score; N = number of patients; Role emotional = Role
limitations due to emotional problems; Role physical = Role limitations due to physical problems;
SSPROM = Severity Scoring system for Progressive Myelopathy,; U = Mann-Whitney U statistic.
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Table 2.2B Clinical validity — three groups.

Unaffected Affected With aid
Outcome measure N H Mean Mean Mean P-value

N rank N rank N rank
EDSS 46 38.53 15 8.67 16 22.88 15 39.00 <0.0005**
SSPROM 46 38.22 15 3887 16 2297 15 8.70  <0.0005**
Timed up-and-go 44 30.93 15 9.47 15 2293 14 36.00 <0.0005**
6-minute walk test 39 26.71 12 32.42 14 19.71 13 8.85 <0.0005**
ALDS 44 2444 15 33.83 14 2221 15 1143 <0.0005*
mJOA 46 3250 15 3847 16 2028 15 1197  <0.0005*
ICIQ-MLUTS 44 21.42 15 9.43 14 27.04 15 31.33 <0.0005*
SF-36 Physical functioning 44 24.69 15 3507 14 2018 15 1210  <0.0005*
SF-36 Role physical 44 3.36 15 26.67 14 17.96 15 22.57 0.187
SF-36 Bodily pain 44 1.62 15 25.70 14 19.75 15 21.87 0.445
SF-36 General health 44 6.23 15 2840 14 1650 15 2220 0.044*
SF-36 Vitality 44 5.54 15 28.47 14 17.46 15 21.23 0.063
SF-36 Social functioning 44 6.15 15 29.10 14  19.89 15 18.33 0.046*
SF-36 Role emotional 44 2.07 15 1913 14 2257 15 2580 0.356
SF-36 Mental health 44 2.73 15 25.27 14 17.96 15 23.67 0.256

SF-36 Physical component 44 15.37 15 32.93 14 18.57 15 15.73 <0.0005*
SF-36 Mental component 44 3.49 15 21.40 14 18.57 15 22.27 0.175

Differences in outcome measures between three ambulation groups (unaffected walking, affected but unaided
walking and walking with aid) at baseline were assessed with Kruskall-Wallis tests with post-hoc pairwise
comparisons. * Indicates a significant difference between two of the three groups. ** Indicates significant
differences between all three groups (p < 0.05).

ALDS = AMC Linear Disability scale; EDSS = Expanded Disability Status Scale; H = Kruskal-Wallis H statistic,
ICIQ-MLUTS = International Consultation on Incontinence Questionnaire — Male Lower Urinary Tract Symptoms;
mJOA = modified Japanese Orthopedic Association score; N = number of patients; Role emotional = Role
limitations due to emotional problems; Role physical = Role limitations due to physical problems;
SSPROM = Severity Scoring system for Progressive Myelopathy; U = Mann-Whitney U statistic.

Follow-up: disease progression

We continued to include new patients during the study, therefore complete 2-year follow-up was
not available for all patients. Of the 46 patients at baseline, we examined 40 patients at 1-year
follow-up and 34 patients at 2-year follow-up. Two patients were excluded in the first year of
follow-up due to development of cerebral adrenoleukodystrophy. At the time of analysis, median

follow-up time was 22.6 months (range 21.2-26.4).

Concomitant diseases that could have influenced the progression rates were present in four
patients: one patient with knee arthrosis (not requiring analgesics or surgery); one patient with
a history of a S1-radiculopathy resulting in a sensory deficit, mild weakness the gastrocnemius
muscle and lower calcaneal tendon reflex; one patient with chronic venous insufficiency and one

patient with a history of calcaneal rupture for which he had surgery.
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At baseline, 33/46 (71.1%) patients were symptomatic and at 2-year follow-up 25/34 (73.5%)
patients. There was one patient (age 23 years) who converted from asymptomatic to symptomatic
during follow-up. At baseline, this patient had brisk reflexes in the legs and pathological plantar
responses, but no symptoms; during follow-up he developed urinary symptoms. Three patients
changed in ambulation status from affected (but unaided) walking to walking with aid. Three
patients in the group of aided walking changed their walking aid (one from cane to walker, one
from walker to partly wheelchair dependent, and one from partly wheelchair dependent to fully

wheelchair dependent).

On neurological examination, quantitative vibration sense measured at the hallux changed
significantly during follow-up (mean change -0.57, 95% confidence interval -1.15 to -0.01, p=0.04).
Decrease of vibration sense at the ankle did not reach statistical significance (mean change -0.87,
95% confidence interval -1.85 to 0.10, p=0.06). Other sensory modalities, muscle weakness,

spasticity and neuropathic pain did not change during follow-up.

Progression on the functional outcome measures and patient-reported outcomes is presented
in Table 2.3. None of the patients lost the ability to perform the timed activities during follow-
up. Significant progression was measurable with the EDSS, SSPROM, timed up-and-go on 2-year
follow-up, but not on 1-year follow-up. Mean change in EDSS was 0.34, indicating a small increase
in disability over 2 years. Mean change in SSPROM was -2.78, also indicating deterioration on
2-year follow-up compared to baseline. Timed up-and-go was significantly slower on follow-
up compared to baseline, with a mean change of 0.8 seconds over 2 years. Due to technical
problems, data of the 6-minute walk test were only available for 1-year follow up. Walking distance
decreased significantly with 19.67 meters. The increase in distance on the low end of the range
between baseline (202.0 meters) and follow-up (260.5 meters) is explained by the fact that this
patient changed his walking aid from crutches to a walker, making him walk faster on follow-up.
Effect sizes of the change in functional outcome measures were between 0.30-0.54, indicating
a moderate effect. There was no significant change between baseline and follow-up on any of
the patient-reported outcomes. Univariate linear regression analyses showed no effect of either
age at baseline or age of onset of myelopathy on the progression rates. Progression rates of the
aforementioned four patients with relevant comorbidities were not different from those of the

rest of the group.

When also including patients with only signs (but no symptoms) of a myelopathy in the analyses
of disease progression, the results on the EDSS and SSPROM were similar, but the changes on the

timed activities lost statistical significance (Supplementary Table 2.2).

The number of patients that would be needed per treatment arm for a placebo-controlled trial of
two years assuming a 50% reduction of disease progression and 80% power would be 314 for the
EDSS, 221 for the SSPROM and 219 for the timed up-and-go. A one year trial with the 6-minute

walk test would require 226 patients per arm.
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Discussion

In this prospective cohort study on myelopathy in men with adrenoleukodystrophy, we quantify
disease progression over a period of 2 years. We show that statistically significant progression of
myelopathy can be measured using functional outcome measures and quantitative measurements
of vibration sense, but not with patient-reported outcomes or other components of the clinical

assessment.

The changes over the follow-up period are small, but consistent. First, a small increase in disability
is in line with the existing literature. Retrospective studies showed that the myelopathy of
adrenoleukodystrophy is slowly progressive, occurring over years or decades.? Survival analysis
from our cohort shows a median time from onset of symptoms to the use of a walking aid of 13
years, which is comparable to the 16 years found in a previous study in 60 male patients.*® Second,
six patients in our cohort required more assistance with walking during follow-up, which is a clear
clinical observation of increasing disability. Third, the results on disease progression match with
the clinical validity analyses at baseline. All four functional outcome measures (EDSS, SSPROM,
timed up-and-go and 6-minute walk test) could distinguish between the three ambulation groups
(indicating good clinical validity), while the patient-reported outcomes could not. The same four

outcome measures were able to detect disease progression during follow-up.

The patient-reported outcomes performed worse on both clinical validity testing and detection
of disease progression compared to the objective or ‘doctor reported” functional outcome
measures. This could be explained by the fact that most patient-reported outcomes are not
specifically designed to quantify disability, but assess broader health perceptions. For example,
quality of life questionnaires such as the SF-36 are affected by factors other than physical
disability (such as socio-economic status), for which they are not corrected. A previous study
in adrenoleukodystrophy illustrated this by demonstrating poor correlation between physical
functioning and quality of life.?* There were, however, clear differences in our cohort between
symptomatic and asymptomatic patients for some of the patient-reported outcomes. This
suggests that, while not sensitive enough to detect progression on 2-year follow-up, these
patient-reported outcomes might be able to measure progression when used during a longer
follow-up period. Similarly, neurological examination was not sensitive enough to detect disease
progression, with the exception of quantitative vibration measurement. Assessment of muscle
strength, spasticity and sensory examination are notoriously subject to a high inter- and intra-rater
variability.>*#° Conversely, quantitative vibration measurement with a Rydel-Seiffer tuning fork has
good inter- and intra-rater reliability and enables measuring changes in sensory function over time.
It is increasingly used in outcome measures assessing neuropathies and spinal cord disease.***?
Pathological studies in adrenoleukodystrophy show marked degeneration of the posterior columns

and pyramidal tracts of the spinal cord,*® providing a rationale for examining vibration sense in
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this disorder. Therefore, we suggest that quantitative vibration measurement can be used as an

outcome measure in future studies on the myelopathy of adrenoleukodystrophy.

Strengths of our study are the prospective single-centre study design and the relatively large
patient sample for this rare disease. The outcome measures used are both clinically relevant and
easy to administer in an outpatient setting, requiring no specialized equipment. In a sub-analysis
of our cohort, however, the timed activities (timed up-and-go and 6-minute walk test) could not
detect significant disease progression when including the signs-only group, indicating that they
are not affected in this presymptomatic group. More sophisticated techniques such as body sway
measurements or dynamometry to measure muscle strength might be more sensitive in such
early stages of the disease. In addition, they may be able to measure disease progression over a

shorter follow-up period.*34*

A limitation of our study is the absence of a control group. Therefore, an effect of ageing on
the outcome parameters cannot be excluded. However, for ageing to be a significant factor, a
follow-up period of 2 years is short. In a reference sample of 220 healthy subjects the timed up-
and-go did not increase before the age of 40, and afterwards the increase was slow (0.4 seconds
over 10 years for the male subgroup).” The increase of 0.8 seconds over 2 years in our study
is too substantial to be explained by ageing. Moreover, if ageing explained the progression, it
would be more pronounced in the older patients. Regression analysis showed that there was
no effect of age at baseline on any of the progression rates. Besides the absence of a control
group, selection bias could be a factor in the formation of our cohort. It is likely that symptomatic
patients are overrepresented. Unless they are identified by family screening or because of adrenal
insufficiency, patients with no (or minimal) symptoms will not be diagnosed. This could have led to
an overestimation of disease severity in our cohort. Newborn screening for adrenoleukodystrophy
will eventually enable true description of the natural history as all boys will be diagnosed in a
presymptomatic state, but this data will not be available for many decades. Finally, there is a
potential source of bias in the fact that the raters were not blinded to the phase of the study.
Although inherent to the study design, his could have led to an overestimation of the disease
severity on follow-up. While this bias could influence the EDSS and SSPROM, it should not be an

issue for the 6-minute walk test and timed up-and-go, as these are not influenced by the rater.

In conclusion, we show that progression of myelopathy in adrenoleukodystrophy can be measured
during 2-year follow-up using practical and clinically relevant quantitative outcome measures. Our
data have important implications for future research in adrenoleukodystrophy. As changes on
the outcome measures are small, clinical trials on disease-modifying therapies will require a long
treatment period (at least 2 years) and a large number of patients (219-314 patients per treatment
arm for a placebo-controlled trial assuming a 50% reduction of disease progression, depending
on the outcome measure chosen). Therefore, our future research is aimed at identifying more

sensitive outcome measures to quantify myelopathy. Optical coherence tomography, quantitative
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MRI and diffusion tensor imaging (DTI) of the brain and spinal cord *"*¢ were also performed at
each visit in this cohort and will be analyzed. Other techniques, such as body sway measurement,
should be prospectively validated in future research. These new biomarkers could detect disease
progression over a smaller time period or even in presymptomatic patients. Together with the
easy administered and practical outcome measures used in this study, this will hopefully pave the

way for clinical trials on disease-modifying therapies for adrenoleukodystrophy.
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Supplementary Table 2.1 Construct validity

A:
SSPROM mJOA Timed EDSS (pf‘;:isc al
(leg function) (leg function) up-andgo (ambulation) functioning)
SSPROM r 0.895 0.840 0.912 0.760
(leg function) p <0.0005* <0.0005* <0.0005* <0.0005*
mJOA r 0.895 0.870 0.825 0.759
(leg function) p  <0.0005* <0.0005* <0.0005* <0.0005*
r 0.840 0.870 0.776 0.770
Timed up-and go
p  <0.0005* <0.0005* <0.0005* <0.0005*
EDSS r 0.912 0.825 0.776 0721
(ambulation) p  <0.0005* <0.0005* <0.0005*% <0.0005*
SF36 r 0.760 0.759 0.770 0.721
gﬂ:‘c’:i':f"ing) p  <0.0005* <0.0005*  <0.0005*  <0.0005*
B:
SSPROM mJOA EDSS ICIQ-MLUTS
(urinary (urinary (urinary  ICIQ-MLUTS - quality of
symptoms) symptoms) symptoms) life
SSPROM r 0.939 -0.999 -0.866 -0.840
(urinary symptoms) <0.0005* <0.0005*  <0.0005* <0.0005*
mJOA r 0.939 -0.937 -0.861 -0.848
(urinary symptoms) <0.0005* <0.0005* <0.0005* <0.0005*
EDSS r -0.999 -0.937 0.864 0.840
(urinary symptoms) <0.0005* <0.0005* <0.0005* <0.0005*
ICIQ-MLUTS r -0.866 -0.861 0.864 0.942
p <0.0005* <0.0005* <0.0005* <0.0005*
1CIQ-MLUTS — r -0.840 -0.848 0.840 0.942
quality of life p <0.0005* <0.0005* <0.0005* <0.0005*
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SSPROM mJOA SF-36 SF36
(arm function) (arm function) (mental health) (pain score)
SSPROM r 0.193 0.137 -0.169 0.152
(leg function) o 0.198 0.363 0.273 0.326
mJOA r 0.078 0.201 -0.177 0.205
(leg function) p 0.608 0.180 0.250 0.182
r -0.200 -0.283 0.228 -0.255
Timed up-and go
p 0.209 0.073 0.163 0.117
EDSS r -0.202 -0.124 0.150 -0.114
(ambulation) p 0.178 0.412 0.332 0.463
SF36 r 0.222 0.266 -0.020 0.378
(physical functioning) P 0.147 0.081 0.898 0.012%
D:
SSPROM mJOA SF-36 SF36
(arm function) (arm function) (mental health) (pain score)
SSPROM r -0.154 0.096 -0.060 0.123
(urinary symptoms) o 0.307 0.524 0.701 0.427
mJOA r -0.152 0.087 -0.045 0.150
(urinary symptoms) p 0.315 0.566 0.771 0.333
EDSS r 0.154 -0.083 0.067 -0.116
(urinary symptoms) p 0.306 0.584 0.666 0.453
r 0.132 -0.138 -0.026 -0.189
ICIQ-MLUTS
p 0.392 0.373 0.867 0.219
1CIQ-MLUTS — r 0.127 -0.126 -0.016 -0.228
quality of life IS 0.412 0.413 0.917 0.137

Items of the outcome measures that were used to measure leg function (A) correlated strongly. Similarly, items
that assessed urinary symptoms (B) correlated strongly. These correlations demonstrate convergent validity.
Conversely, items that assessed leg function or urinary symptoms had no or weak correlations with items that
assessed different or unrelated domains, such as arm function, mental health or pain (C and D), demonstrating
divergent validity. Correlations were calculated with Spearman’s rank-order correlation. After Bonferroni
correction for multiple testing correlations were significant if p <0.0125. *Indicates a significant correlation.

EDSS = Expanded Disability Status Scale; mJOA = modified Japanese Orthopedic Association score; ICIQ-
MLUTS = International Consultation on Incontinence Questionnaire — Male Lower Urinary Tract Symptoms;
r=Spearman’s correlation coefficient; SF-36 = Short Form 36; SSPROM = Severity Scoring system for Progressive

Myelopathy.
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Supplementary Table 2.2 Disease progression on functional outcome measures including the
signs-only group

Outcome measure Baseline Follow-up Change P-value N
EDSS 3.75 (0-7.0) 5.25(1.0-7.0) 0.33 (0.06 to 0.60) 0.015* 30
SSPROM 82.42 (12.27) 80.13 (14.29) 2.28 (-4.12t0-0.45)  0.017* 30

Timed up-and-go (s) 7.03 (3.33-13.54) 7.75 (2.77-15.33) 0.55 (-0.07 to1.17) 0.079 24
6-minute walk test (m) 443.0(202.0-842) 434.0(260.5-838)  -13.15(-28.4t0 2.1) 0.064 29

When including the signs-only group in the analyses, progression on the EDSS and SSPROM remained similar
to the results for the symptomatic group (Table 2.3), while progression on the timed activities lost statistical
significance. Scores are reported as means * standard deviations or medians (ranges) depending on the
distribution of the data. Change = the mean paired change with 95%-confidence intervals. Paired t-tests
(normally distributed data) and Wilcoxon signed-rank tests (non-normally distributed data) were used to
assess the difference between baseline and follow-up scores.

* Significant difference between baseline and follow-up scores, P < 0.05; ALDS = AMC Linear Disability
Score; EDSS = Expanded Disability Status Scale; ICIQ-MLUTS = International Consultation on Incontinence
Questionnaire — Male Lower Urinary Tract Symptoms; m = meters; N = number of patients; s = seconds;
SSPROM = Severity Scoring system for Progressive Myelopathy.
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Abstract

Background: All men and most women with X-linked adrenoleukodystrophy (ALD) develop
myelopathy in adulthood. As clinical trials with new potential disease modifying therapies are
emerging, sensitive outcome measures for quantifying myelopathy are needed. This prospective
cohort study evaluated spinal cord size (cross-sectional area - CSA) and shape (eccentricity) as

potential new quantitative outcome measures for myelopathy in ALD.

Methods: Seventy-four baseline MRI scans, acquired in 42 male ALD patients and 32 age-
matched healthy controls, and 26 follow-up scans of ALD patients were included in the study.
We used routine T -weighted MRI sequences to measure mean CSA, eccentricity, right-left and
anteroposterior diameters in the cervical spinal cord. We compared MRI measurements between
groups and correlated CSA with clinical outcome measures of disease severity. Longitudinally, we

compared MRI measurements between baseline and one year follow-up.

Results: CSA was significantly smaller in patients compared to controls on all measured spinal
cord levels (p<0.001). The difference was completely explained by the effect of the symptomatic
subgroup. Furthermore, the spinal cord showed flattening (higher eccentricity and smaller
anteroposterior diameters) in patients. CSA correlated strongly with all clinical measures of

severity of myelopathy. There was no detectable change in CSA after one year follow-up.

Conclusions: The cervical spinal cord in symptomatic ALD patients is smaller and flattened
compared to controls, possibly due to atrophy of the dorsal columns. CSA is a reliable marker of

disease severity and can be a valuable outcome measure in long term follow-up studies in ALD.
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Introduction

X-linked adrenoleukodystrophy (ALD) is a rare inborn error of metabolism, caused by mutations
inthe ABCD1-gene.! Pathogenic ABCDI-mutations result in defective peroxisomal beta-oxidation
causing accumulation of very long chain fatty acids in plasma and tissues.? The clinical spectrum
in male ALD patients ranges from isolated adrenocortical insufficiency to devastating cerebral
demyelination (cerebral ALD).>* Virtually all male and most female patients develop progressive
myelopathy and peripheral neuropathy in adulthood.>” Clinical features of this myelopathy include
incontinence and a gait disorder due to spastic paraparesis and sensory ataxia.®® Pathologically,
there is axonal degeneration of mainly the corticospinal tracts and dorsal columns.®! In men,
symptoms usually become apparent in the third decade of life.! However, there is variability in

age of onset and rate of progression of myelopathy, even within families.®*?

Currently no disease modifying treatment is available to halt or slow progression of myelopathy in
ALD, but new potential therapies are under development (e.g. NCT03231878, www.clinicaltrials.
gov). Clinical trials to determine efficacy are difficult because current measures for the severity
of myelopathy are not sensitive to small changes in disease severity (requiring long studies with
large numbers of patients),>” are affected by floor and ceiling effects (which means patients at the
extreme ends of the disease spectrum cannot be included in trials) and are not disease specific
(i.e. walking tests can be influenced by other diseases such as joint arthrosis). Therefore, new

surrogate outcome measures are needed.

Spinal cord atrophy measured by conventional Magnetic Resonance Imaging (MRI) has been
studied in various neurodegenerative disorders. In diseases such as hereditary spastic paraplegias,
multiple sclerosis and amyotrophic lateral sclerosis a significant smaller spinal cord cross-
sectional area (CSA) was found in patients compared to healthy controls.?*** Furthermore, CSA
was associated with disease severity and progression in multiple sclerosis.’® In addition to CSA,
morphometric spinal cord parameters, such as eccentricity, right-left (RL) and anteroposterior
(AP) diameters, have been used for a more detailed description of structural changes in the spinal
cord in neurological diseases like Friedreich’s ataxia and amyotrophic lateral sclerosis.”?° Although
spinal cord degeneration is the pathological hallmark of ALD and atrophy has been previously
described,??? only one dedicated study on quantifying spinal cord atrophy has been performed
to date. Cervical and thoracic CSA was reduced 26-40% in 13 ALD males compared to 12 healthy
controls, but the degree of reduction did not correlate to clinical disability or disease duration.?

Confirmation of these data in larger cohorts and longitudinal data are lacking.

The main objective of this prospective cohort study was to quantify the degree of spinal cord
atrophy in ALD. We measured different spinal cord MRI metrics (i.e. CSA, eccentricity and RL and
AP diameters). We correlated spinal cord CSA with conventional clinical outcome measures and
evaluated this parameter as a potential surrogate outcome measure for the severity of myelopathy
in ALD.
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Methods

Study design and patient selection

This study was part of a prospective cohort study (“the Dutch ALD cohort”) performed at the
Amsterdam University Medical Centers (location AMC, Amsterdam, The Netherlands), the national
referral center for ALD. Patients were recruited at the outpatient neurology clinic between June
2015 and February 2018. For this particular study all men over 16 years of age were eligible to
participate. We excluded patients with active cerebral ALD (defined as gadolinium enhancing white
matter lesions on cerebral MRI) or other neurological diseases interfering with the assessment of
myelopathy. History, neurological examination and outcome measures were assessed at baseline
and 1-year follow-up, as described previously.® The follow-up protocol of the natural history
study was modified to include spinal cord imaging, therefore for 16 of 42 patients only baseline
MRI scans were available at the time of analysis. Healthy volunteers were 32 age-matched male
individuals without any clinical evidence of neurologic disease. Written informed consent was
obtained from all participants. The study protocol was approved by the local Institutional Review
Board (METC 2014_347).

Clinical assessment

All patients underwent a structured history, focused on symptoms of myelopathy, and extensive
neurological examination as described previously.® Based on neurological history and examination,
patients were classified as symptomatic or asymptomatic. Symptomatic patients were defined as
having signs and symptoms of myelopathy.>® Four outcome measures were used to assess severity
of myelopathy: Expanded Disability Status Scale (EDSS), Severity Scoring system for Progressive
Myelopathy (SSPROM), timed up-and-go and 6-minute walk test. The EDSS measures neurological
disability and ranges from 0 (no disability) to 10 (death).?* The SSPROM scores symptoms of
myelopathy and ranges from 0 to 100 with lower scores indicating higher degree of impairment.?
The timed up-and-go and 6-minute walk test are timed walking activities. Timed up-and-go
measures the time to get up from an armchair, walk 3 meters, turn around, walk back and sit
down again.?® The 6-minute walk test measures the maximum walking distance in 6 minutes.?’
Moreover, semi-quantitative measurements of vibration sense were performed with a Rydel-
Seiffer tuning fork at the hallux and internal malleolus. All examinations, including MRI assessment,

were performed on the same day.

Imaging acquisition and measurements

Imaging of the cervical spinal cord was performed on a 3T MR scanner (Philips Ingenia; Philips
Medical Systems, Best, Netherlands) with a 20-channel head-neck-spine coil. 3D T -weighted
fast field-echo sequences were used for analysis. Detailed acquisition parameters included: 189
slices; field of view 256x256x170 mm; voxel size 0.9x0.9x0.9 mm?; TE (echo time) 4.1 ms; TR
(repetition time) 8.9 ms; acquisition time 04:17.3 min. Sagittal image reconstructions with voxel size

0.5%x0.5x0.9mm? were used for spinal cord metric extraction. Outside body image background was
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out-thresholded from the region of interest. Then, the scan was bias-field corrected,* normalized
to intensity value range from 0 to 1000, and re-sampled to isotropic voxel size 0.5x0.5x0.5mm?
with a cubic spline interpolation method. Automatic axial 2D slice-by-slice spinal cord segmentation
was performed with a “deepseg” method?® followed by semi-automatic vertebral level labeling*®
where S| positions of all present inter-vertebral discs were manually marked. The segmentation,
labeling and following quantitative spinal cord anatomy metric extraction were utilized with Spinal
Cord Toolbox (SCT, version: 4.0.0).3' Mean spinal cord CSA (mm?), mean eccentricity, mean AP
diameter (mm) and mean RL diameter (mm) were measured for each separate C1-Th2 level for all
participants. Eccentricity is a mathematical measure characterizing the shape of a conic section,
such as an ellipse approximating the spinal cord contour. It is defined as the square root of 1 -
(d/D)? where D is the largest (RL) diameter and d the smallest (AP) diameter of the ellipse. Values

closer to 1 indicate a flatter ellipse, as the eccentricity of a circle is O.

Statistical analysis

Data were summarized as means with standard deviations or medians with interquartile ranges
(IQR), depending on the distribution. Normality of data was assessed by visual inspection and
Shapiro-Wilk and Kolmogorov-Smirnov tests for normality. Differences between patients and
controls were assessed using Student’s t-test (normally distributed data) or Mann-Whitney U test
(non-normally distributed data). Differences between controls, asymptomatic and symptomatic
patients were assessed with one-way ANOVA with post hoc testing with Tukey correction for
multiple comparisons. Spearman’s rank order correlation coefficient was used to calculate the
correlation between CSA and clinical measures (non-normally distributed data). For longitudinal
analysis we used paired t-test or Wilcoxon signed rank test to assess difference in clinical measures
and mean CSA between baseline and follow-up. P-values lower than 0.05 were considered

statistically significant. IBM SPSS Statistics Version 25 was used for data analysis.

Results

Baseline characteristics

The Dutch ALD cohort consists of 61 male ALD patients. Nineteen were excluded for this study: 15
because of age <16 years, 3 did not give consent and 1 due to poor quality of the spinal cord MRI.
Baseline imaging was available for 74 subjects: 42 patients and 32 controls. Mean age of patients
45.9 (+16.1) and healthy controls 43.3 (+16.7) was not statistically significantly different (p=0.551).

Details on the clinical characteristics of this cohort are described in detail elsewhere (Huffnagel
et al. 2018). In summary, 30 (71%) patients had signs and symptoms of myelopathy and were
therefore classified as symptomatic. Median disease duration was 15.0 years (IQR 8-21). Patients
had a median EDSS of 3.5 (IQR 2-6) and SSPROM of 84.5 (IQR 77-99), indicating a moderate degree
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of disability. Median time on the timed up-and-go was 6.9 seconds (IQR 3.5-10.2) and mean

distance on the 6-minute walk test was 536.3 meter (+188.6).

)

——,
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A\

A2

Figure 3.1 Example of MR images
(A) semi-automatic vertebral labelling performed with the Spinal Cord Toolbox and spinal cord anatomy
expert. Upper right: Spinal cord atrophy at C2-C3 in subjects with similar age. (B) Healthy control and
(C) Patient with EDSS 7.0. Lower right: Difference in eccentricity of the spinal cord at the cervicothoracic
junction in subjects with similar age. (D) Healthy control, mean eccentricity of 0.82 and (E) patient with
EDSS 7.0, mean eccentricity of 0.90.

Between-group differences

On visual examination, the spinal cord of ALD subjects looked smaller and flattened compared
to healthy controls (Figure 3.1). Indeed, spinal cord CSA was significantly smaller in patients
compared to controls on all measured levels (Figure 3.2). Absolute reduction was most pronounced
at C3 level (mean difference 12.92 mm?), while relative reduction was most pronounced at
thoracic levels (23.5%). When stratifying patients into groups based on their symptomatic status
(asymptomatic vs symptomatic), analysis showed that difference in spinal cord CSA between
patients and healthy control subjects was determined by the effect of the symptomatic subgroup.
There was no difference in CSA between asymptomatic patients and healthy control subjects
(Figure 3.2). In addition, morphometric analysis confirmed that the spinal cord was significantly
flatter (reduced AP compared to RL diameter) in patients compared to controls. On all measured
levels mean eccentricity and mean AP diameters differed significantly from controls (p<0.001),
while RL diameters only differed in high cervical and the first two thoracic levels (Supplementary
table 3.1).
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80 - Cross sectional area (mm?)

60 4

40

204 —@— Control (C)
—- Asymptomatic (A)

—— Symptomatic (S)
0 T T T T T T T T T
C1 C2 C3 C4 C5 C6 Cc7 Th1 Th2

Level Control (C) Asymptomatic (A) Symptomatic (S) p-values Mean difference
(n=32) (n=12) (n=30) C-A C-S A-S C-s
c1 66.00 (5.04) 68.52 (5.98) 50.68 (7.51) 0.469 <0.001* <0.001* -15.33
Cc2 65.19 (5.37) 64.05 (6.44) 47.76 (7.27) 0.858 <0.001* <0.001* -17.42
C3 66.21 (6.22) 65.42 (5.85) 48.44 (7.31) 0.934 <0.001* <0.001* -17.77
Cc4 69.69 (5.94) 70.09 (5.32) 52.46 (7.30) 0.981 <0.001* <0.001* -17.23
C5 67.73 (6.94) 70.33 (4.32) 51.56 (7.64) 0.510 <0.001* <0.001* -16.17
C6 60.97 (7.03) 62.79 (3.12) 46.29 (7.84) 0.722 <0.001* <0.001* -14.68
Cc7 50.14 (6.48) 50.36 (3.93) 36.01 (7.64) 0.995 <0.001* <0.001* -14.13
Th1 43.33 (4.55) 43.35 (4.27) 29.07 (6.29) 1.000 <0.001* <0.001* -14.26
Th2 39.46 (4.35) 39.75 (4.48) 25.95 (5.90) 0.983 <0.001* <0.001* -13.51

Figure 3.2 Cross-sectional area in patients and controls

Line chart: Mean CSA in healthy controls (blue circle), asymptomatic patients (red square) and symptomatic
patients (grey triangle) with standard deviations (error bars).

Table: Differences in mean CSA between healthy controls, asymptomatic and symptomatic patients.
Differences between groups are analyzed with one-way ANOVA. * statistically significant p-value.

Correlation with clinical outcome measures

Figure 3.3 shows the correlations between clinical outcomes and CSA. Spinal cord CSA correlated
strongly with EDSS, SSPROM and vibration sense scores (Spearman’s rho > 0.7) and moderately
with disease duration (Pearson’s r = -0.366). There was no correlation between CSA and age of

healthy controls (Pearson’s r = -0.005).
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Vibration score' 0.71 <0.001* 41
(internal mallelous)
Vibration score' 0.71 <0.001* 41
(hallux)
Disease duration? -0.37 0.046* 30
Age controls? -0.01 0.980 32

Figure 3.3 Correlations between clinical outcomes and cross-sectional area

Left: correlation coefficients for clinical outcomes and CSA. *statistically significant p-value. * Spearman’s
rank order correlation test. > Pearson’s correlation test. Right: scatterplots of correlation between CSA
measured at C3 level and disease duration, vibration score measured at the internal malleolus and hallux
and EDSS.

Abbreviations: CSA, cross-sectional area; EDSS, Expanded Disability Status Score; SSPROM, Severity Scoring
system for Progressive Myelopathy, 6MWT, 6 Minute Walk Test.
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Table 3.1 Disease progression

Baseline Follow up Difference

(n=26) (n=26) (95% ClI) p-value
Clinical outcome measures
EDSS 3.5 (1.0-6.0) 3.5(1.8-6.0) 0.21(0.01-042)  0.042*
SSPROM 91.0(81.0-100)  87.0(75.8-100)  -2.23 (-4.43--0.03)  0.052
6MWT (n=24) 562.6 (+198.4)  555.3 (+197.0)  -8.73(-13.0-27.5)  0.464
TUG (n=23) 4.7 (3.5-9.1) 5.2 (3.7-9.0) 0.23(-0.41-0.86)  0.045*
Eilr‘jtaerm;m’ae”‘gslrfson SCO'®  438(1.06-6.81) 3.75(0.19-656)  -0.24(-057-0.09)  0.199
%;Tlr;:)ta“"e vibration score 1.63(0.00-7.00)  0.75(0.00-6.50)  -0.30 (-0.50--0.10)  0.007*
Spinal cord CSA (mm?)
c1 56.49 (11.03) 56.16 (10.46) 0.33(-0.35-1.00)  0.330
) 53.36 (9.95) 53.29 (10.79) 0.07 (-0.75-0.88)  0.867
3 54.13 (9.81) 54.04 (10.59) 0.09(-0.75-0.93)  0.823
ca 58.78 (9.96) 58.43 (10.39) 0.34(-0.69-1.38)  0.501
c5 58.05 (11.08) 58.18 (11.11) -0.13(-0.98-0.73) 0.763
c6 51.54 (10.49) 51.98(10.25)  -0.44 (-1.57-0.68)  0.426
c7 40.87 (10.10) 41.66(10.46)  -0.79(-1.96-0.37)  0.174
Thi 33.88 (8.86) 33.89 (9.38) -0.01(-1.03-1.01)  0.981
Th2 30.88 (8.58) 30.85 (8.93) 0.03 (-0.61-0.67)  0.917

Values are medians with IQRs or means with standard deviations. Differences between groups are analyzed
with Wilcoxon signed rank test or Paired t-test. Abbreviations: EDSS, Expanded Disability Status Scale; SSPROM,
Severity Scoring system for Progressive Myelopathy;, 6MWT, 6 Minute Walk Test; TUG, Timed up-and-Go, CSA,
Cross-sectional area. * statistically significant p-value.

Disease progression

Follow-up imaging was available for 26/42 patients (62%). Median time between baseline and
follow-up scans was 11 months (IQR 9-14). Three of the clinical outcome measures were able
to detect disease progression: EDSS (mean change 0.21, p=0.042), the timed up-and-go (mean
change 0.23, p=0.045) and quantitative vibration score measured at the hallux (mean change
-0.30, p=0.007). However, there was no change in spinal cord CSA between baseline and follow-up
on any of the measured levels (Table 3.1). When looking at the symptomatic subgroup (n=17), a
trend in reduction of CSA measured at C2 was found (-0.39 mm?, 95% Cl: -0.04 to 0.83, p=0.073).
For the morphometric measures, only a significant decrease of the AP diameter at C2 level was
detected (-0.08 mm, Z-value: -2.095, p=0.036). There was no correlation between baseline CSA

and disease progression, measured as the change in EDSS and vibration sense score.
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Discussion

In this prospective cohort study, we quantitatively assessed spinal cord atrophy as a potential
biomarker for severity of myelopathy in ALD. Our findings showed that the spinal cord is smaller
and flatter in ALD patients with symptomatic myelopathy compared to controls. The degree of
thinning correlated with clinical outcome measures for myelopathy. We did not detect any change

after one-year follow-up.

CSA was reduced at all levels in ALD patients compared to controls, and this reduction was
explained by the symptomatic subgroup. Relative reduction was most pronounced at thoracic
levels (23.5%) whereas absolute reduction was more prominent at C2-C3 levels (12.92 mm?2).
These results are in agreement with previously published data.?® Moreover, the spinal cord of
ALD patients shows anteroposterior flattening, as can be seen by visual assessment of MR images.
In the patients’ spinal cord relative reduction of AP diameters was greater than reduction of RL
diameters and mean eccentricity was closer to 1, indicating a flatter spinal cord as compared to
healthy controls. Comparable results were found in other neurodegenerative disorders, such
as spinocerebellar ataxia and Friedreich’s ataxia.'?° These diseases have similar pathological
mechanisms as ALD, with predominant degeneration of dorsolateral tracts of the spinal cord.
Conversely, in amyotrophic lateral sclerosis where corticospinal tracts are mostly affected, this
flattening was not seen and eccentricity values for patients and controls were virtually the same.*®

Spinal cord flattening in ALD is thus likely due to dorsal column degeneration.

Furthermore, CSA correlated significantly with all used clinical outcome measures for myelopathy,
with more severely affected patients having a smaller CSA. This implies that spinal cord CSA is a
reliable biomarker for disease severity and can be used, for example, in multi-center studies or
studies with a longer follow-up period. Since CSA can be derived from routine diagnostic MRI
sequences and data processing software libraries are freely accessible, data collection and analysis

may be reproducible across sites.

After one-year follow-up there was no significant decrease in CSA. Nevertheless, disease duration
and CSA were significantly negatively correlated, confirming the initial hypothesis that CSA
decreases over time in ALD patients. A sub-analysis in symptomatic patients showed a trend
towards smaller CSA after one year at C2 level (-0.39 mm, p=0.073), but the mean change was
small and not found at other levels. Furthermore, AP diameter measured at C2 level decreased
significantly (-0.08 mm, p=0.036) but again the mean change was not found at other levels and
also, this detected change is below a spatial resolution of the MRI sequence used in our protocol.
It is likely that significant changes may be observed after longer follow-up, also considering the
large difference in CSA between symptomatic and asymptomatic patients. A new prospective

cohort study is ongoing to confirm this hypothesis.
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A few limitations apply to our study. First is the relatively low number of available follow-up MRI
scans. Nevertheless, this study is one of the largest prospective cohort studies in ALD. Secondly,
age can be considered as a confounding factor when looking at clinical outcome measures
over time. However, in our control group we did not find a relationship between CSA and age.
Therefore it seems unlikely that the difference we detected is explained by aging. Finally, CSA as
macrostructural quantitative marker is not sensitive enough to detect changes in a presymptomatic
stage. With diffusion MRI protocols, namely DTI, we were able to detect differences between
asymptomatic patients and controls.3? Correlations between CSA and clinical outcomes were, on
the contrary, stronger than correlations between DTl parameters and clinical outcomes. For this
reason CSA is still a reliable marker for disease severity. In the future, advanced diffusion MRI
protocols, such as high angular resolution diffusion imaging (HARDI) sampled at multiple g-space
shells optimized for spinal cord imaging, can increase the outcome sensitivity and also correlation

property for the DTI metrics.®

In conclusion, our study shows that the spinal cord in male ALD patients is smaller and flatter
compared to controls, likely due to atrophy predominantly affecting the dorsolateral columns.
Moreover, spinal cord CSA is strongly associated with disease severity and represents a promising
biomarker in the myelopathy of ALD. Due to a slowly progressive disease course, there is no
detectable change after one-year follow-up. In studies with a longer follow-up period or multi-
center studies CSA can be of use since it requires only routine MRI sequences. Our future
research is aimed at identifying more sensitive and dynamic outcome measures able to detect
change after a shorter follow-up period, such as optical coherence tomography (OCT), body
sway measurement, and other quantitative MRI techniques like DTI. These studies will hopefully

contribute to clinical trial readiness in ALD.
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Supplementary Table 3.1 AP diameter and mean eccentricity in patients and controls

Control Patient Control Patient

(n=32) (n=42) pvalue (1 35) (n=42) p-value

AP diameter AP diameter Eccentricity Eccentricity
C1 7.74 (7.51-8.04)  6.78 (6.15-7.51)  <0.001* 0.70 (0.65-0.73) 0.73(0.69-0.79)  0.007*
C2 7.41(7.14-7.72)  6.14(5.52-7.04)  <0.001* 0.76 (0.70-0.78) 0.80(0.76-0.83)  0.001*
C3  7.09(6.77-7.51) 5.94(5.27-7.02) <0.001* 0.79 (0.76-0.83)  0.83 (0.78-0.86)  0.004*
c4 6.91(6.67-7.45)  5.76(5.21-6.75) <0.001* 0.83(0.80-0.86)  0.88(0.81-0.91)  0.002*
Cc5 6.78 (6.48-7.19)  5.65(5.15-6.79) <0.001* 0.84(0.81-0.87)  0.88(0.83-0.91) 0.005*
C6  6.39(6.01-6.80) 5.37 (4.69-6.42) <0.001* 0.85(0.82-0.87) 0.88(0.84-0.91) 0.001*
c7 5.86 (5.69-6.56)  5.00(4.15-5.74)  <0.001* 0.81(0.79-0.83) 0.86(0.84-0.89)  <0.001*
Thl 5.93(5.68-6.47) 4.72(4.09-5.79) <0.001* 0.75(0.71-0.78) 0.83(0.78-0.85)  <0.001*
Th2 5.73(5.48-6.29) 4.67(4.09-5.45) <0.001* 0.73(0.68-0.76)  0.79 (0.75-0.84)  <0.001*

Values are medians (IQRs). Differences between groups are analyzed with Mann-Whitney U test.

* statistically significant p-value
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Abstract

Objective: To prospectively determine the potential of diffusion MRI (dMRI) of the cervical
spinal cord and the corticospinal tracts in brain as surrogate outcome measure for progression
of myelopathy in men with adrenoleukodystrophy, as better outcome measures to quantify

progression of myelopathy would enable clinical trials with less patients and shorter follow-up.

Methods: Clinical assessment of myelopathy included Expanded Disability Status Scale (EDSS),
Severity Scoring system for Progressive Myelopathy (SSPROM), timed up-and-go and 6-minute
walk test. Applied dMRI metrics included fractional anisotropy, mean diffusivity, axial diffusivity

and radial diffusivity.

Results: Data was available for 33 controls and 52 patients. First, cross-sectionally, differences
between groups (controls vs. patients; controls vs. asymptomatic patients vs. symptomatic
patients) were statistically significant for fractional anisotropy, mean diffusivity and radial
diffusivity in spinal cord and brain corticospinal tracts (effect size 0.31-0.68). Correlations between
dMRI metrics and clinical measures were moderate to strong (correlation coefficient 0.35-0.60).
Second, longitudinally (n=36), change on clinical measures was significant after 2-year follow-up
for EDSS, SSPROM and timed up-and-go (p<0.021, effect size <0.14). Change on brain fractional
anisotropy and radial diffusivity was slightly larger (p<0.002, effect sizes 0.16-0.28). In addition,
a statistically significant change was detectable in asymptomatic patients using brain dMRI and
not using the clinical measures. Change on clinical measures did not correlate to change on dMRI

metrics.

Conclusions: Although effect sizes were small, our prospective data illustrate the potential of dMRI

as surrogate outcome measures for progression of myelopathy in men with adrenoleukodystrophy.
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Introduction

Progressive myelopathy affects virtually all men and over 80% of women with
adrenoleukodystrophy.*? Adrenoleukodystrophy is caused by mutations in the ABCD1 gene®** and
ABCD1 deficiency results in accumulation of very long-chain fatty acids (VLCFA).>” The pathology
is characterized by degeneration of the corticospinal tracts and dorsal columns. Clinically, the
axonal degeneration manifests as a slowly progressive myelopathy.2 Management of myelopathy
remains supportive only, but new therapies are under development.® To evaluate the efficacy of
these therapies, clinically relevant and sensitive outcome measures for progression of myelopathy
are needed. We recently illustrated the limitations of the Expanded Disability Status Scale (EDSS),
Severity Scoring system for Progressive Myelopathy (SSPROM), timed up-and-go and 6-minute
walk test as outcome measures for clinical trials.’® More sensitive outcome measures to quantify
progression of myelopathy would enable studies with smaller patient cohorts and shorter follow-
up periods. Diffusion imaging allows for the determination of white matter microstructural
properties and the longitudinal follow-up of structural changes and has recently been identified

as a possible candidate.***?

In this prospective study, we evaluated the potential of diffusion MRI (dMRI) of the cervical
spinal cord and the corticospinal tracts in brain as surrogate outcome measure for progression
of myelopathy in men with adrenoleukodystrophy. First, in a cross-sectional analysis, we assessed
differences in dMRI metrics between clinically relevant groups and correlated dMRI metrics to
clinical outcome measures. Subsequently, in a longitudinal assessment, we followed changes
of dMRI metrics during 2-year follow-up and correlated this change to progression on clinical

measures.
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Materials and methods

Study design and participants

Male patients with adrenoleukodystrophy and healthy controls were prospectively recruited at
the Amsterdam UMC in the Netherlands, between May 2015 and March 2018, as part of a large
prospective natural history study (the Dutch ALD cohort).>** Our hypothesis was that dMRI of
the corticospinal tracts in brain or spinal cord is more sensitive to early axonal degeneration
than clinical measures. We therefore decreased the minimum age of 16 years, which was used in
our previous study,'® to 12 years to include a larger presymptomatic group. Patients with active
cerebral inflammatory lesions on MRI, defined as enhancement of the lesions post-contrast, or
other confounders that could influence the assessment of spinal cord disease (like bone marrow
transplantation or the presence of other neurological diseases) were excluded. If enhancement
of cerebral lesions appeared during follow-up, the patient was excluded from that point in time
onwards. Study participation for patients included our previously reported clinical assessment and
brain MRI at baseline (MR1), 1 year (MR2) and 2 years (MR3).1° Moreover, the pioneering work of
Castellano et al (2016) prompted us to add spinal cord imaging to the study protocol in 2016 for
participants age 18 years and older.”* Patient enrollment continued throughout the study period
and therefore the number of available MRI scans per patient differed. Healthy controls were
recruited via advertisements and matched for age and gender. Subjects eligible for participation
as healthy controls were age 12 or older and without neurological disease. Study participation for
controls included one hospital visit with a structured history and physical examination to screen

for neurological co-morbidity and one MRI.

The local Institutional Review Board approved the study protocol (METC 2014_347) and all

participants provided written informed consent.

Clinical assessment

Patients were scored symptomatic if they had both signs and symptoms of myelopathy.!® Clinical
outcome measures included the EDSS, the SSPROM, the timed up-and-go and the 6-minute
walk test. The EDSS is a measure for neurological disability and ranges from 0 (no disability)
to 10 (death).>* The SSPROM evaluates the severity of myelopathy and ranges from 0 (severe
impairment) to 100 (no impairment).'” The timed up-and-go and 6-minute walk test are timed
walking activities. Timed up-and-go indicates the time to get up from an armchair and walk 6
meters including one turn.’® The 6-minute walk test indicates the maximum walking distance
in 6 minutes.* Due to technical problems, 6-minute walk test values were not available for all

assessments.*®
Imaging acquisition and processing

Imaging of the cervical spinal cord and brain was performed on a 3 Tesla scanner (Philips Ingenia

3.0T; Philips Medical Systems, Best, Netherlands) with a 20 channel head-neck-spine coil for spinal
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cord and a 32 channel head coil for brain. The detailed acquisition parameters for diffusion tensor
imaging of the cervical spinal cord included: single-shot, transverse, echo-planar DTI; gradients
along 24 axes; 27 slices; number of b-factors 2; maximum b-value 600 s/mm?; field of view 290 x
224 x 89 mm; slice thickness 3 mm; echo time 72 ms; repetition time 6459 ms; acquisition matrix
136 x 156. The field of view covered a minimum of vertebral body C3-C6. The detailed acquisition
parameters for diffusion tensor imaging of the brain included: single-shot, transverse, echo-planar
DTI; gradients along 32 axes; 52 slices; number of b-factors 2; maximum b-value 1000 s/mm?; field
of view 240 x 240 x 130 mm; slice thickness 2.5 mm; echo time 82 ms; repetition time 6258 ms;
acquisition matrix 96 x 94. After image acquisition the diffusion weighted scans were automatically
corrected for distortions due to eddy-currents and motion by co-registering the diffusion weighted
scans to the non-diffusion weighted image (3D T1 weighted image) using Statistical Parametric
Mapping (SPM12) software. No cardiac gating was used. Longitudinal alignment was performed
manually at image acquisition by using a screenshot of the field of view in three directions (sagittal,

coronal, transversal) of baseline settings.

Diffusion MRI: segmentation and tractography of white matter tracts

In white matter tracts the direction of diffusion is affected by the orientation of the axons. By
segmenting tracts or by reconstructing tracts with tractography, various dMRI metrics can
be calculated.? For this study, we included four diffusion metrics. Fractional anisotropy is a
metric for the degree of anisotropy in each voxel and ranges from 0 to 1, representing isotropic
and anisotropic diffusion respectively. Mean diffusivity represents the overall mean squared
displacement of water molecules. Axial diffusivity is a measure for the diffusivity along the principal
axis representing the principal direction of diffusion, whereas radial diffusivity characterizes the

diffusivity perpendicular to the principal axis.

Spinal cord segmentation was performed using ITK-snap version 3.4.0 (www.itksnap.org). The
spinal cord was segmented manually by one investigator (JV). The DTl image was co-registered to
a 3D T1 weighted image. All white matter fibers of the cervical spinal cord were included, namely
the (lateral and ventral) corticospinal tracts, the rubrospinal tracts, the spinocerebellar tracts,
the spinothalamic tracts and the dorsal columns. Segmentation of the white matter tracts in the
spinal cord was performed on the white matter tracts as a whole and did not include segmentation
of individual tracts. Average fractional anisotropy, mean diffusivity, axial diffusivity and radial

diffusivity values were calculated for the total cervical spinal cord.

Global deterministic tractography of the brain corticospinal tracts was performed using ExploreDTI
v4.8.6. (http://exploredti.com). Predefined thresholds for whole brain tractography were 0.2 for
fractional anisotropy and a turning angle of 30 degrees. A multiple regions of interest approach
was used to define the corticospinal tracts. Three “AND” operators where placed manually on
color coded directional anisotropy maps on each dataset in the pons, the cerebral peduncles and

in the posterior limbs of the internal capsule. The fibers that passed all three “AND” operators
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were included. Extraneous fibers were excluded by placing “NOT” operators. Fractional anisotropy,
mean diffusivity, axial diffusivity and radial diffusivity were measured in 50 points along the left
and right corticospinal tract. Subsequently, the tracts were split into 5 segments, with segment
1 starting in the pons and segment 5 ending in the cortex (Figure 4.1A). The mean fractional
anisotropy, mean diffusivity, axial diffusivity and radial diffusivity were calculated for the total
corticospinal tract and the 5 segments individually. Left and right were then averaged. Manual
placement of “AND” and “NOT” operators was performed by one investigator (either IH or JV).
As a proof of concept of inter-observer agreement both investigators (IH and JV) manually placed
the operators for 5 participants. The intraclass correlation coefficient was > 0.986 (p < 0.0005)

for fractional anisotropy.

Statistical analysis

Statistical analyses were conducted with IBM SPSS statistics version 24 (IBM Inc.). The data was
analyzed using a step-down-approach. Significance level was set at 0.05. First, we assessed if
there were differences in dMRI metrics at baseline between (1) patients and controls and (2)
symptomatic patients, asymptomatic patients and controls with t tests (two groups, normally
distributed continuous data), ANOVA (three groups, normally distributed continuous data),
Mann-Whitney U-tests (two groups, non-normally distributed continuous data) or Kruskal-Wallis
tests (three groups, non-normally distributed continuous data). For ANOVA, post hoc testing
was performed according to Tukey if the assumption of homogeneity of variances was met and
according to Games-Howell if the assumption was not met. The effect size of between-group
differences was quantified by reporting the correlation coefficient.?* Generally, a correlation
coefficient 0.1-0.3 is considered a small effect, 0.3-0.5 a medium effect and >0.5 a large effect.??
To evaluate the possible confounding effect of white matter abnormalities, statistically significant
differences between groups were confirmed by repeating the analyses with solely participants

without white matter abnormalities.

Second, for dMRI metrics that could detect statistically significant differences between groups,
we correlated the dMRI metrics to clinical outcome measures using baseline measurements with
Pearson’s correlation (normally distributed continuous data) or Spearman’s rank-order correlation
(non-normally distributed continuous data). We considered a correlation > 0.3 clinically relevant.
This threshold was chosen because the maximum correlation is limited by the fact that the applied
clinical outcome measures are not able to measure all aspects of disability due to myelopathy. For
instance, in the presence of predominant sensory deficits the timed walking tests will be relatively
spared; the limitations of the EDSS have been discussed extensively by others.?*> Moreover,
although patients with no symptoms or signs of myelopathy will all have the minimum score on
the EDSS and SSPROM, dMRI might be able to detect subclinical alterations in the corticospinal
tracts. If patients were not able to perform the timed up-and-go and the 6-minute walk test, they
were assigned a surrogate score just above the longest time for the timed up-and-go or just under

the least number of meters walked on the 6-minute walk test.
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Third, for dMRI metrics that could detect between-group differences and had relevant correlations
with clinical outcome measures, we evaluated change of dMRI during follow-up with paired t-tests
(two measurements, normally distributed continuous data), related samples Wilcoxon signed
ranked tests (two measurements, non-normally distributed continuous data), repeated measures
ANOVA (three measurements, normally distributed continuous data) or Friedman tests (three
measurements, non-normally distributed continuous data). Effect sizes for change during follow-
up were reported as the t statistic divided by the square root of the number of patients for paired
t-tests (0.2-0.5 small effect; 0.5-0.8 medium effect; >0.8 large effect), the z statistic divided by the
square root of the number of measurements for the Wilcoxon signed ranked tests (0.1-0.3 small
effect; 0.3-0.5 medium effect; >0.5 large effect), partial eta squared for the repeated measures
ANOVA (0.01-0.06 small effect; 0.06-0.14 medium effect; >0.14 large effect) and the Kendall W
value for the Friedman tests (no established benchmarks, but considering Kendal W is an r effect
one could propose 0.1-0.3 small effect; 0.3-0.5 medium effect; >0.5 large effect).?2%2*28 Patients
who were not able to perform the walking tests were not included in the longitudinal timed up-

and-go and 6-minute walk test analyses.

Aside from evaluating change during follow-up including both asymptomatic and symptomatic
patients, we repeated the longitudinal analyses solely including patients who were symptomatic
at baseline or became symptomatic during follow-up. These additional analyses were added,
because in our previous study statistically significant change on the timed walking activities was

limited to this symptomatic subgroup.*®

Finally, statistically significant changes in dMRI metrics during follow-up were correlated to
changes on the clinical outcome measures (Pearson’s correlation or Spearman’s rank-order

correlation).

Results

Baseline brain imaging (MR1) was available for 52 patients and 33 healthy controls and baseline
spinal cord imaging (MR1) was available for 41 patients and 32 healthy controls. For a detailed
description of subject enrollment and the availability of imaging data see Supplementary Table
4.1.
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Table 4.1 Between-group differences: controls versus patients

Controls Patients P value Effect size

N spinal cord 30 41

N brain 33 52

Age spinal cord (years) 37 (21-72) 45 (18-72) 0.415

Age brain (years) 36 (16-72) 39 (12-71) 0.705

Fractional anisotropy

Spinal cord 0.55 (0.27-0.63) 0.33(0.17-0.70) <0.0005 0.58

Total brain 0.50+0.02 0.48 £0.03 < 0.0005 0.47
Segment 1 0.45 (0.34-0.55) 0.42 (0.36-0.51) < 0.0005 0.48
Segment 2 0.62 £0.03 0.59+0.04 <0.0005 0.41
Segment 3 0.61+£0.04 0.57+0.04 <0.0005 0.47
Segment 4 0.43+0.03 0.42+0.03 0.069 0.20
Segment 5 0.39+0.02 0.39+0.02 0.482 0.08

Mean diffusivity

Spinal cord 1.26 £0.10 1.35+£0.18 0.008 0.29

Total brain 0.76 £ 0.02 0.78 £0.02 <0.0005 0.41
Segment 1 0.82+0.04 0.84+0.06 0.046 0.22
Segment 2 0.78 (0.70-0.90) 0.83(0.70-1.00) <0.0005 0.51
Segment 3 0.71+£0.03 0.74+0.03 <0.0005 0.51
Segment 4 0.72 £0.03 0.73+£0.03 0.149 0.16
Segment 5 0.75+0.04 0.75+0.04 0.504 0.07

Radial diffusivity

Spinal cord 0.80+0.11 0.94+0.19 <0.0005 0.40

Total brain 0.52 (0.5-0.6) 0.55 (0.5-0.6) <0.0005 0.48
Segment 1 0.60+0.04 0.63 £0.05 0.001 0.36
Segment 2 0.45 (0.4-0.6) 0.51 (0.4-0.7) <0.0005 0.49
Segment 3 0.43+£0.03 0.47 £0.04 <0.0005 0.53
Segment 4 0.53£0.03 0.55+0.03 0.056 0.21
Segment 5 0.58+0.04 0.58+0.03 0.769 0.03

Values are summarized as mean + SD for normally distributed data and median (range) for non-normally
distributed data. Mean diffusivity and radial diffusivity values x 10°. FA = fractional anisotropy; MD = mean
diffusivity; N = number of patients; RD = radial diffusivity.

Between-group differences

First, we evaluated differences between patients and controls (Table 4.1). The median age of
participants with spinal cord imaging was 45 years (range 18-72) for patients and 37 years (range
21-72) for controls. For participants with brain imaging, the median age was 39 years (range 12-71)
for patients and 36 years (range 16-72) for controls. The distribution of age was similar (p = 0.415
and p = 0.705, respectively). Statistically significant differences between patients and controls in
fractional anisotropy, mean diffusivity and radial diffusivity were detected in the cervical spinal
cord, in total brain corticospinal tracts and brain segments 1 through 3 (effect size 0.22-0.58). No

statistically significant differences were detected for axial diffusivity (data not shown).
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Second, we evaluated differences between controls, asymptomatic patients and symptomatic
patients (Table 4.2, Figure 4.1B). Overall, statistically significant differences in fractional
anisotropy, mean diffusivity and radial diffusivity were detected in the cervical spinal cord,
in total brain corticospinal tracts and segments 1 through 4. Again, no statistically significant
differences were detected for axial diffusivity. Post hoc pairwise comparisons revealed statistically
significant differences between symptomatic patients versus controls (effect size 0.31-0.68) and
asymptomatic patients versus controls (effect size 0.40-0.57). Solely spinal cord mean and radial
diffusivity detected a significant post hoc difference between symptomatic versus asymptomatic
patients (effect size 0.39 and 0.53). As expected, the age distribution amongst symptomatic
patients, asymptomatic patients and controls was not similar (p = 0.001 and p < 0.0005,
respectively). However, when selecting controls to match the age distribution of symptomatic
patients and asymptomatic patients, the differences in fractional anisotropy, mean diffusivity
and radial diffusivity were still statistically significant (data not shown). In addition, statistically
significant differences in brain were confirmed by repeating the analyses with solely participants
without brain white matter abnormalities (25 patients and 24 controls). No participants had white

matter abnormalities of the spinal cord.

Correlation with clinical outcome measures

Several (statistically significant) moderate to strong correlations were detected between the dMRI
metrics and clinical outcome measures (Table 4.3, Figure 4.1C). Spinal cord fractional anisotropy
and radial diffusivity correlated moderately to strongly with all clinical measures (correlation
coefficient = 0.42-0.60) and the strongest correlation was found between spinal cord radial
diffusivity and the timed up-and-go test (correlation coefficient = 0.60). Although brain segments
1 through 3 could detect statistically significant differences between patients versus controls and
symptomatic patients versus asymptomatic patients versus controls, their correlations with clinical
measures were all < 0.3. This finding is in agreement with the reported effect sizes for differences

in dMRI metrics between asymptomatic patients and symptomatic patients (Table 4.2).
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Change of dMRI metrics during follow-up
Spinal cord follow-up imaging (MR2) was available for 23/41 (56%) patients (Supplementary Table
4.1). Median time between spinal cord MR1 and MR2 was 11 months (range 10-14).

Brain follow-up imaging was available for 43/52 (83%) patients (MR2) and 36/52 (69%) patients
(MR3) (Supplementary Table 4.1). Overall, the median time between brain MR1 and MR3 was 23
months (range 21-27). In more detail, median time between brain MR1 and MR2 was 11 months
(range 9-15) and median time between brain MR2 and MR3 was also 11 months (range 10-14).

One patient converted from asymptomatic to symptomatic during follow-up.

In patients with spinal cord imaging, a statistically significant clinical change was detected for the
SSPROM (p = 0.023, effect size 0.34) after one-year follow-up, but change on spinal cord dMRI
metrics was not statistically significant (Table 4.4). Spinal cord imaging after two years was not
available as spinal cord imaging was added to the study protocol ~one year after initial study
initiation. In patients with brain imaging, a statistically significant but small clinical deterioration
during two-year follow-up was detected for the EDSS (p = 0.015, effect size 0.12) and SSPROM
(p = 0.021, effect size 0.11), but post hoc pairwise comparisons were not statistically significant
(Table 4.4, Figure 4.2A). Although the median timed up-and-go values suggested statistically
significant improvement during follow-up, because the time needed to walk the same distance
decreased, the mean ranks actually indicated progression (mean rank MR1= 2.17, mean rank
MR2 = 1.57, mean rank MR3 = 2.27). Post hoc pairwise comparisons revealed a significant
change between MR2 and MR3 (p = 0.020). Changes on brain dMRI metrics were also statistically
significant for fractional anisotropy and radial diffusivity in the total corticospinal tracts (p <
0.0005, effect size 0.21 and 0.22) and segment 4 (p = 0.002 and < 0.0005, effect size 0.16 and
0.28). Post hoc pairwise comparisons detected a significant decrease in fractional anisotropy
between MR2 and MR3 (total tract -0.009 and segment 4 -0.011). For radial diffusivity there
was a statistically significant increase between MR2 and MR3 (total tract +0.009 and segment 4
+0.012), and between MR1 and MR3 (total tract +0.015 and segment 4 +0.019).
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Table 4.3 Correlation between dMRI metrics and clinical outcome measures

EDSS SSPROM Timed up-and-go 6-minute walk
test

r P value r P value r Pvalue r P value
N spinal cord 41 41 39 37
N brain 52 52 50 40
Fractional anisotropy
Spinal cord -0.56 < 0.0005 0.49 0.001 -0.50 0.001 0.44 0.007
Total brain -0.27 0.054 0.25 0.074 -0.44 0.001 0.20 0.207
Segment 1 -0.21 0.144 0.25 0.078 -0.35 0.013 0.13 0.422
Segment 4 -0.35 0.011 0.35 0.011 -0.51 <0.0005 0.29 0.071
Mean diffusivity
Spinal cord 0.49 0.001 -0.42 0.006 0.43 0.006 -0.29 0.087
Radial diffusivity
Spinal cord 0.60 <0.0005 -0.56 <0.0005 0.60 <0.0005 -0.42 0.010
Total brain 0.19 0.171 -0.17 0.227 0.36 0.011 -0.08 0.619
Segment 4 0.33 0.018 -0.32 0.022 0.42 0.002 -0.29 0.072

Correlations were considered clinically relevant if > 0.3 and are indicated with bold text. Diffusion
metrics with all correlations < 0.3 are not shown. EDSS = Expanded Disability Status Scale; FA = fractional
anisotropy; MD = mean diffusivity; N = number of patients; r = correlation coefficient; RD = radial diffusivity;
SSPROM = Severity Scoring system for Progressive Myelopathy.

When solely including patients who were symptomatic at baseline or who became symptomatic
during follow-up (Supplementary Table 4.2), the change on clinical measures for patients with
spinal cord imaging (n=12-15) became slightly larger for the SSPROM (p=0.026, effect size 0.41)
and change on the 6-minute walk test became statistically significant (p=0.041, effect size 0.63).
Change on spinal cord dMRI metrics was still not statistically significant. The effect size of the
clinical change for patients with brain imaging increased for the EDSS and SSPROM, but change
on the timed up-and-go was no longer statistically significant. Changes on brain dMRI metrics
were similar for the whole-group analysis, except for a decrease in fractional anisotropy effect
sizes. When solely including patients who remained asymptomatic during follow-up, statistically
significant changes in brain dMRI metrics were still detected, although the clinical measures did
not change or improve (Supplementary Tables 4.3 and 4.4). Visually, longitudinal progression

did not differ between asymptomatic and symptomatic patients (data not shown).
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As between-group differences were largest for spinal cord dMRI metrics but change after one-
year follow-up was not significant, we explored whether the magnitude of change on spinal cord
dMRI metrics decreased or reached a plateau with increasing severity of myelopathy. Indeed,
inspection of scatter dot plots of the difference in spinal cord fractional anisotropy versus
the severity of myelopathy, defined as the baseline value of the clinical measures, suggested
decreasing change with increasing severity of myelopathy (Figure 4.2B). As the timed up-and-go
and EDSS increased and the SSPROM and six-minute walk test decreased, indicative of increasing
severity of myelopathy, the fractional anisotropy difference became closer to zero. A similar effect

was seen in brain (Figure 4.2B) for fractional anisotropy versus the timed up-and-go.

Correlating change of dMRI metrics to clinical change

The change on the timed up-and-go test between MR2 and MR3 was correlated to changes in
fractional anisotropy and radial diffusivity of total brain corticospinal tract and segment 4 between
MR2 and MR3. All correlations were < 0.3.

Discussion

In this prospective study we illustrate the potential of dMRI of the cervical spinal cord and
corticospinal tracts in the brain as surrogate outcome measures for progression of myelopathy

in men with adrenoleukodystrophy.

Using our baseline assessments, we show with a step-down approach that there are significant
differences in fractional anisotropy, mean diffusivity and radial diffusivity between clinically
relevant groups and that these metrics correlate to clinical outcome measures. Besides differences
between symptomatic patients and controls we also detected differences in brain fractional
anisotropy, mean diffusivity and radial diffusivity between asymptomatic patients and controls.
Conversely, this difference was not detected between asymptomatic patients and controls in spinal
cord, but this might be a consequence of the smaller sample size (12 asymptomatic patients with
spinal cord imaging versus 20 asymptomatic patients with brain imaging), as visual inspection
does suggest a trend for fractional anisotropy and mean diffusivity (Figure 4.1B). Moreover, while
including both symptomatic and asymptomatic patients, correlations between the applied clinical
measures and spinal cord and brain fractional anisotropy and radial diffusivity were moderate
to strong. Our follow-up data suggest that brain fractional anisotropy and radial diffusivity are
superior to the evaluated clinical outcome measures for assessment of disease progression, as
effect sizes were slightly larger and post hoc testing statistically significant. In addition, statistically
significant change was detectable in asymptomatic patients using brain dMRI and not using the
clinical measures. Admittedly, changes on dMRI were small, but clinical progression of myelopathy
in men with adrenoleukodystrophy is slow. In a previous study we reported significant changes

in patients who were symptomatic at baseline or became symptomatic during follow-up (n=19-
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25) on the EDSS, SSPROM and timed up-and-go after 2 years (effect sizes 0.30-0.53) and on the
6-minute walk test after 1 year (effect size 0.34).1° The cohort we report here slightly differed
as we also included asymptomatic patients and imaging data was not available for all previously
included patients. Consequently, the clinical change after two years was - although statistically
significant — even smaller (effect size < 0.14). Unfortunately, change on dMRI metrics did not
correlate to change on clinical measures. As the applied clinical measures are not specific for
myelopathy and not sensitive to small changes, we hypothesized that dMRI, which specifically
detects the underlying axonal degeneration, would be more sensitive to small changes in disease
severity. This study supports this hypothesis. As our follow-up time increases, we expect to show

good longitudinal correlation with conventional clinical outcome measures in future studies.

Postmortem studies suggest that myelopathy in adrenoleukodystrophy is caused by axonal
degeneration with demyelination, which originates in the spinal cord and extends into the brain
with a dying-back pattern.” Indeed, Castellano et al (2016) reported an increase in radial diffusivity
and a decrease in axial diffusivity.®® They suggest that demyelination precedes axonal loss. In
their study, axial diffusivity reduction was much smaller than radial diffusivity increase (9.7% vs.
34.5%). Such changes have been associated with demyelination in a cuprizone mouse model of
experimental demyelination.?® We also found prominent between-group differences in radial
—although not in axial - diffusivity. We hypothesize that we did not (yet) find any changes in axial
diffusivity as myelopathy in our cohort was less severe compared to the cohort of Castellano et
al (2016). In addition, we detected changes suggestive of a spatiotemporal axonal degeneration.
Differences in fractional anisotropy and radial diffusivity between symptomatic patients and
controls were largest in spinal cord and decreased towards the cortex in the brain. Likewise,
correlation coefficients between dMRI metrics and clinical measures were higher in spinal cord
than in brain. In contrast, change on spinal cord dMRI metrics after one-year follow-up was not
statistically significant, but this could be attributed to technical factors. The wide range of dMRI
metrics values in spinal cord indicates that the measurements are more variable than in brain.
The region of interest in spinal cord is small and surrounded by isotropic cerebrospinal fluid.
Unintentional and unavoidable inclusion of cerebrospinal fluid in dMRI metrics calculations due to
motion artefacts and spatial resolution may affect the dMRI values and atrophy of the spinal cord
might magnify this problem. By using a segmentation-based approached in spinal cord we tried to
reduce the effect of atrophy. Moreover, differences between spinal cord and brain in general could
solely be a consequence of the difference in dMRI approach. In brain we specifically measured
the corticospinal tracts, but in the spinal cord we included all descending and ascending white
matter tracts. In addition, we speculate that change of dMRI reaches a plateau as a consequence
of prolonged axonal degeneration and demyelination in the more severely affected patients and
the number of patients with available spinal cord follow-up imaging was too small to measure a

change (Figure 4.2B).
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Although we hypothesize that the detected change in dMRI metrics in patients is a consequence
of the axonal degeneration in adrenoleukodystrophy, reports on large cohorts of healthy subjects
have determined that dMRI metrics also change with ageing.>® Fractional anisotropy in brain
corticospinal tracts decreases from 0.600 to 0.575 in roughly 30 years, which translates to a
decrease of 0.0008 per year. In our cohort, change was 10-fold higher. Likewise, radial diffusivity
increases from 0.45 x 10 to 0.50 x 107 in roughly 40 years, which translates to an increase of
0.0013 x 1073 per year. The change in radial diffusivity we report is 3-4 times larger. Therefore, it

is likely that the change we detected is mostly explained by disease progression and not by ageing.

Our study illustrates the potential of dMRI as a surrogate outcome measure for myelopathy in men
with adrenoleukodystrophy. Including dMRI in clinical trials could increase the number of eligible
patients, as dMRI possibly allows for the detection of disease progression in presymptomatic
patients. To facilitate multicenter studies, the imaging protocol and data analysis can easily be
shared between centers and do not require special equipment or highly specialized knowledge.
This should be possible in most hospitals. However, issues could arise with the use of different
types of MRI scanners, for which, for example, a site balanced cohort setup and statistical
correction for site effects might be needed. Associations with other clinical measures, such as

body sway measurements, could further support clinical applicability.
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Supplementary Table 4.1 Description of subject enroliment and the availability of imaging data

Number of

. Brain MR Reasons for Spinal cord .
subjects . . N N Reasons for exclusion
session exclusion MR session
screened
Patients
61 1 52 Age<12years 1 41  Age<18years (n=7);
(n=7); cerebral ALD refused additional MR
(n=1); MRI contra- sequence (n=1).
indication (n=1).
2 43 Lost to follow-up 2 23 Spinal cord MRI not yet
(n=1); braces (n=2); included in protocol
cerebral ALD (n=2); (n=18).
late inclusion (n=4).
3 36 Lostto follow-up
(n=1); late inclusion
(n=6).
Controls
35 1 33  Braces (n=1); 1 30 Age<18years(n=2);
technical problems technical problems
(n=1). (n=1).

Spinal cord imaging was added after the study had been initiated.
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Abstract

Background: Progressive myelopathy is the main cause of disability in adrenoleukodystrophy
(ALD). Development of therapies is hampered by a lack of quantitative outcome measures. In this
study, we investigated whether myelopathy in ALD is associated with retinal neurodegeneration

on optical coherence tomography (OCT), which could serve as a surrogate outcome measure.

Methods: Sixty-two patients (29 men and 33 women) and 70 age-matched and sex-matched
controls (33 men and 37 women) were included in this cross-sectional study. We compared retinal
nerve fiber layer (RNFL), ganglion cell layer (GCL) and peripapillary retinal nerve fiber layer (oRNFL)
thickness between ALD patients and controls. In addition, we correlated these OCT measurements

with clinical parameters of severity of myelopathy.

Results: Patients had significantly thinner RNFL (male group, p<0.05) and pRNFL superior and
temporal quadrant (both male (p<0.005) and female (p<0.05) group) compared to controls.
Comparing three groups (symptomatic patients, asymptomatic patients and controls), there were
significant differences in RNFL thickness (total grid and peripheral ring) in the male group (p<0.002)
and in pRNFL thickness (superior and temporal quadrant) in both male (p<0.02) and the female
(p<0.02) group. Neuroretinal layer thickness correlated moderately with severity of myelopathy

in men (correlation coefficients between 0.29-0.55, p<0.02), but not in women.

Conclusions: These results suggest that neurodegeneration of the spinal cord in ALD is reflected
in the retina of patients with ALD. Therefore, OCT could be valuable as an outcome measure for

the myelopathy of ALD. Additional longitudinal studies are ongoing.
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Introduction

Myelopathy is the main clinical manifestation and cause of disability in X-linked
adrenoleukodystrophy (ALD, OMIM 300100).%2 ALD is a genetic neurometabolic disorder
caused by a defect in the degradation of very long-chain fatty acids (VLCFA), leading to their
accumulation in various tissues.** Virtually all men with ALD develop myelopathy, characterized
neuropathologically by degeneration of the corticospinal tracts, spinothalamic tracts and dorsal
columns of the spinal cord.>® Clinically, it presents as a slowly progressive gait disorder due to a
spastic paraparesis and sensory ataxia.” Despite the X-linked inheritance, over 80% of women with
ALD (heterozygotes) also develop myelopathy, although at a later age and with slower progression
than men.®® Treatment is currently supportive only, but new disease modifying therapies are
being developed.’® For these therapies to be tested in clinical trials, there is a need for reliable

and sensitive quantitative outcome measures.

Measuring the severity and progression of myelopathy in ALD, however, is problematic.
Neurological examination and current clinical outcome measures are subject to a high intra- and
interrater variability.!2 Moreover, disease progression is very slow, occurring over years or even
decades.’® Our group recently showed that statistically significant progression of myelopathy
in men with ALD can be measured during 2-year follow-up using clinical outcome measures,
but absolute changes were small.** Clinical trials using these outcome measures require a long
treatment period (at least 2 years) and a large number of patients to be able to detect differences
between treatment arms. Therefore, more sensitive and reproducible surrogate outcome

measures for myelopathy in ALD are needed.

Spectral domain optical coherence tomography (SD-OCT) is a rapid, noninvasive, safe and
(provided that subjects are followed on the same scanner) reproducible technique to visualize
the retina in vivo.*> It provides cross-sectional images of the macula and optic nerve head with
enough resolution to accurately measure thickness of the individual retinal layers. Degeneration
of some of these layers, especially the retinal nerve fiber layer (RNFL, containing the axons of
neurons projecting from the retina to the thalamus) and ganglion cell layer (GCL, containing the cell
bodies of these neurons), is associated with disease severity and progression in neurodegenerative
diseases such as Alzheimer and Parkinson’s disease,'®*° but also with neuro-axonal degeneration
in multiple sclerosis and amyotrophic lateral sclerosis.?®?? These studies suggest that the
neurodegeneration occurs simultaneously in the central nervous system and retina. As axonal
degeneration is the pathological hallmark of myelopathy in ALD, thinning of RNFL and the GCL could
reflect spinal cord damage and therefore serve as a surrogate outcome measure for myelopathy
in ALD. Indeed, thinning of the RNFL has been reported in an ALD patient with myelopathy,?® but
has never been systematically studied in a larger group of ALD patients. Therefore, in this cross-
sectional study, we investigated the association between retinal neurodegeneration, measured

as RNFL and GCL thickness on OCT, and the severity of myelopathy in both men and women with
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ALD. As myelopathy in women with ALD has a milder disease course than in men, we hypothesized

that retinal neurodegeneration would be less pronounced in the female subgroup.

Materials and methods

Study design and participants

This cross-sectional study was part of a large observational cohort study on the natural history
of ALD (the Dutch ALD cohort). Patients were recruited at the Amsterdam UMC (Amsterdam, the
Netherlands) between June 2015 and March 2018. Patients over 16 years of age with a confirmed
diagnosis of ALD were eligible to participate. We excluded patients with active cerebral ALD
(defined as gadolinium-enhancing white matter lesions on MRI), diabetes mellitus, a history
of neurodegenerative or ophthalmological disease and any comorbidity interfering with the

assessment of myelopathy.

Study participation for patients included one hospital visit with neurological assessment,
ophthalmological examination, OCT imaging and MR imaging. The ophthalmological examination
was performed by an experienced staff member and included visual acuity measurement (ETDRS
card with Sloan letters), measurement of intraocular pressure with air-puff tonometry, slit-lamp
biomicroscopy and fundus photography. We excluded eyes with low visual acuity (>0.1 LogMar),
high refractive errors (>6 diopter), intra-ocular pressure >21 mmHg, substantial media opacities
and optic nerve disease or retinal disease as defined in the OSCAR-IB criteria.?* MRI scans to
exclude active cerebral ALD were evaluated by an experienced neuroradiologist. Sex- and age-
matched controls without a history of diabetes, neurological or ophthalmological disease and a

normal visual acuity (< 0.1 Logmar) were recruited via public advertisement.

Neurological assessment

The protocol used to assess myelopathy in this cohort has been previously described.'*?* In
short, patients underwent a detailed neurological history and examination. They were scored as
symptomatic if they had both signs and symptoms of myelopathy. Clinical outcome measures used
to quantify myelopathy were the Expanded Disability Status Score (EDSS), Severity Scoring system
for Progressive Myelopathy (SSPROM) and timed up-and-go. The EDSS measures neurological
disability ranging from O (no disability) to 10 (death).? SSPROM measures severity of myelopathy
ranging from 0 to 100, with lower scores indicating a higher degree of impairment.??¢ The timed
up-and-go is used to assess walking function by recording the time that the patient needs to get
up from an armchair, walk 3 meters, turn around, walk back and sit down again.?*° Neurological

assessments were done on the same day as OCT-imaging.
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Figure 5.1 Optical coherence tomography output

The left panel shows a macular scan with (A) the Early Treatment Diabetic Retinopathy Study (EDTRS) grid,
(B) the pericentral (yellow) and peripheral (red) ring and (C) a cross-section of the retina showing the retinal
nerve fiber layer (RNFL) and ganglion cell layer (GCL). The right panel shows an optic nerve scan with (D)
the 3.5mm peripapillary ring, (E) the Heidelberg output of the peripapillary retinal nerve fiber layer (pRNFL)
thickness and (F) a cross-section of the periparillary retina with the pRNFL

Imaging protocol and image analysis

OCT-imaging was performed by three OCT-operators under dimmed-light conditions on two
identical Heidelberg Spectralis OCT-scanners (Heidelberg Engineering GmbH, Germany). Images
of both the macula and the optic nerve (peripapillary scan) were obtained. One experienced OCT
reader (CB) evaluated all OCT images and excluded scans with poor quality or retinal disease as
defined in the OSCAR-IB criteria.** The macula was scanned in the horizontal direction in an area
of 6 x 6 mm (20 degrees) with 49 b-scans; each b-scan was the average of 15 scans. Macular
scans were segmented by one analyst (SK) masked to clinical information using the validated lowa
Reference Algorithm version 3.8.0, which enables calculation of the thickness of 10 individual
retinal layers for each of the nine regions of the Early Treatment of Diabetic Retinopathy Study
(ETDRS) grid (Figure 5.1).>* Mean thickness of the RNFL and GCL were calculated for three regions:
the total EDTRS grid-surface, the pericentral ring (region 2-5) and the peripheral ring (region 6-9)
(Figure 5.1). The optic nerve head was scanned with a 3.5 mm circle centered on the optic disc,
containing 768 x 496 voxels. Peripapillary RNFL (pRNFL) thickness was measured automatically by
Heidelberg’s built-in segmentation algorithm (version 1.910.0); both the total peripapillary ring
and each of the four quadrants (temporal, superior, nasal and inferior) were used for analysis
(Figure 5.1). We allowed for inclusion of one eye if the other eye was not eligible for inclusion. If

both eyes were eligible, the mean layer thickness of both eyes was used for analysis.
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Statistical analysis

IBM SPSS statistics version 24 (IBM Inc.) was used for all statistical analyses. Data for men and
women were analyzed separately. Normality was assessed with visual inspection and using the
Shapiro-Wilk test.*? First, we assessed if there were differences in retinal layer thickness between
patients and controls with unpaired Student’s t-tests. All data were normally distributed, except
for the GCL-pericentral ring data of the male patient subgroup (slightly skewed to the left). As it
was a minor deviation from the normal distribution and to increase comparability with the other
subgroups, we decided to analyze the data as if it was normally distributed. Indeed, confirmatory
non-parametric testing (Mann-Whitney U-test) showed very similar results for this subgroup.
Second, we analyzed differences in retinal layer thickness between three groups (symptomatic
patients, asymptomatic patients and controls) with ANOVA (normally distributed data). In case of a
significant difference between the groups, post-hoc testing was performed with Tukey correction
for multiple comparisons. Effect sizes of the differences between groups were quantified by
reporting Cohen’s d, which was calculated as the difference between means divided by the pooled
standard deviation. A Cohen’s d of 0.2 was considered a small effect, 0.5 a medium effect and
0.8 a large effect.?*3* Finally, we correlated clinical outcome measures of severity of myelopathy
with the OCT measurements that were able to detect significant between-group differences
using Pearson’s correlation (normally distributed continuous data) or Spearman’s rank-order
correlation (non-normally distributed continuous data and ordinal data) with a Bonferroni
correction for multiple comparisons. To assess the effect of age on retinal layer thickness, we
determined correlations between age and retinal layer thickness in the control group. In addition,
we performed multiple regression analyses with retinal layer thickness as dependent variable and
either age and clinically relevant groups (controls, asymptomatic and symptomatic patients) or

age and severity of myelopathy (clinical outcome measures) as independent variables.

For all statistical tests a significance level of a=0.05 (2-sided) was chosen. Significance levels after

correction for multiple comparisons were reported separately.

Results

Of 148 subjects screened, 132 were included: 62 patients (29 men and 33 women) and 70 controls
(33 men and 37 women). For 8 of these 132 subjects only one of both eyes was eligible for
inclusion. Supplementary Table 5.1 shows details on the number of subjects/eyes excluded and
reasons for exclusion. Median age was similar for patients and controls for both men (41.0 versus
41.0, p=0.83) and women (53.0 versus 48.0, p=0.17).
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Results of the neurological assessments in this cohort are described in more detail elsewhere.**%*
In short, 20/29 men (69%) had both symptoms and signs of myelopathy and were therefore
classified as symptomatic. The median EDSS was 3.5 (range 0-7.0) and the median SSPROM was
85.5 (range 65-100), indicating moderate disability; the median time on the timed up-and-go was
6.7 seconds (range 2.6-16.6). Of the 33 women, 16 (48.5%) were symptomatic. Their median EDSS
was 3.5 (range 0-6.0), median SSPROM 89.0 (range 71.0-100) and the median time on the timed
up-and-go was 4.9 seconds (range 3.73-21.05).

First, we compared retinal layer thickness between patients and controls (Table 5.1). In men, the
RNFL was significantly thinner in patients compared to controls for both the total grid surface,
inner and outer ring (p<0.04, effect sizes between 0.53-0.67), but GCL was not. In addition, both
the temporal quadrant (p=0.04, effect size 0.54) and superior quadrant (p<0.05, effect size 0.50) of
the pRNFL were thinner in male patients compared to controls. In women, the superior (p<0.001,
effect size 0.92) and temporal quadrant (p=0.005, effect size 0.73) of the pRNFL were significantly

thinner in patients compared to controls, while the RNFL and GCL did not differ between groups.

Second, we compared the RNFL and pRNFL thickness between controls, asymptomatic patients
and symptomatic patients (Table 5.2). In men, statistically significant overall between-group
differences were detected for the RNFL (total grid surface and peripheral ring, p<0.002) and
the pRNFL (superior and temporal quadrant, p<0.02). Post hoc testing showed significant
differences between symptomatic patients and controls (effect sizes between 0.76-1.02), between
symptomatic and asymptomatic patients (effect sizes between 0.96-1.13), but not between
asymptomatic patients and controls. In women, only the superior and temporal quadrant of the
pRNFL showed significant between-group differences (p<0.02). Post hoc testing for the superior
quadrant showed differences between symptomatic patients and controls (effect size 1.13) and
symptomatic and asymptomatic patients (effect size 0.77). In contrast, for the temporal quadrant
of the pRNFL, a significant difference was detected between asymptomatic patients and controls
(effect size 1.01).

Finally, we correlated retinal layer thickness to the severity of myelopathy as assessed with
the clinical outcome measures (Table 5.3 and Figure 5.2). Only the retinal layers that showed
significant between-group differences were included in these correlations. In men, there were
moderately strong correlations between all three clinical outcome measures (EDSS, SSPROM and
timed up-and-go) and both the RNFL (correlation coefficients between 0.43-0.48) and the pRNFL
(correlation coefficients between 0.29-0.55). In women, there were no statistically significant
correlations between severity of myelopathy and retinal layer thickness (Supplementary Table
5.2), except for the EDSS and the superior quadrant of the pRNFL (correlation coefficient 0.46,
p=0.01).
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There were no significant correlations between age and retinal layer thickness in the male or
female control group. Regression analysis with both age, sex and group (controls, asymptomatic
and symptomatic patients) as independent variables showed a significant effect of group (but
not age or sex) on the RNFL (n=132, B=-0.962, p=0.008) and pRNFL temporal quadrant (B=-
4.46, p=<0.001) and of both group (B=-5.73, p=<0.001) and age (B=0.260 p=0.004) on the
pPRNFL superior quadrant. Regression analysis with both age and clinical outcome measures as
independent variables was not possible due to a high correlation (collinearity) between age and

severity of myelopathy.

Table 5.3 Correlations between severity of myelopathy and retinal nerve fiber layer thickness
in men with ALD

RNFL
RNFL_ (peripheral pRNFL pRNIfL pPRNFL
(total grid) ring) (total) (superior) (temporal)

Spearman’s rho -47 -48 -.59 -.50 -.39
EDSS
(n=29) p-value o1 008 001 006 04

Spearman’s rho 43 45 .54 .55 .32
SSPROM
(n=29) p-value 02 02 .003 002 .09
Timed Spearman’s rho -.45 -.47 -.48 -.51 -.29
up-and-go
(n=27) p-value .02 01 01 .007 15

All correlations were calculated with Spearman’s rank order correlation test. After Bonferroni correction for
multiple comparisons, correlations were considered significant if p < 0.025.

Abbreviations: EDSS, Expanded Disability Status Score; RNFL, retinal nerve fiber layer; pRNFL peripapillary
retinal nerve fiber layer; SSPROM, Severity Scoring system for Progressive Myelopathy.
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Figure 5.2 Scatterplots of the relationship between severity of myelopathy and pRNFL thick-
ness

Scatterplots of pRNFL and EDSS (A), SSPROM (B) and Timed up-and-go (C). The continuous lines represent
simple linear regression lines and the dotted lines the 95% confidence interval. Abbreviations: EDSS,
Expanded Disability Status Score; pRNFL, peripapillary retinal nerve fiber layer; SSPROM, Severity Scoring
system for Progressive Myelopathy.
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Discussion

In this cross-sectional study, we show that the myelopathy of ALD is associated with thinning
of the retinal nerve fiber layer on OCT. While axonal degeneration with thinning of the spinal
cord has been demonstrated in ALD patients compared to controls,® our results show that this
axonal degeneration is also measurable in the retina. Moreover, the retinal neurodegeneration
correlates with clinical outcome measures of myelopathy. To date, retinal neurodegeneration has
been described in a number of neurological diseases,*****>3 but has never been studied in ALD.
Demonstrating retinal neurodegeneration in ALD patients and correlating it to clinical measures of
severity of myelopathy are important first steps in the validation of OCT as a surrogate outcome

measure for myelopathy in ALD.

Although neuroretinal layer thinning was also present in female ALD patients, correlations with
clinical outcome measures were less pronounced than in men. This could be explained by the
milder disease course of myelopathy in women, who are affected at a higher age and with slower
progression than men.?® In the male subgroup, the absolute differences in retinal layer thickness
were largest for the pRNFL (temporal and superior quadrant), while statistical significance was
stronger for the RNFL (Table 5.1 and 5.2). This is likely due to the larger standard deviations of
the pRNFL measurements compared to the RNFL measurements. Although this shows that there
is substantial spread of pRNFL thickness between subjects, it is known that the reproducibility
of pRNFL measurements within the same subject over time is excellent.?”*® Therefore, pRNFL
measurements can be valuable for measuring disease progression in individual patients over time.
The correlations between retinal layer thickness and clinical measures support this hypothesis, as
the pRNFL showed the strongest correlation with the clinical outcome measures in men (Table
5.3).

While the RNFL was thinner in ALD patients compared to controls, the GCL was not. The RNFL
consists of the axons of the neurons that relay the information from the retina to the geniculate
nucleus in the thalamus; the GCL contains the cell bodies of these neurons. If the same pathological
process occurs both in the spinal cord and neuroretina of ALD patients, one would expect that
the retrograde axonal degeneration would eventually lead to degeneration of the cell bodies
and hence atrophy of the GCL. This could, however, only be a feature of the advanced stages
of the disease. Indeed, a subanalysis of GCL thickness in patients with more severe myelopathy
(EDSS 24.5, n=9) did show a trend towards a thinner GCL compared to controls (mean difference
3.4um, p=0.054).

Our study has some limitations. First, the possible effect of age on the outcomes needs to be
addressed. Both the pRNFL and GCL are described to decrease with age, while this appears to be
less pronounced for the RNFL.4%#! As patients and controls in our cohort were well age-matched,

age is unlikely to be a factor for these between-group analyses. Also, comparing three groups
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(controls, asymptomatic and symptomatic patients), the group-effect remained when including
age as a variable in the regression analyses. Alternatively, age could have influenced the correlation
between severity of myelopathy and retinal layer thickness. As both prevalence and severity
of myelopathy are strongly age-dependent (there is strong degree of collinearity), statistically
correcting for age was not an option as it would largely cancel out the disease effect. However,
the correlations between the clinical outcome measures and retinal layer thickness in our cohort
are much stronger than those described between age and retinal layer thickness.*® Therefore, it is
very unlikely that our findings are (solely) due to age. Longitudinal analyses comparing progression

rates of patients with a control group would definitively solve this issue.

Besides a possible confounding effect of age, external validity could be a concern. While we used
conventional exclusion criteria as defined in the OSCAR-IB criteria,?* this led to exclusion of 12/74
patients (16.2%). For OCT to be used as a surrogate outcome measure in (for example) clinical
trials, such an exclusion rate could be problematic. Despite these exclusions, our sample size is
relatively large, especially considering the rarity of this disease. Our results are strengthened by
the use of equally sized, age- and sex matched control groups. While OCT-studies sometimes use
reference values from historical control groups, the use of a control group is much less sensitive
to systematic differences in analysis.?! Also, the thorough clinical characterization of myelopathy in
our cohort allows for association of OCT measurements with multiple clinical outcome measures
(EDSS, SSPROM and timed up-and-go) that have been previously shown to have good clinical

validity characteristics in this cohort.**

In conclusion, in this study we show that the myelopathy of ALD is associated with neuroretinal
thinning on OCT. While clinical neurological assessments are subject to high inter- and intrarater
variability, OCT has excellent test-retest reliability. Moreover, it is a fast and safe assessment that
can largely be done automatically. Therefore, OCT may be used to monitor disease progression
and serve as a surrogate outcome measure for clinical trials in ALD. Next steps in the validation

include longitudinal studies, which are currently ongoing in this cohort.
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Supplementary Table 5.1 Number of exclusions per group with reasons for exclusion

Patient Control
Men ODS (n=6) OD or OS (n=0) ODS (n=2) OD or OS (n=2)
. insufficient qualit insufficient qualit
dementia ocT q ¥ ocT q v
insufficient quality OCT amblyopig, low subretinal density
visual acuity on OCT
visual acuity > 0.1 Logmar
refractive error >6D
keratoconus
cerebral ALD
Women ODS (n=6) 0D or OS (n=2) 0ODS (n=2) OD or OS (n=3)
visual acuity > 0.1 Logmar \(L)S;;Iaarcuity >01 i(;ét;fﬁcient quality
cataract (n=2) visual acuity >0.1 insufficient quality macular pseudohole
Logmar OoCT
refractive error >6D (n=2) macular Pucker
aphasia

Abbreviations: OD, right eye; OS, left eye; ODS, both eyes.

Supplementary Table 5.2 Correlations between severity of myelopathy and retinal nerve fiber
layer thickness in women with ALD

RNFL RNFL RNFL RNFL RNFL
. (peripheral p PR p
(total grid) ring) (total) (superior) (temporal)
EDSS Spearman’s 0.09 0.07 -0.23 -0.46 0.08
(n=33) rho
p-value 0.61 0.68 0.23 0.01 0.69
SSPROM Spearman’s -0.01 0.01 0.18 0.40 -0.15
(n=33) rho
p-value 0.96 0.94 0.36 0.03 0.42
Timed up- Spearman’s 0.20 0.19 -0.28 -0.41 -0.33
and-go (n=31) rho
p-value 0.28 0.30 0.13 0.03 0.08

All correlations were calculated with Spearman’s rank order correlation test. After Bonferroni correction for
multiple comparisons, correlations were considered significant if p < 0.025.

Abbreviations: EDSS, Expanded Disability Status Score; RNFL, retinal nerve fiber layer; pRNFL peripapillary
retinal nerve fiber layer; SSPROM, Severity Scoring system for Progressive Myelopathy.
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OCT shows neuroretinal thinning in myelopathy of ALD
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Abstract

Adrenoleukodystrophy is an inborn error of metabolism caused by mutations in the ABCDI-gene.
All male patients develop myelopathy, characterized by progressive axonal degeneration of the
dorsal columns and corticospinal tracts. Development of disease modifying therapies is hampered
by a lack of sensitive and reproducible outcome measures to evaluate these therapies in clinical
trials. In this prospective cohort study, we evaluated the potential of retinal neurodegeneration
on optical coherence tomography (OCT) as surrogate outcome measure for progression of
myelopathy in men with adrenoleukodystrophy. Retinal nerve fiber layer (RNFL) and ganglion
cell layer (GCL) thickness were measured at baseline, 1- and 2-year follow-up in patients and
age-matched controls. Severity of myelopathy was assessed with clinical parameters: Expanded
Disability Status Scale (EDSS), Severity Scoring system for Progressive Myelopathy (SSPROM) and
timed up-and-go. Linear mixed model analysis was used to compare changes in retinal layer
thickness of patients to controls. In addition, changes in retinal layer thickness were correlated to
changes on clinical parameters. Longitudinal data were available for 28 patients and 29 controls.
Peripapillary RNFL (pRNFL) thickness decreased significantly in patients compared to controls
(-1.75um, p=0.001), while changes in macular GCL and RNFL thickness were not different between
groups. Analysis of the symptomatic subgroup showed that, apart from a similar decrease in
pRNFL thickness, GCL thickness decreased significantly (-0.55 um, p=0.014). There were
moderately strong correlations between changes in retinal layer thickness and changes on clinical
parameters of severity of myelopathy. Our study demonstrates the potential of OCT-measured
retinal neurodegeneration as surrogate outcome measure for progression of myelopathy in
adrenoleukodystrophy. As differences were small, our findings need to be confirmed with longer

follow-up and/or in a larger patient sample.
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Introduction

Progressive myelopathy is the main cause of disability in adrenoleukodystrophy (ALD), affecting
virtually all male and over 80% of female patients.> ALD is a neurometabolic disorder caused by
mutations in the ABCD1-gene on the X-chromosome.>* ABCD1-deficiency results in accumulation of
very long-chain fatty acids (VLCFA) in plasma and tissues.>® The myelopathy of ALD is characterized
pathologically by axonal degeneration of the corticospinal tracts and dorsal columns.” VLCFA-
induced oxidative stress, mitochondrial dysfunction and endoplasmic reticulum stress have
been implicated in the pathophysiology of this axonal degeneration.?® Clinically, it manifests
as a slowly progressive gait disorder due to spastic paraparesis and sensory ataxia.®.Treatment
of myelopathy in ALD is currently supportive only, but disease modifying therapies are being
developed. Evaluation of these therapies in clinical trials using ‘traditional’ clinical outcomes
would require large numbers of patients and long follow-up, due to the high intra- and interrater
variability of these clinical outcomes and the slow disease progression.’ Therefore, there is a need

for more sensitive and reproducible outcome measures.

Using optical coherence tomography (OCT), our group recently showed that the retinal nerve fiber
layer (RNFL) is thinner in ALD patients compared to healthy controls. Moreover, this neuroretinal
thinning correlated with disease severity.'° These results suggest that neurodegeneration of the
spinal cord in ALD is reflected in the retina, a concept that has already been illustrated in a number
of other neurodegenerative diseases.**** As OCT is a fast, noninvasive and reproducible technique,

retinal neurodegeneration may be valuable as a new surrogate outcome measure in ALD.*®

In this longitudinal study, we further evaluated the potential of OCT-measured retinal
neurodegeneration as a surrogate outcome measure for myelopathy in ALD. We investigated
whether retinal neurodegeneration is progressive over 2 year follow-up and if it corresponds
with clinical parameters of disease progression. In previous studies, we showed that male ALD
patients have small but statistically significant progression of myelopathy on clinical parameters
during 2-year follow-up.® In female patients however, disease progression is much slower, with
only minor progression over a period of 8 years.! Therefore, this longitudinal study was limited

to the male subgroup of this cohort.
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Materials and methods

Baseline data of this cohort were previously published.® We used the same methodology (with

minor adjustments) as applied in that study, which is summarized below.

Study design and participants

This prospective cohort study was performed at the Amsterdam UMC between June 2015 and
July 2019, as part of a large natural history study (the Dutch ALD cohort). For this particular study,
we included male patients over 16 years of age with a confirmed diagnosis of ALD (very long chain
fatty acid (VLCFA) and genetic analysis). Exclusion criteria were a history of neurodegenerative
(other than ALD) or ophthalmological disease, diabetes mellitus, active cerebral ALD (defined
as gadolinium-enhancing white matter lesions on MRI) and comorbidity interfering with the
assessment of myelopathy. Patients underwent neurological assessment, ophthalmological
examination and OCT imaging on the same day. The ophthalmological examination was performed
by an experienced staff member and included visual acuity measurement (ETDRS-card with Sloan
letters), measurement of intraocular pressure with air-puff tonometry, slit-lamp biomicroscopy
and fundus photography. Eyes with reduced visual acuity (>0.1 LogMar), high refractive errors
(>6 diopter), high intra-ocular pressure (>21 mmHg), substantial media opacities and optic nerve
disease or retinal disease as defined in the OSCAR-IB criteria were excluded.’ Sex- and age-
matched controls without a history of diabetes, neurological or ophthalmological disease and
a normal visual acuity (< 0.1 Logmar) were recruited via public advertisement. Both patients
and controls were examined with regular 1-year intervals (baseline, year 1 and year 2). The local
Institutional Review Board approved the study protocol (METC 2014 _302) and all participants

provided written informed consent.

Neurological assessment

Assessment of myelopathy in this cohort has been previously described.? In short, patients
underwent a detailed neurological history and examination. They were scored as symptomatic
if both signs and symptoms of myelopathy were present. Clinical outcome measures used to
quantify myelopathy were the Expanded Disability Status Scale (EDSS), Severity Scoring system
for Progressive Myelopathy (SSPROM) and timed up-and-go. The EDSS measures neurological
disability ranging from O (no disability) to 10 (death).’* SSPROM measures severity of myelopathy
ranging from 0 to 100, with lower scores indicating a higher degree of impairment.**® The timed
up-and-go is used to assess walking function by recording the time that the patient needs to get

up from an armchair, walk 3 meters, turn around, walk back and sit down again.*>?°

Imaging protocol and image analysis
OCT-imaging was performed by four OCT-operators under dimmed-light conditions on two
identical Heidelberg Spectralis OCT-scanners (Heidelberg Engineering GmbH, Germany). Images

of both the macula and optic nerve (peripapillary scan) were obtained. Scans with poor quality
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or retinal disease as defined in the OSCAR-IB criteria were excluded.” The macula was scanned
in the horizontal direction in an area of 6 x 6 mm (20 degrees) with 49 b-scans; each b-scan
was the average of 15 scans. The optic nerve head was scanned with a 3.5 mm diameter circle
centered on the optic disc, containing 768 x 496 pixels. Macular and peripapillary scans were
segmented using Heidelbergs built-in segmentation algorithm (version 1.910.0). Macular RNFL
and GCL thickness were calculated for the total ETDRS grid-surface.?* Peripapillary RNFL (pRNFL)
thickness was calculated for both the total peripapillary ring and each of the four quadrants
(temporal, superior, nasal and inferior). Figure 6.1 shows an example of a peripapillary scan of a

healthy control (upper panel, A-C) and a symptomatic patient (lower panel, D-F).

We allowed for inclusion of one eye if the other eye was not eligible for inclusion. If both eyes

were eligible, the mean layer thickness of both eyes was used for analysis.

NS TS
133 124
(102) (135)

(106)  (144)

(106) (142)

Figure 6.1 Peripapillary RNFL thickness of a healthy control and a patient

The pRNFL is shown of a healthy control (upper panel, A-C) and a symptomatic patient with an EDSS of 7.0
(D-F). A and D: optic nerve scans with the peripapillary ring (green) where the pRNFL thickness is measured.
B and E: cross-section of the retina at the peripapillary ring; the pRNFL is marked by the colored lines and is
much thinner in the patient (E) than in the healthy control (B). C and F: pRNFL thickness (um) per segment of
the peripapillary ring. Green segments indicating normal pRNFL thickness, orange moderately reduced and
red more severely reduced pRNFL thickness. Numbers between brackets are reference values.

Statistical analysis

Clinical characteristics at baseline were summarized using descriptive statistics. We used linear
mixed model analyses for repeated measures to assess changes in retinal layer thickness. Linear
mixed model analyses were chosen to fully use the available data, including cases with missing
data. First, a mixed model was built with group (patient versus control), time and their two-way
interaction (group * time) and a random intercept on subject level. With this model, retinal layer

thickness at each time point and the change during follow-up for each group were estimated.
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The group * time interaction was the effect of interest, as it demonstrates whether the change
in retinal layer thickness over time of patients differs from controls. Second, we repeated this
analysis including only symptomatic patients, because in our previous study statistically significant
change on the clinical parameters was limited to the symptomatic subgroup. In an exploratory
analysis we also evaluated change of retinal layer thickness for the asymptomatic subgroup;
because of the small sample size we did not perform statistical analyses on this subgroup. In
accordance with our previous study,® we compared clinical parameters at baseline and at 2-year
follow-up using a paired t-test for normally distributed data or Wilcoxon signed rank test for non-
normally distributed data; mixed model analysis was not used for these analyses because of the
large proportion of non-normally distributed data. We evaluated association between changes
in retinal layer thickness and clinical parameters with Pearson’s correlation (in case of normal
distribution) or Spearman’s rank order correlation (non-normal distribution). Finally, similar to our
clinical study in this cohort,® we calculated the number of patients that would be needed for a
placebo-controlled trial using retinal layer thickness as surrogate outcome measure - assuming a

1:1 ratio of active substance versus placebo, a 50% decrease in progression rate, and 80% power.?

Statistical analyses were conducted with IBM SPSS statistics version 24 (IBM Inc.). For all tests
significance level was set at 0.05. Because of the exploratory character of this study, we did not

correct for multiple comparisons.

Data availability statement
The datasets generated or analyzed during the current study are available from the corresponding

author on reasonable request.

Results

Participant characteristics

Figure 6.2 provides an overview of subject enrollment and exclusions. Of 70 subjects screened,
62 were included: 29 patients and 33 controls. Because we continued to include new patients
during the course of the study, data for year 2 was not available for all patients. In contrast, some
participants in the control group did not show up at year 1 (but did at year 2), causing the number
of controls to increase from year 1 to 2. Longitudinal data (either baseline and year 1, baseline
and year 2, or all time points) were available for 28 patients and 29 controls. One of both eyes
was excluded in two patients (one due to amblyopia, one due to low quality of the OCT) and one
control (due to amblyopia). Median age of patients (42.0, range 16-68) and controls (41.0, range
21-65) was not statistically significantly different (p=0.78), nor was mean follow-up time (23.3 £
1.5 versus 23.9+ 0.9, p=0.08).

104



Screening Screening
35 patients 35 controls
6 excluded: 2 excluded
1 dementia 1 subretinal density
1 low visual acuity d 1 insufficient
(congenital) quality OCT
1 refractive error
>6D o
1 keratoconus
1 cerebral ALD
1 insufficient
quality OCT
v
Baseline Baseline
29 patients 33 controls
1 excluded 11 missing
1 cerebral ALD ’ » 4 lost to follow-up
1 missing <« 7 no show*
1 no show*
A 4
Year 1 Year 1
27 patients 22 controls
5 missing | 1 excluded
5 late inclusion 1 M. Parkinson
> 3 missing
3 lost to follow-up
v v
Year 2 Year 2
23 patients 26 controls

Figure 6.2 Subject enrollment and exclusions

Flow-diagram of subject enrollment, exclusions and missing data for both the patients (left) and controls
(right). ° these subjects did not attend their study visit at year 1, but did at year 2.
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Neurological characteristics of this cohort are described in detail elsewhere.® In summary, 20/28
(71%) patients were symptomatic, having both signs and symptoms of myelopathy. One patient
(age 23) converted from asymptomatic to symptomatic during follow-up. Baseline scores on the
clinical parameters of severity of myelopathy (EDSS, SSPROM and timed up-and-go) can be found

in Table 6.1; these scores indicate a moderate average level of disability.

Retinal layer thinning

Table 6.1 and Figure 6.3 show the changes in retinal layer thickness during follow-up for patients
and controls. For patients, change in clinical parameters is also reported. pRNFL thickness (total
ring, nasal and inferior quadrant) decreased significantly during follow-up in the patient group
compared to the control group, while macular RNFL and GCL thickness did not. Of the clinical
parameters, the EDSS increased and SSPROM decreased significantly over time, indicating an
increase in disability between baseline and follow-up. The increase on the timed up-and-go was

not statistically significant.
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Figure 6.3 Change in retinal layer thickness over time.

Mean pRNFL thickness (A) and GCL thickness (B) in controls (blue), the total patient group (green) and the
symptomatic subgroup (red). Values are the estimates from the linear mixed model analysis, bars represent
standard errors. Baseline patient n=28, control n=29; Year 1 patient n=27, control n=22; Year 2 patient n=23,
control n=26.

107



‘Ayipdojakin anissaiboid Jof waisAs

bu1103S A214aA3S = INOYISS 4aAD] 1aqL anJau [punal =14NY 4oApb| 1aqLf aniau jpunaJ Aipjjidoduad = J4NYd a4 190 uolbupb = 7109 3|p2S SNIDIS A21j1GOSIJ papubdx3 = ST
sjundponb unof ayi Jo yooa Aq pamojjof buri Aipjjidodiiad |0101 ay1 fo SSaUXIYL UDIN ,

(pa[in3-0M3) 2UDIYIUBIS A|ID21ISDIS 4

‘(1521 yupJ paubis UOX02[IM /1533-1 paJind) anjoa-d buipuodsaliod yiim

Z 4baA pup auijasng uaamiaq abupyd paiipd unaw sp pajiodal si abubyd iop 3yl fo uonnqglasip ay1 uo buipuadap (abup.) ubipaw 10 S F UDIW SO PAZIIDWUWINS 310 SAN[DA
‘pa3J0dal 0s|p sI sia32wWpJod [D2IUID U abubyd ‘SquaIDd 40 *S]0J3U0D WO SIaffip sjuanpd fo aw 4aA0 SSaUX2IYI JaAD| [puLaJ Ul abubyd Jayraym Afiubis pup ,awi , dnoub,
W43} uoLopiajul ay3 Jo |ana] 2oupdLfjubls ay1 1Uuasaidal san|pA-4 “(5]041u02 Jof saui anjq ‘Sauannd 23pwoldwAs Jof saul| paJ) € a4nbi ul pa3uasald 0S|D 3D SSaAUXIIYL 1D puD
(p101) TINYA (510443 pIDPUDIS) SUDIW SO PIZIIDWIUWINS PUD S|IPOW S1I3f[a-paxIW Jpaull dY1 WOLf SaN|DA pa1pWsSa Yyl 340 dn-mojjof burinp sabubyd pup ssauxyd1yl JoAp| [puzay

8500 (S6'T01¥0°0-) 960 66'TFSV6 86'7F89'8 8T FSY'8 s ‘08-pue-dn pawi |
+120°0 (59°0-039£°9-) TL €~ SLTITFLTSL TT'6FS96L ¥6'6 5708 INOYdSS
«G70°0 (€6'00310°0) L¥0 (520709 (S£-51) 08 (0z-0)0v $sa3
. (200357°0-) TT°0- (89'0) 69'L€ (69°0) 19°L€ (89°0) 182€ |0J3u0d

«710°0

(62°0- 03 18°0-) 550~ (58'0) 66'G€ (s8'0) 8€°9¢€ (58°0) #5°9€ juaped wrl 109
- (S7°0030£°0-) CT°0- (89'0) 60'€E (89°0) L6'€E (89°0) TT'VE |0J3u0d

(02001 T€°0-) 6T°0 (6£0) T6°0€ (6L0) ev'1E (6£°0) T2°0€ juaped wr 14Ny
<70 (80 03275°0-) TL0 (r¥'2) 95 TL (v¥'2) 99°0L (ev'2) s8°0L |0J3u0d

(99°0-03£9'T-) TS0~ (0L7) ce6S (69'2) 00'6S (69°7) €8'65 juayed |esodwa
2000 (TE€T0169°T-) 6T°0- (6T°€)S6'7TT (6T°€) SY'STT (8T°€) ¥T'STT |0J3u0d

(#6'0- 01 £0'€-) 00°C- (S0'v) ¢8'0TT (¥0'T) €6°0TT (se'e)egeit juaped Joudul
10005 (98’1 0308'¢) 9t°0- (5€72) 0859 (L€T) STL9 (r€72) 9299 |043U02

(90°€- 03 LTL7) LT'S- (£6'2) €9'S9 (€6'7) €9'99 (€6'7) 08°0L juaped |eseN
/80 (08'T0319€'T-) 810 (88°7) 00LTT (68°2) €TLTT (88°2) ¢S'9TT |043u0d

(05T 0398°0-) ZE0 (67'€) 6T 70T (8%7°€) €ET'¥0T (8t°€) 88°€0T juaped Jouadns

) (ST’T0186°0-) €T0 (L02) zeze (L0'7) €926 (L07)6T'C6 |0J3u0d

+100°0>

(£6°0-0189'C-) C8'T- (95°7) 10'S8 (557 LT'S8 (55'7) €8'98 juayed wrl ‘¢(je101) 14NYd
anjen-d (1D %S6) 98ueyy GNMHMH"& ANNMUL%MH& aw_u_w%wm&

108

sjo43uod pue squaned snewoldwAs 10) dn-moj|oj Suranp ssauyd1y) 19Ae| [eunas ul dduey) ¢'9 d|gqeL



When looking at symptomatic patients only (Table 6.2), the differences in pRNFL thickness were
slightly larger than for the total patient group. Also, in contrast to the total patient group, the
macular GCL showed significant thinning compared to the control group (-0.55um, p=0.014).
Absolute changes on clinical parameters were also slightly larger, although due to the smaller

sample size significance levels of these changes were slightly weaker than for the total patient

group.

Exploratory analysis of the asymptomatic subgroup (Table 6.3) showed a similar decrease in pRNFL
thickness (total ring, superior and inferior quadrant) as in the total patient group. Because of the
small sample size of this subgroup, we did not perform statistical tests to compare this change

to the control group.

Table 3. Change in retinal layer thickness during follow-up for asymptomatic patients.

Baseline Year 1 Year 2

(N=8) (N=7) (N=6) Change
pRNFL (total)?, um 93.84 (2.55) 93.26 (2.58) 92.39(2.61) -1.61
Superior 115.88 (4.06) 116.43 (4.10) 116.31 (4.15) 0.43
Nasal 67.94 (3.32) 64.45 (3.35) 63.83(3.81) -4.10
Inferior 119.19 (3.16) 118.59 (3.21) 117.22 (3.28) -1.96
Temporal 72.38 (5.52) 72.58 (5.53) 71.59 (5.55) 079
RNFL, um 34.09 (1.29) 34.42 (1.30) 34.04 (1.30) -0.04
GCL, um 38.88 (0.78) 39.03 (0.78) 39.05 (0.79) 017
EDSS 1.0 (0-3.0) 1.0 (0-3.0) 1.0 (0-3.5) 0.33
SSPROM 100 (98.0-100) 100 (99.0-100) 100 (95.5-100) 025
Timed up-and-go, s 3.69+0.69 3.53+0.42 3.52+0.50 -0.18

Retinal layer thickness and changes during follow-up are the estimated values from the linear mixed-effects
models and summarized as means (standard errors). Change on clinical parameters is also reported; values
are summarized as mean # SD or median (range) depending on the distribution of the data; change is reported
as mean paired change between baseline and year 2 with corresponding p-value (paired t-test/Wilcoxon
signed rank test).

“Mean thickness of the total peripapillary ring followed by each of the four quadrants

EDSS = Expanded Disability Status Scale; GCL = ganglion cell layer; pRNFL = peripapillary retinal nerve fiber
layer; RNFL= retinal nerve fiber layer; SSPROM = Severity Scoring system for Progressive Myelopathy.

Correlation between change on OCT and clinical parameters

There was a moderately strong correlation between change on the EDSS and thinning of the nasal
quadrant of the pRNFL (Spearman’s rho = 0.51, p=0.02) and change on the timed up-and-go and
thinning of the pRNFL total ring (Spearman’s rho = 0.51, p=0.04). Correlations between change on
timed up-and-go and thinning of the nasal quadrant of the pRNFL (Spearman’s rho = 0.46, p=0.06)
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and GCL (Spearman’s rho = 0.44, p=0.06) were on the border of statistical significance. No other

significant correlations were found.

Sample size calculation

The number of patients needed per treatment arm for a placebo-controlled trial of 2 years using
retinal layer thickness as surrogate outcome measure (assuming a 50% reduction of disease
progression and 80% power) would be 95 for the pRNFL total ring, 95 for the pRNFL inferior
quadrant and 93 for the pRNFL nasal quadrant.

Discussion

As potential treatments emerge, finding a sensitive surrogate outcome measure for
myelopathy in ALD is essential. In this prospective cohort study, we provide evidence that
retinal neurodegeneration on OCT may serve as surrogate outcome measure for progression
of myelopathy in men with ALD. Previously, in a cross-sectional analysis, we showed that ALD
patients have a thinner neuroretina compared to healthy controls. Moreover, neuroretinal layer
thickness correlated with severity of myelopathy.® We now provide evidence that neuroretinal
layer thinning in ALD patients is progressive over 2-year follow-up and that this thinning differs
significantly from a healthy control group. In addition, we found moderately strong correlations
between changes in retinal layer thickness and changes in severity of myelopathy, suggesting that

the retinal neurodegeneration has a clinical equivalent.

Our findings support the hypothesis that neurodegeneration of the spinal cord is reflected in
the retina, and are in line with several other studies that have showed neuroretinal thinning in
neurodegenerative and neuro-inflammatory disorders.'*'* However, similar to those studies, we
cannot prove that the same pathological process (a dying-back axonopathy) is occurring in both
the spinal cord and retina. Although it seems unlikely that there is a second, unrelated cause for
the retinal neurodegeneration in patients with ALD, only a pathological study in which both spinal

cord and retinal nerve fibers are examined could definitively resolve this issue.

The most substantial decrease in retinal layer thickness was found for the peripapillary RNFL (Table
6.1 and 6.2, Figure 6.3). The RNFL contains the axons of neurons projecting from the retina to
the thalamus. These axons converge at the optic disk (or optic papilla) to form the optic nerve;
therefore the RNFL is thickest at this peripapillary ring.?® It follows that axonal degeneration, the
pathological hallmark of ALD that is presumed to occur simultaneously both in the spinal cord and
retina, is best measured at this point.” Indeed, our cross-sectional study already showed that the
absolute differences in retinal layer thickness were largest for the pRNFL, but due to the substantial

spread of pRNFL thickness between subjects these differences were not statistically significant.°
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Because of the high reproducibility of pRNFL measurements within the same subject over time,

within-subject changes can be detected in this longitudinal analysis.

Ideally, a surrogate outcome measure for myelopathy in ALD is able to detect changes in a
presymptomatic state, allowing interventions to be implemented and evaluated before disability
appears. In our cohort, exploratory analysis in the asymptomatic group showed a similar
decrease in pRNFL thickness as the total patient group. Because of the small sample size we
did not statistically test whether this change was significant. Although confirmation in a larger
sample is needed, it does suggest that retinal layer thickness on OCT may be valuable even in
a presymptomatic state. Conversely, GCL thickness did not decrease significantly in the total
patient group, while it did in the symptomatic subgroup (Table 6.2). The GCL contains the cell
bodies of the neurons that form the RNFL. One would expect that, as the axonal degeneration
progresses, the cell bodies of the neurons would also eventually be lost, resulting in atrophy of the
GCL. This could, however, be a feature of advanced disease and therefore be restricted to (more
severely) affected patients. Indeed, explorative analysis showed a correlation between disease
severity and decrease in GCL thickness (correlation coefficient for SSPROM 0.45, p=0.03; EDSS
-0.41, p = 0.05), supporting this hypothesis. Therefore, GCL thinning could be valuable as marker

of disease progression in advanced disease.

In addition to retinal layer thinning in patients compared to controls, we found correlations
between retinal thinning and disease progression on clinical parameters. These correlations
were moderately strong (correlation coefficients between 0.44-0.51), but not present for all
clinical parameters. There are some possible explanations for this variation. First, the clinical
parameters of myelopathy are neither very sensitive nor specific. They cannot measure all
aspects of disability due to myelopathy, but are at the same time influenced by factors other
than myelopathy (for example, the timed up-and-go is influenced by patient motivation or can
be reduced after strenuous exercise). In addition, both inter- and intra-observer variability of
clinical assessments are substantial.?*?® Second, anatomical changes do not always directly lead to
functional changes. It is likely that a certain threshold of axonal damage has to be reached before
symptoms appear, limiting the correlation for presymptomatic patients. Finally, the myelopathy of
ALD is slowly progressive, with disability accumulating over years or decades. Two years of follow-
up is a relatively short period in this regard, therefore it is not surprising that the differences we
found were small. Long term follow-up, which is ongoing in this cohort, will hopefully confirm the

correlation between neurodegeneration on OCT and clinical parameters.

Although the changes in retinal layer thickness were small, the sample size calculation indicates
that OCT is more sensitive than ‘traditional’ clinical outcome measures — EDSS, SSPROM and timed
activities. In a previous study using these clinical outcomes, we calculated that 219-314 patients
would be needed per treatment arm for a placebo-controlled trial assuming a 50% reduction of

disease progression, depending on the outcome measure chosen.? Using the OCT-measured pRNFL
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as surrogate outcome measure, this number would be 93-95 per treatment arm depending on the

region chosen, a reduction of >50% compared to the clinical outcome measures.

Strengths of this study are the structured ophthalmological and neurological assessments
occurring on the same day and with regular intervals, and the use of an age-matched control
group. A limitation is the relatively large number of exclusions in the patient group (Figure 6.2).
Although we used the conventional exclusion criteria as defined in the OSCAR-IB criteria® this
led to exclusion of 6/35 (17.1%) patients. Such an exclusion rate could be problematic if retinal

neurodegeneration on OCT is to be used as an outcome measure in clinical trials.

In conclusion, in this longitudinal study we demonstrate the potential of retinal neurodegeneration
measured by OCT as a surrogate outcome measure for myelopathy in ALD. If supported by future
studies, OCT has several promising advantages - disease progression can be measured over a
relatively short follow-up period in symptomatic and possibly also presymptomatic patients,
and there is a correlation with clinical parameters. In addition, OCT is fast, noninvasive and
reproducible across observers. Main disadvantages are the high exclusion rate due to (largely
opthalmological) comorbidity. As differences were small, our findings need to be confirmed in

studies with longer follow-up and/or a larger cohort.
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Abstract

Objective: to explore the potential of neurofilament light (NfL) and glial fibrillary acidic protein
(GFAP) as biomarkers of spinal cord degeneration in adrenoleukodystrophy, as objective

treatment-outcome parameters are needed.

Methods: plasma NfL and GFAP levels were measured in 45 male and 47 female ALD patients
and compared to a reference cohort of 73 healthy controls. For male patients, cerebrospinal fluid
(CSF) samples (n= 33) and 1-year (n= 39) and 2-year (n= 18) follow-up data were also collected.
Severity of myelopathy was assessed with clinical parameters: Expanded Disability Status Scale

(EDSS), Severity Scoring system for Progressive Myelopathy (SSPROM) and timed up-and-go.

Results: NfL and GFAP levels were higher in male (p< 0.001, effect size (partial n?) Nfl= 0.49,
GFAP= 0.13) and female (p< 0.001, effect size Nfl= 0.19, GFAP= 0.23) patients compared to
controls; levels were higher in both symptomatic and asymptomatic patients. In male patients,
NfL levels were associated with all three clinical parameters of severity of myelopathy (EDSS,
SSPOM and timed up-and go), while GFAP in male and NfL and GFAP in female patients were not.
Changes in clinical parameters during follow-up did not correlate with (changes in) NfL or GFAP
levels. Plasma and CSF NfL were strongly correlated (r= 0.60, p< 0.001), but plasma and CSF GFAP
were not (r=0.005, p=0.98)

Interpretation: our study illustrates the potential of plasma NfL as biomarker of spinal cord

degeneration in adrenoleukodystrophy, which was superior to plasma GFAP in our cohort.
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Introduction

Progressive myelopathy affects all men and over 80% of women with X-linked adrenoleukodystrophy
(ALD).~2 ALD is a genetic neurometabolic disorder caused by mutations in the ABCDI1-gene leading
to a defect in the degradation of very long-chain fatty acids (VLCFA).>“ VLCFA accumulate in plasma
and tissues, including the spinal cord, adrenal cortex and brain white matter.®> The pathology of
myelopathy in ALD is characterized by axonal degeneration of the long ascending and descending
tracts of the spinal cord.®” Clinically, it presents in adulthood as a progressive gait disorder due
to a spastic paraparesis and sensory ataxia; patients also report sphincter disturbance with
urinary and fecal urgency and incontinence. ® Male patients are affected more severely and
at a younger age than female patients.?° In addition to myelopathy, male patients can develop
adrenocortical insufficiency and progressive inflammatory white matter lesions (cerebral ALD).1% 1!
Treatment of the myelopathy of ALD is currently supportive only, but disease modifying therapies
are under development. Tools to evaluate the efficacy of these treatments in clinical trials are
lacking: molecular biomarkers are not available and clinical parameters of disease severity and
progression have important limitations.! Therefore, objective and easily accessible treatment-

outcome parameters for myelopathy in ALD are needed.

Neurofilament light (NfL) and glial fibrillary acidic protein (GFAP) are cytoskeletal proteins of
neurons and astrocytes respectively, that are released in the cerebrospinal fluid (CSF) and blood
upon damage of these cells. Until recently, these biomarkers could only be measured in CSF
because the assays were not sensitive enough for detection of the much lower concentrations
in plasma, but the introduction of the single-molecule array (SiMoA) assay has enabled reliable
quantification in blood samples as well.*?*> NfL and GFAP have been shown to serve as biomarkers
of nerve tissue damage in a range of neuro-inflammatory and neurodegenerative diseases.'**8
Among these are diseases with degeneration of the long tracts of the spinal cord, such as
hereditary spastic paraplegia (HSP) and amyotrophic lateral sclerosis (ALS).**2° As myelopathy
in ALD is characterized by degeneration of the corticospinal tracts and dorsal columns of the
spinal cord, we hypothesized that NfL and GFAP could also reflect spinal cord degeneration in
ALD. To evaluate this, we measured plasma NfL and GFAP levels in a cohort of male and female
ALD patients using SiMoA assay. We compared levels of patients to healthy controls, determined
the association with clinical parameters of disease severity and evaluated changes over 2-year
follow-up. We hypothesized that NfL would perform better as biomarker than GFAP, because
axonal (and not glial) degeneration is the pathological hallmark of myelopathy in ALD.? Also,
because myelopathy in women with ALD has a milder disease course, we hypothesized that NfL
and GFAP levels would be lower and associations with disease severity weaker in female compared

to male patients.

119



Methods

Study design and participants

This study consists of data from two observational cohort studies performed at the Amsterdam
University Medical Centers: a prospective observational cohort study in male ALD patients and a
cross-sectional study in female ALD patients. Clinical data of these studies have been previously

reported.t%?°

Male ALD patients >16 years of age were prospectively recruited between September 2015 and
July 2019. Study visits were embedded in routine clinical care, consisting of a yearly hospital visit
with neurological examination and cerebral MR imaging. Participation in the study involved a
more extensive neurological examination, additional blood sampling and optional CSF sampling
(lumbar puncture). Female patients (who are not routinely followed for patient care because
of the milder disease course without treatable complications like adrenocortical dysfunction)
were previously evaluated for a baseline visit between 2008 and 2010; blood samples of this
baseline visit were not available. For the current study, all women were invited for a follow-up visit
performed between June 2015 and March 2017. To expand the cohort, women with ALD who were
diagnosed at our center after the baseline visit were also recruited. Participation consisted of one
hospital visit with venous blood sampling and neurological examination. Patients with active or
arrested cerebral ALD (defined as gadolinium-enhancing or non-enhancing cerebral white matter
lesions, respectively) or a history of a neurodegenerative or neuro-inflammatory disease (other
than ALD) were excluded from participation. The local Institutional Review Board approved the
study protocols (METC 2014_302, METC2015_079, METC 2018_310) and all participants provided

written informed consent.

Reference values for both NfL and GFAP were obtained from an in-house reference cohort that
consisted of healthy volunteers between 18 and 75 years old, who were recruited through public
advertising and provided written informed consent. For CSF, only reference values for NfL (and

not GFAP) were available.

Assessment of myelopathy

Male and female patients underwent a detailed neurological history and examination to assess
myelopathy, as previously described.”® They were scored as symptomatic if they had both signs
and symptoms of myelopathy, otherwise they were scored as asymptomatic. Clinical outcome
measures used to quantify myelopathy were the Expanded Disability Status Scale (EDSS), Severity
Scoring system for Progressive Myelopathy (SSPROM) and timed up-and-go. The EDSS measures
neurological disability ranging from 0 (no disability) to 10 (death).?2 SSPROM measures severity of
myelopathy ranging from 0 to 100, with lower scores indicating a higher degree of impairment.?*
**The timed up-and-go is used to assess walking function by recording the time that the patient

needs to get up from an armchair, walk 3 meters, turn around, walk back and sit down again.?*> %
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Sample processing and laboratory methods

Blood was collected in 4 mL EDTA tubes and processed within 2 hours at the biobank of Amsterdam
UMC. Samples were centrifuged for 10 min at 2000g and plasma was stored at -80 °C in 0.5 mL
volumes until further use. CSF was collected in 10 mL polypropylene tubes and centrifuged for
10 minutes at 1800 g, supernatant was aliquotted in 0.5 mL volumes and stored at -80 °C until

further use.

Measurements of NfL and GFAP in plasma and CSF were performed in the Neurochemistry
laboratory of the Amsterdam UMC location VUmc using the single molecule array (SiMoA)
technology (Quanterix Corp., MA USA). Analyses were performed using the NF-light Kit (Quanterix)
and GFAP Discovery Kit (Quanterix), run on the SiMoA HD-1 according to the manufacturer’s
protocols (www.quanterix.com/products-technology/assays). Measurements were performed in
duplicate by certified technicians that were blinded to clinical information. The average variation
of duplicate measurements was 4.8% for NfL and 3.3% for GFAP.

Statistical analysis

Baseline characteristics were summarized using descriptive statistics. Normality of the data was
assessed by visual inspection of the Q-Q plots and Shapiro-Wilk testing. Data of male and female
patients were analyzed separately, as they are known to have a different disease course. To
determine whether it was also necessary to subdivide the control group based on gender, we
assessed if there were differences in NfL and GFAP levels between male and female controls.
Because NfL and GFAP levels are strongly age-dependent (both increasing with age), we corrected
for differences in age with analysis of covariance (ANCOVA). We assessed if there were differences
in NfL and GFAP levels at baseline between 1) patients compared to controls and 2) symptomatic
patients, asymptomatic patients and controls. For comparison of three groups, post hoc testing
was performed with Bonferroni correction for multiple comparisons. Although NfL and GFAP
levels for the control group were not normally distributed (positively skewed), the standardized
residuals were normally distributed, thereby not violating the assumptions of the ANCOVA. For
group comparisons in females, controls with age <30 years were excluded to better match the
patient group, as there were no female patients represented in this age group. We evaluated the
association between severity of myelopathy and NfL/GFAP levels using multiple linear regression

analysis with both age and clinical parameters of severity of myelopathy as independent variables.

We compared baseline CSF NfL values of patients and controls with correction for age (ANCOVA).
We determined the correlation between plasma and CSF levels of NfL and GFAP with Spearman’s
correlation test (non-normally distributed data). Because of the relatively low number of available
CSF samples, we did not perform comparisons between three groups or correlations with disease

severity for CSF data.
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For the longitudinal data (male patients only), we calculated mean paired changes in clinical
parameters of disease severity and NfL/GFAP levels during follow-up for both the total patient
group and the symptomatic subgroup; statistical significance of these differences was assessed
using paired t-test (normally distributed data) or Wilcoxon signed rank test (non-normally
distributed data). We evaluated the association between changes in disease severity and
biomarker levels by correlating delta scores of clinical parameters to (delta scores of) NfL/GFAP
levels. In addition, to evaluate the variability of NfL and GFAP levels over time, we determined

the correlation between biomarker levels of subsequent visit with Spearman’s correlation test.

For all statistical tests a significance level of a=0.05 (2-sided) was chosen. Significance levels after
Bonferroni corrections were reported separately. IBM SPSS statistics version 26 (IBM Inc.) was

used for all statistical analyses.

Results

In total, 185 samples were analyzed: 105 plasma samples from male patients (45 baseline, 60
follow-up), 47 plasma samples from female patients (all baseline) and 33 CSF samples from male
patients (20 baseline, 13 follow-up). Seven male patients were excluded because of cerebral ALD
and one female patient was excluded because of a history of Parkinson’s disease; otherwise there
were no exclusions. Clinical characteristics of both the male and female cohort are described in

detail elsewhere and are summarized in Table 7.1.%°

The control group consisted of 73 healthy subjects: 36 males (mean age 45.9 + 11.6 years) and
38 females (mean age 42.3 + 9.8 years). There was no significant difference in plasma NfL (6.9
versus 5.8 pg/ml, p= 0.25) or GFAP (75.2 versus 68.7 pg/ml, p= 0.97) levels between male and
female controls after correcting for age. Therefore, we decided not to subdivide the control group

based on gender.

Group comparisons

First, we assessed differences in plasma NfL and GFAP levels between patients and controls (Figure
7.1). Mean age of male patients was very similar to the control group (mean difference 0.1 year,
p=0.978), while female patients were significantly older compared to controls (mean difference
6.3 years, p= 0.002). Age was a significant predictor for NfL levels in both the male (p< 0.001,
partial n?=0.42) and female (p< 0.001, partial n?= 0.41) model. For GFAP, the association with age
was less strong than for NfL but still significant (male p< 0.001, partial n’= 0.13; female p< 0.001,
partial n?= 0.34). After adjustment for age, NfL and GFAP levels were significantly higher in male
patients than controls (Figure 7.1A and B). Similarly, female patients had significantly higher NfL
and GFAP levels than controls (Figure 7.1C and D).
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Second, we compared plasma NfL and GFAP levels between three groups: controls, asymptomatic
patients and symptomatic patients (Table 7.2). Asymptomatic patients were significantly younger
than symptomatic patients in both the male and female subgroup. For males, after adjustment
for age, there was a statistically significant overall difference in NfL (p< 0.001, partial n?= 0.50)
and GFAP (p= 0.001, partial n?= 0.50) levels between groups.

Table 7.1 Patient baseline characteristics.

Males (n=45) Females (n=47)
Age, years 44.0+16.7 54.0+12.4
Symptomatic 32 (71%) 25 (53%)
EDSS 3.5(2.0-6.0) 3.5(2.5-4.0)
SSPROM 87.0(77.0-99.0) 88.0 (83.0-96.0)
Timed up and go, s 5.1(3.6-9.6) 5.3(4.3-7.2)

Values are displayed as mean + SD for normally distributed data and median (interquartile range) for non-
normally distributed data. EDSS, Expanded Disability Status Scale; SSPROM, Severity Scoring system for
Progressive Myelopathy.
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Figure 7.1 Plasma NfL and GFAP levels in patients versus healthy controls.

Graphs show NfL and GFAP levels plotted against age in male (left panel, A and B) and female (right panel,
Cand D) patients. Values in the tables below the graphs are the median NfL and GFAP levels per group
(IQR); p-values represent the significance level of the difference between groups after correction for age
(ANCOVA). Age is displayed as mean + SD, difference in age were assessed with unpaired t-test. Effect sizes
are the partial eta squared values from the ANCOVA models.
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Post hoc comparisons showed that levels were significantly higher in both symptomatic patients
(NfL p<0.001, GFAP p=0.003) and asymptomatic patients (NfL p< 0.001, GFAP p=0.034) compared
to controls, but there was no significant difference between asymptomatic and symptomatic
patients. For female patients, there also was a statistically significant overall difference in NfL
and GFAP levels between groups (Table 7.2). Similar to male patients, post hoc analysis showed
that NfL and GFAP levels were significantly higher in symptomatic (NfL p< 0.001, GFAP p< 0.001)
and asymptomatic (NfL p= 0.018, GFAP p= 0.001) patients compared to controls, there was no

difference between asymptomatic and symptomatic patients.

Association of disease severity with NfL and GFAP levels

We evaluated the association between severity of myelopathy and biomarker levels by performing
multiple linear regression analysis with age and 1) EDSS, 2) SSPROM and 3) timed up-and-go as
predictors. As expected, age and clinical parameters of severity of myelopathy were correlated
(correlation coefficient between 0.48-0.64), but the correlation was below the regularly used

cutoff value for collinearity (correlation coefficient >0.8).%

Table 7.2 Plasma NfL and GFAP levels in controls, asymptomatic patients and symptomatic
patients.

Effect Post hoc

Control Asymptomatic Symptomatic p-value size comparisons
Males
N 74 13 32
Age, years 44.1+10.8 29.3+13.4 499+14.1 <0.001 (C-A, A-S)
NfL, pg/ml 6.2 (5.2-8.4) 8.9 (6.0-11.2) 13.4 (10.2-16.3) <0.001 0.50 (C-A,C-S)

GFAP, pg/ml  70.1(55.6-93.1) 76.5(63.7-93.6) 99.4 (72.7-121.9) 0.001 0.13 (C-A,C-S)

Females

N 61 22 25

Age, years 47.7£8.1 45.8+9.7 60.5+10.2 <0.001 (C-S, A-S)
NfL, pg/ml  6.5(5.6-8.9) 8.9 (7.0-10.3) 14.2 (9.6-17.3) <0.001 0.22 (C-A,C-S)

GFAP, pg/ml  71.9(57.4-98.2) 109.6 (84.4-141.7) 148.6(110.9-217.6) <0.001 0.28 (C-A, C-S)

Values are displayed as mean + SD for normally distributed data and median (interquartile range) for non-
normally distributed data. Plasma NfL and GFAP levels are the uncorrected medians (not corrected for age).
Kruskall-Wallis test was used to assess between-group differences in age. ANCOVA was used to assess between-
group differences in NfL and GFAP levels, p-values represent the significance level after correction for age.
Post-hoc comparisons indicate which groups significantly differ from each other after Bonferroni correction
for multiple comparisons. Effect sizes are the partial eta squared values from the ANCOVA models.

A-S, asymptomatic versus symptomatic; C-A, control versus asymptomatic; C-S, control versus symptomatic;
GFAP, Glial Fibrillary Acidic Protein; NfL, neurofilament light.
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Figure 7.2. Associations between clinical parameters of severity of myelopathy and plasma
NfL levels in male patients.

Lines represent simple linear regression lines. EDSS, Expanded Disability Status Scale; GFAP, Glial Fibrillary
Acidic Protein; NfL, Neurofilament light; SSPROM, Severity Scoring system for Progressive Myelopathy

In male patients (Figure 7.2), all three models significantly predicted plasma NfL levels. For the
first model, both age (B=0.13, p=0.001) and EDSS (B=0.63, p= 0.027) were significant predictors.
Similarly, for the second model both age (B= 0.117, p= 0.001) and SSPROM (B=-0.17, p= 0.001)
and for the third model both age (B= 0.122, p= 0.002) and Timed up-and-go (B= 0.47, p= 0.009)
significantly predicted NfL levels. On the contrary, neither age nor any of the clinical parameters

were significant predictors of plasma GFAP levels.
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For the female subgroup, age was a significant predictor for NfL and GFAP levels in all three

models, but none of the clinical parameters were

CSF data

Details of CSF data are presented in Table 7.3. CSF NfL levels were significantly higher in patients
than controls. There was a strong correlation between CSF and plasma NfL levels (Spearman’s
rho=0.60, p< 0.001). Plasma and CSF levels of GFAP were not correlated (Spearman’s rho= 0.005,
p=0.98). Unfortunately, CSF GFAP data of healthy controls were not available.

Longitudinal data

Follow-up samples were available for 39/45 (87%) patients for year 1 and 18/45 (40%) patients
for year 2. There was a small increase in the EDSS during follow-up (mean paired change 0.41,
p=0.041), but SSPROM and timed up-and-go did not change (Supplementary Table 7.1). NfL and
GFAP levels did not change significantly during follow-up. There were no correlations between

changes on clinical parameters and (changes on) NfL/GFAP levels (correlation coefficients <0.3).

Table 7.3 Baseline CSF NfL and GFAP levels in patients and controls.

Patient (n=20) Control (n=49) p-value
Age, years 47.5 (30.0-57.0) 54.0 (46.5-60.5) 0.034
Symptomatic 30 (70%)
EDSS 5.0 (2.0-6.0)
SSPROM 82.5(77.6-98.5)
Timed up and go, s 8.0 (4.3-10.6)
NfL, pg/ml 752.5 (665.3-1042.1) 642.4 (585.9-743.8) 0.001
GFAP, pg/ml 5156.9 + 2097.3

Values are displayed as mean + SD for normally distributed data and median (interquartile range) for non-
normally distributed data. NfL and GFAP levels are the uncorrected medians (not corrected for age). Kruskall-
Wallis test was used to assess between-group differences in age. ANCOVA was used to assess between-group
differences in NfL levels; the p-values represent the significance level after correction for age. GFAP data for
healthy controls were not available.

GFAP, Glial Fibrillary Acidic Protein; CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; NfL,
neurofilament light; SSPROM, Severity Scoring system for Progressive Myelopathy.

Biomarker levels for patients that completed all three visits are represented in Figure 7.3. To
evaluate the variability of NfL and GFAP levels over time, we determined the correlation between
biomarker levels at subsequent visits. For NfL, levels at baseline and year 1 correlated strongly
(Spearman’s rho= 0.79, p< 0.001), as did levels at year 1 and year 2 (Spearman’s rho= 0.88, p<
0.001). For GFAP, correlations between baseline and year 1 (Spearman’s rho=0.75, p< 0.001) and
between year 1 and year 2 (Spearman’s rho= 0.69, p= 0.002) were also strong, albeit less strong
than for NfL.
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Figure 7.3. NfL (A) and GFAP (B) levels during follow-up for the 18 male patients that completed
all three visits.
GFAP, Glial Fibrillary Acidic Protein; NfL, Neurofilament light.

Discussion

As disease modifying therapies for myelopathy in ALD are under development, there is a need
for reliable, observer-independent and easily accessible treatment-outcome parameters. In this
explorative study we demonstrate that NfL could serve as a biomarker of spinal cord degeneration
in ALD, while GFAP seems less valuable. Both plasma NfL and GFAP levels were significantly
elevated in patients compared to healthy controls, but only NfL levels in males were associated
with clinical parameters of disease severity. We found no correlations between (changes in)

biomarker levels and parameters of disease progression.

We hypothesized that NfL would be a better biomarker for spinal cord degeneration than GFAP,
since axonal rather than glial degeneration is the pathological hallmark of myelopathy in ALD.
Indeed, data from our study to support NfL as biomarker are much more robust than for GFAP.
First, one would expect a biomarker of spinal cord degeneration to be higher in male than female
ALD patients, as male patients are more severely affected with an earlier disease onset and faster
progression. Group differences in NfL levels were indeed larger for male than female patients
(Figure 7.1, Table 7.2). For GFAP, we found exactly the opposite, with larger group differences in
female than male patients (Table 7.2). This can be partially explained by the difference in age, as
female patients in our study were on average 10 years older than male patients. But even after
correction for the difference in age, GFAP levels in female patients were higher, for which we do
not have a pathophysiological explanation. Second, NfL levels were associated with each of the
three clinical measures of disease severity (with more severely affected patients having higher
NfL levels) in males, supporting its role as biomarker of spinal cord degeneration, while these

associations were not present for GFAP. Finally, the correlation between CSF and plasma levels
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of NfL was strong (correlation coefficient 0.60) and comparable to other studies,** 2% 2 while

we found no correlation between CSF and plasma levels of GFAP (correlation coefficient 0.005).

There is an important difference between molecular biomarkers such as NfL and GFAP and
other (surrogate) outcomes used for myelopathy in ALD. Most outcomes — for example clinical
parameters (EDSS, SSPROM, timed walking activities) or imaging biomarkers (spinal cord atrophy,
diffusion tensor imaging) — represent disability or accumulated spinal cord damage resulting from
years of spinal cord degeneration.®2°32 NfL and GFAP - with an estimated half-life of a number of
days and months respectively - reflect current or recent neurodegeneration and are therefore
markers of ongoing or recent disease activity.?*3* This makes the relationship between NfL and
severity of myelopathy not straightforward. For example, a young patient could have severe spinal
cord degeneration with elevated NfL levels, while not (yet) having any disability. This theory is
supported by our finding that NfL was elevated to a similar degree in asymptomatic patients as
in symptomatic patients, suggesting that spinal cord degeneration in the asymptomatic group
is already ongoing but has not yet resulted in enough damage to cause symptoms or disability.
It is likely that a certain threshold of neurodegeneration has to be reached before symptoms of
myelopathy appear. If this hypothesis is true, NfL could be used to monitor disease activity in

presymptomatic patients, for whom markers of disability do not apply.

The relationship between NfL and myelopathy in ALD is further complicated by the confounding
effect of age. Normal ageing is associated with neurodegenerative processes that cause NfL levels
to increase with age.'®* Myelopathy in ALD is also age-dependent: symptoms start on average in
early adulthood and slowly progress, with most patients losing unassisted ambulation by the 6th
decade.® Consequently, the associations between disease severity and NfL levels we found (Figure
7.2) are partly explained by ageing. However, even after taking this effect of age into account (by
multiple regression analysis with both age and severity of myelopathy as predictors), severity of

myelopathy was still a significant predictor of NfL levels.

Group differences in NfL levels and correlations with disease severity support the use of NfL
as biomarker for ALD. However, in order to prove that NfL is a surrogate marker for spinal cord
degeneration, it is necessary to demonstrate that elevated NfL levels lead to (progression of)
myelopathy, while low NfL levels do not. In our cohort, we did not find a correlation between NfL
levels and clinical disease. Disease progression was probably not substantial enough (with only
minimal change on the EDSS and not on the other clinical parameters, Supplementary Table 7.1)
to be able to demonstrate such a correlation. This is likely due to the inherent slow progression of
myelopathy in ALD, low sensitivity of the clinical parameters in detecting disease progression,* and
a relatively low number of patients with complete follow-up. Longer follow-up, which is ongoing

in this cohort, might resolve this issue.

128



NfL has several potential advantages as biomarker in ALD. Being a marker of disease activity, NfL
could show an effect of a disease modifying treatment on a short term, while currently available
clinical endpoints require very long follow-up. Although phase IlI trials usually require clinical
endpoints, NfL could be particularly useful for phase ll-trials to identify drugs that seem promising
enough to continue to phase Ill trials — similar to its application in multiple sclerosis (MS).2*3> In
addition, it is easily accessible (it can be collected during routine blood sampling), inexpensive,
observer-independent, and very reproducible provided that samples are processed in the same
laboratory.!>** Main disadvantage is that it is a general biomarker for axonal degeneration, which
is not specific for ALD. Other neurological disorders — for example recent stroke, head trauma,
Alzheimer or Parkinson’s disease — also lead to elevated NfL levels and are an important source
of bias.*® 3¢ Therefore, if NfL is to be used as treatment outcome parameter, it is important to

screen for these conditions and exclude patients if necessary.

In conclusion, our study illustrates the potential of NfL as a biomarker of spinal cord degeneration
in male ALD patients, while plasma GFAP seems less valuable. NfL could serve as a surrogate
outcome in phase Il trials or as secondary outcome in phase Il trials. A longitudinal study
demonstrating that elevated NfL levels lead to progression of myelopathy is needed to confirm

our findings and is currently ongoing in this cohort.
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Supplementary Table 7.1 Changes in
myelopathy during follow-up.

NfL, GFAP and clinical parameters of severity of

Mean paired

Baseline Year 2 change (95%CI) p-value

All patients

EDSS 3.5 (1.3-5.0) 3.5 (1.0-6.0) 0.41 (0.01-0.82) 0.041
SSPROM 89.0(78.0-99.5) 87.0 (77.0-100.0) -0.62 (-2.31-1.08) 0.754
Timed up-and-go, s 4.5(3.5-8.4) 4.3(3.4-9.0) 0.24 (-0.33-0.81) 0.569
NfL, pg/ml 12.0+4.9 12.4+45 0.47 (-0.79-1.74) 0.441
GFAP, pg/ml 73.2 (63.6-93.2) 84.5 (63.7-109.9) 11.88 (-4.14-27.92) 0.177
Symptomatic only

EDSS 3.75(3.5-6.0) 6.0 (3.5-6.0) 0.55(-0.13-1.23) 0.109
SSPROM 80.9+£8.0 79.8 £10.0 -1.15 (-4.11-1.82) 0.404
Timed up-and-go, s 7.5+3.0 8.1+35 0.64 (-0.30-1.58) 0.152
NfL, pg/ml 14.4+4.0 15.0+2.9 0.55 (-1.10-2.20) 0.472
GFAP, pg/ml 73.0 (66.2-104.7) 82.7 (75.5-90.3) 11.31(-12.35-34.96) 0.445

Values are displayed as mean + SD for normally distributed data and median (interquartile range) for non-
normally distributed data. Changes during follow-up were assessed with paired t-test for normally distributed
data and Wilcoxon signed rank test for non-normally distributed data.

EDSS, Expanded Disability Status Scale; GFAP, Glial Fibrillary Acidic Protein; Nfl, neurofilament light, SSPROM,
Severity Scoring system for Progressive Myelopathy (SSPROM).
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Abstract

Background: Myelopathy is the core clinical manifestation of adrenoleukodystrophy (ALD), which
is the most common peroxisomal disorder. Development of therapies requires sensitive and
clinically relevant outcome measures. Together with spastic paraparesis, balance disturbance is
the main cause of disability from myelopathy in ALD. In this cross-sectional study, we evaluated
whether postural body sway — a measure of balance — could serve as a surrogate outcome in

clinical trials.

Methods: Forty-eight male ALD patients and 49 age-matched healthy male controls were included
in this study. We compared sway amplitude and sway path of ALD patients to controls. We then
correlated the body sway parameters showing the largest between-group differences with clinical
measures of severity of myelopathy. To correct for age, we performed multiple linear regression

analysis with age and severity of myelopathy as independent variables.

Results: All body sway parameters were significantly higher in patients than controls, with medium
to large effect sizes (r=0.43-0.66, p<0.001). In the subgroup of asymptomatic patients, body sway
amplitude was also higher, but the difference with controls was smaller than for symptomatic
patients (effect size r= 0.38-0.46). We found moderate to strong correlations between body sway
amplitude and clinical severity of myelopathy (r=0.40-0.79, p<0.005). After correction for age,

severity of myelopathy was a significant predictor of body sway amplitude in all regression models.

Conclusions: These results indicate that postural body sway may serve as a surrogate outcome
for myelopathy in ALD. Such outcomes are important to evaluate new therapies in clinical trials.

Further longitudinal studies are needed and ongoing in this cohort.
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Introduction

Progressive myelopathy affects almost all men with X-linked adrenoleukodystrophy (ALD).*? ALD
is a genetic neurometabolic disorder with an estimated incidence of 1 in 17000.% It is caused by
mutations in the ABCD1-gene that encodes the peroxisomal transmembrane transporter (referred
to as ABCD1-protein) for very long-chain fatty acids (VLCFA).*> A defect in the ABCD1-protein
results in impaired peroxisomal B-oxidation of VLCFA, leading to their accumulation in plasma
and tissues, including the spinal cord.®” Symptoms of myelopathy typically start in the 3™ to 4t
decade with a slowly progressive gait disorder.® Sphincter disturbance with both urinary and fecal
incontinence is also frequently reported. On average, patients require a walking aid from the 6"
decade and can eventually become wheelchair dependent,® making myelopathy the main cause
of disability in ALD.

Development of disease modifying therapies for myelopathy in ALD is hampered by a lack of
reliable quantitative outcomes for clinical trials. Traditional clinical outcomes — such as the
Expanded Disability Status Scale (EDSS), Severity Scoring system for Progressive Myelopathy
(SSPROM), timed up-and-go and 6-minute walk test (EMWT) - are limited by their low sensitivity
and high interrater and intrarater variability.? Studies on more sophisticated surrogate outcomes
such as magnetization transfer (MT) imaging,*® diffusion tensor imaging (DTI)** and optical
coherence tomography (OCT)*? provide evidence that they could be more sensitive and rater-
independent. However, they lack direct clinical relevance, meaning that they are not of direct
importance to the patient in terms of functional impairment or quality of life, while that is usually
a required for approval by regulatory agencies. Therefore, there is a need for surrogate outcomes

that are both sensitive and clinically relevant.

The pathological hallmark of myelopathy in ALD is degeneration of the corticospinal tracts and
dorsal columns of the spinal cord, causing spastic paraparesis and sensory ataxia.® Sensory ataxia
leads to an impaired balance, a key feature of the gait disorder in ALD.** A measure of balance
could, therefore, serve as a surrogate outcome in ALD. Indeed, Zackowski et al. showed that ALD
patients with myelopathy have reduced balance compared to controls, as expressed by increased
postural body sway amplitude measured with a force plate.** This measurement of body sway
is fast, non-invasive and largely rater-independent, making it potentially suitable as surrogate
outcome.® It is also clinically relevant, as reduced balance directly contributes to disability in ALD.
However, the number of patients in the Zackowski study was quite small (n=20) and correlations
with disease severity were not performed, leaving the value of body sway as surrogate outcome

for myelopathy in ALD still largely undetermined.

In this cross-sectional study, we explored body sway as surrogate outcome for myelopathy in
men with ALD. We compared body sway of ALD patients (symptomatic and asymptomatic) to a
healthy age-matched control group. Moreover, we correlated body sway parameters with severity
of myelopathy, measured by clinical and functional outcome measures.
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Methods

Study design and participants

This single-center cross-sectional study was part of an ongoing observational cohort study on the
natural history of ALD (the Dutch ALD cohort). For this particular study, patients were recruited
at the Amsterdam UMC (Amsterdam, the Netherlands) between January 2018 and December
2019. Male patients over 16 years of age with a confirmed diagnosis of ALD were eligible to
participate. Exclusion criteria were: inability to stand unsupported, active cerebral ALD (defined
as gadolinium-enhancing cerebral white matter lesions on MRI) and any comorbidity interfering
with the assessment of myelopathy, such as diabetes mellitus, neurodegenerative diseases (other

than ALD) and a history of vertigo/vestibular disorder.

Study participation for patients included one hospital visit with neurological assessments, body
sway measurement and MR imaging. MRI scans to exclude active cerebral ALD were evaluated
by an experienced neuroradiologist. Age-matched male controls without a history of diabetes,
neurological or vestibular disease were recruited via public advertisement. All participant gave
written informed consent prior to participation. The study protocol was approved by the local
Institutional Review Board (METC 2014_302).

Neurological assessment

The protocol used to assess myelopathy in this cohort has been previously described.?® In
short, patients underwent a detailed neurological history and examination. They were scored as
symptomatic if they had both signs and symptoms of myelopathy; otherwise they were scored
as asymptomatic. We used clinical outcome measures to quantify myelopathy: the Expanded
Disability Status Scale (EDSS), Severity Scoring system for Progressive Myelopathy (SSPROM)
and 6-minute walk test. The EDSS, originally designed to assess disability in multiple sclerosis
but also widely used in ALD, measures neurological disability ranging from 0 (no disability) to
10 (death).>**%71% SSPROM measures severity of myelopathy ranging from 0 to 100, with lower
scores indicating a higher degree of impairment.?®? The 6-minute walk test (EMWT) measures
the maximum walking distance in 6 minutes and was performed on a 50-meter flat indoor trail.?

Neurological assessments and body sway measurements were done on the same day.

Measurement of postural body sway

Postural body sway was measured in the outpatient clinic by three operators using a Kistler
force plate type 9260AA (Kistler instrument AG, Winterthur, Switzerland) paired with Kistler’s
Measurement, Analysis and Reporting software (MARS). The force plate dimensions were
60x60x5cm, the sampling frequency was 1000Hz. The protocol consisted of two series of
measurements in four conditions with a fixed sequence: eyes closed — feet apart, eyes open —
feet apart, eyes closed - feet together, eye open — feet together. Each measurement lasted 20

seconds; the mean of the two recordings per condition was used for the analysis. Recordings were
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performed in an adequately lit, quiet room with a hard and flat floor. We instructed subjects to
take off their shoes and stand upright with their hands passively hanging. They were standing
with their feet on visual markers at approximately shoulder width (feet apart condition) or parallel
immediately adjacent to each other (feet closed condition). In the eyes open condition, they were
asked to keep focus on a visual marker placed on the wall approximately 2 meters in front of them.
During the recordings, subjects were to stand as still as possible and avoid any movements such
as head movements, coughing and talking. If the subject was not able to remain standing on the
force plate in one of the conditions, this was recorded and the measurement in this condition
was stopped. We used sway amplitude (total, antero-posterior and medio-lateral) and sway path
(total, antero-posterior and medio-lateral) as parameters of postural sway (Figure 8.1A). Sway
amplitude represents the average amount of the center of pressure (COP) sway in antero-posterior
or medio-lateral direction and was calculated as the length of the trajectory of the COP sway in
the antero-posterior or medio-lateral direction divided by the number of changes in this direction
(i.e. from moving forward to backward or vice versa). Sway path represents the length of the

trajectory of COP over the support base divided by the measurement time.?*
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Figure 8.1 Study overview

(A): experimental setup. Upper panel: subject standing on the force plate in the feet-apart condition. Lower

panel: body sway output. The body sway amplitude is the displacement of the center of gravity in the

antero-posterior (y-axis) or medio-lateral (x-axis) direction, the sway path is the distance traveled by the

blue line.

(B): differences in body sway amplitude between patients and controls (left) and asymptomatic patients and

an age-matched selection of controls (right).

(C): two examples of the association between clinical severity of myelopathy and body sway: EDSS and

total sway amplitude (left) and 6MWT and total sway amplitude (right). The lines represent simple linear

regression lines.
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Statistical analysis

We used IBM SPSS statistics version 25 (IBM Inc.) for all statistical analyses. Normality was assessed
with visual inspection of QQ-plots and using the Shapiro-Wilk test.?* Normally distributed data
were presented as mean with standard deviation (SD), non-normally distributed data as median

with interquartile range (IQR).

First, we assessed differences in body sway parameters between patients and controls with
the Mann-Whitney U-test (non-normally distributed data). Second, we assessed differences
in body sway parameters between asymptomatic patients and controls. As the prevalence of
myelopathy in ALD increases with age, asymptomatic patients were significantly younger than
the control group. Correction for the possible confounding effect of age through ANCOVA was
not possible because the residuals of the asymptomatic group were not normally distributed.
Therefore, we selected an equally sized sample of subjects from the control group, matched for
age with the asymptomatic group. Subsequently, we compared body sway parameters between
these groups using unpaired t-test (normally distributed data) or Mann-Whitney U-test (non-
normally distributed data). For both group comparisons, the effect size (r) was reported, which was
calculated as the test statistic (t) divided by the square root of the number of patients for normally
distributed data and as the test statistic (z) divided by square root of the number subjects for
non-normally distributed data. An effect size <0.3 was considered a small effect, 0.3-0.5 a medium
effect and >0.5 a large effect.?>% Third, in patients, we correlated clinical outcome measures of
severity of myelopathy with the body sway parameters that showed the largest between-group
differences using Spearman’s rank-order correlation (non-normally distributed continuous data
and ordinal data) with a Bonferroni correction for multiple comparisons. Finally, to control for a
possible confounding effect of age, we performed multiple linear regression analyses with both
age and clinical outcome measures of severity of myelopathy as independent variables and body
sway parameters as dependent variables. Body sway parameters were not normally-distributed,

but the residuals were, thereby not violating the assumptions of linear regression analysis.

For all statistical tests a significance level of a=0.05 (2-sided) was chosen. Significance levels after

correction for multiple comparisons were reported separately.

Results

Participant characteristics

Of 103 subjects screened, 97 were included in the analysis: 48 patients and 49 healthy controls. Six
patients were excluded: 3 because they were unable to stand unsupported (all were wheelchair-
dependent), 2 because of active cerebral ALD and 1 because of a technical problem during the
measurement. None of the screened healthy controls were excluded. Mean age of the patient

group was slightly higher than the control group (44.0 versus 41.4 years), but the difference was
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not statistically significant (p=0.41), nor was difference in weight (79.1 versus 82.4 kg, p=0.104).
The healthy control group was significantly taller than the patient group (185 versus 180 cm,
p=<0.001).

Details on the neurological assessments in our cohort have been previously described 2. In short,
for the patients included in this particular study, 32/48 (67%) were symptomatic, meaning that
they had both signs and symptoms of myelopathy. Median score on the EDSS was 3.5 (IQR 0.25-
6.0), on the SSPROM 87.3 (IQR 76.4-100) and mean distance walked on 6MWT was 509.0 (SD
176.7) meters.

Body sway analysis

First, we assessed differences in body sway parameters between patients and controls. Six patients
were not able to remain standing on the force plate in the eyes closed — feet together condition,
therefore 42 instead of 48 patients were included in this analysis. Patients had significantly higher
sway amplitudes and longer sway paths in all four measured conditions (Table 1, Figure 8.1B). For

most parameters, effect sizes were large and slightly higher for sway amplitude than sway path.

Second, we compared body sway parameters between asymptomatic patients and an equally
sized age-matched selection of healthy controls. The body sway parameters were higher in the
asymptomatic patient group, but only the sway amplitudes in the eyes closed — feet together

condition reached statistical significance (Table 2, Figure 8.1B).

Third, we correlated the body sway parameters that showed the largest between-group
differences (i.e. sway amplitudes and not sway paths) with clinical outcome measures of severity of
myelopathy. All of these parameters correlated moderately to strongly with severity of myelopathy
(Spearman’s rho correlation coefficient >0.6, p=<0.001); correlations were strongest for the 6MWT

compared to the other clinical outcome measures (Table 3, Figure 8.1C).

Finally, in exploratory scatter dot plots, we saw that there was an increase in most body sway
parameters with age in both the patient and control group (Figure 8.2). Therefore, to be able to
correct for age, we performed multiple linear regression analysis with body sway amplitudes as
dependent variables and 1) age and EDSS; 2) age and SSPROM; and 3) age and 6MWT as predictors.
As expected, age and clinical parameters of severity of myelopathy were correlated (correlation
coefficient between 0.59-0.68), but the correlation was below the regularly used cutoff value for
collinearity (correlation coefficient >0.8) — an important assumption for regression analysis.?” In
all three models, the clinical parameters of severity of myelopathy (EDSS, SSPROM and 6MWT)
were significant predictors of body sway amplitude (Supplementary Table 8.1). Conversely, age
was a significant predictor for only three parameters: total and medio-lateral sway amplitude in
the model with EDSS and eyes closed — feet together condition, and total sway amplitude in the

model with SSPROM and eyes closed — feet apart condition.
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Table 8.3 Correlations between severity of myelopathy and body sway amplitude in men

with ALD

Eyes Feet Parameter EDSS SSPROM 6MWT
Closed Apart Amplitude - total Spearman’s rho 0.71 -0.76 -0.69
p-value <0.001 <0.001 <0.001

Amplitude - AP Spearman’s rho 0.59 -0.56 -0.68

p-value <0.001 <0.001 <0.001

Amplitude - ML Spearman’s rho 0.77 -0.76 -0.80

p-value <0.001 <0.001 <0.001

Together Amplitude - total Spearman’s rho 0.56 -0.56 -0.62

p-value <0.001 <0.001 <0.001

Amplitude - AP Spearman’s rho 0.75 -0.75 -0.74

p-value <0.001 <0.001 <0.001

Amplitude - ML Spearman’s rho 0.65 -0.59 -0.72

p-value <0.001 <0.001 <0.001

Open Apart Amplitude - total Spearman’s rho 0.73 -0.72 -0.71
p-value <0.001 <0.001 <0.001

Amplitude - AP Spearman’s rho 0.74 -0.71 -0.76

p-value <0.001 <0.001 <0.001

Amplitude - ML Spearman’s rho 0.67 -0.70 -0.67

p-value <0.001 <0.001 <0.001

Together Amplitude - total Spearman’s rho 0.62 -0.58 -0.67

p-value <0.001 <0.001 <0.001

Amplitude - AP Spearman’s rho 0.36 -0.40 -0.41

p-value <0.001 0.005 0.004

Amplitude - ML Spearman’s rho 0.62 -0.60 -0.66

p-value <0.001 <0.001 <0.001

All correlations were calculated with Spearman’s rank order correlation test. After Bonferroni correction for
multiple comparisons, correlations were considered significant if p < 0.025. Abbreviations: 6MWT = 6-minute
walk test, AP = antero-posterior, ECFA = eyes closed — feet apart, ECFT = eyes closed — feet together,
EDSS = Expanded Disability Status Score, EOFA = eyes open — feet apart, EOFT = eyes open — feet together,
ML = medio-lateral; SSPROM = Severity Scoring system for Progressive Myelopathy
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Figure 8.2 Scatter plot of the association between age and total sway amplitude for both
patients (red) and controls (blue).
The lines represent simple linear regression lines

Discussion

In this cross-sectional study, we explore the potential of postural body sway as surrogate outcome
for myelopathy in ALD. We provide evidence that male ALD patients have significantly higher
postural body sway than healthy controls, and that body sway is also increased in clinically
asymptomatic patients. Moreover, body sway parameters correlated strongly with clinical

measures of severity of myelopathy.

Our results are in line with the study of Zackowski et al.,** who demonstrated increased body sway
amplitude in 20 ALD patients compared to healthy controls. Apart from this study, no studies on
body sway as a measure of myelopathy in ALD are available. In hereditary spastic paraplegia, a
myelopathy resembling that in ALD, postural body sway was significantly higher than in healthy
controls and was correlated with muscle strength in the legs.? In cervical spondylotic myelopathy,
the most common myelopathy, postural body sway was also increased?=° and improved after
decompressive surgery.®! Although these conditions do not have the same pathophysiology as

ALD, they indicate that postural sway could be a useful way to measure myelopathy.

As the balance disturbance in ALD is primarily caused by degeneration of the dorsal columns of
the spinal cord that relay the proprioceptive information from the legs,® one would expect it to
be most pronounced in the ‘eyes closed’ condition. In the ‘eyes open’ condition the patient can
use his visual input to compensate for the lack of proprioceptive information. Similarly, a bigger
difference with the control group could be expected in the more difficult ‘feet together’ than

the ‘feet apart’ condition. However, although the absolute body sway values were indeed higher
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in both the ‘eyes closed’ and ‘feet together’ conditions, the differences between patients and
controls were very similar for all four conditions (effect sizes around 0.5-0.6, Table 1), indicating
that balance is severely affected in all conditions for the total patient group. By contrast, for the
asymptomatic group, only the ‘eyes closed - feet together’ condition showed significant between-
group differences in sway amplitude (Table 2). Asymptomatic patients, although by definition not
having any symptoms of myelopathy, frequently do have subtle signs of dorsal column dysfunction
on neurological examination such as decreased vibration sense in the legs.? This probably explains
why their body sway amplitude is higher when tested in the most difficult condition. The fact that
body sway is sensitive enough to detect changes in asymptomatic patients is important, because
it could enable evaluation of disease modifying therapies in the presymptomatic state - before

any disability appears.

Although sensitive, postural body sway is not specific for myelopathy. For example, most male
ALD patients also develop peripheral neuropathy.®? The signs and symptoms of myelopathy are
usually more severe, masking this neuropathy. However, the neuropathy does contribute to the
balance disturbance. When measuring the effect of a disease modifying therapy directed at the
myelopathy (and not the peripheral neuropathy), one would not know if a change in postural
body sway was caused by progression of the myelopathy or neuropathy. Similarly, body sway
can be influenced by comorbidities such as cerebellar or vestibular disorders, but also by motor
or sensory deficits from for example cerebrovascular disorders. It is important to take such
conditions into account and exclude subjects if necessary. Finally, application of body sway as
surrogate outcome is also limited by disability, as it cannot be used for more severely affected
and wheelchair bound patients. This so called ‘ceiling effect’ is, however, also a problem for other

outcome measures such as the 6MWT and DTI.*

There are several potential sources of bias in our study. First, postural body sway is known to
increase with age.*® For the group comparisons, this should not be a problem as groups were
matched for age. For the association with disease severity, we corrected for age through multiple
linear regression analysis. However, age and disease severity were correlated, as both prevalence
and severity of myelopathy in ALD increase with age. Although this correlation was below the
commonly used threshold for collinearity in regression analysis,?” correcting for age could have
caused an underestimation of the association we found between body sway and disease severity.
Second, height and weight can influence body sway, although studies show conflicting results.=*
Patients and controls in our cohort did not differ significantly in weight, but the healthy controls
were significantly taller. Because we did not find an association between either height or weight
and postural body sway in our cohort (data not shown), we decided not to correct for these

parameters.

Strengths of our study are the fairly large sample size for such a rare disease, the use of an age- and

sex-matched control group and the comparisons with multiple, systematically collected clinical
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outcome measures. A limitation is that we did not evaluate test-retest reliability. In literature,
however, it appears to be reasonable®3® and - although beyond the scope of the current study- it

may be included in our future studies.

In conclusion, in this study we provide evidence that myelopathy in ALD is associated with
increased postural body sway, correlating strongly with disease severity. Body sway measurement
is fast, noninvasive, largely rater-independent and clinically relevant. It can be done in the
outpatient clinic with automated analysis, enabling research in multicenter setting which is often
needed in a rare disease like ALD. Therefore, postural body sway may serve as a new surrogate
outcome for myelopathy in ALD. Further validation in a longitudinal design is needed and will be

performed in this cohort.
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CHAPTER

General discussion and future perspectives



General discussion

Although ALD is a relatively rare disease with low total socio-economic impact, the burden of
the disease for individual patients and their relatives is enormous. The disease course is highly
unpredictable, causing a lot of uncertainty throughout life. Cerebral ALD and adrenal insufficiency
are potentially life-threatening manifestations that can appear from early childhood, requiring
strict follow up with regular hospital visits.! Myelopathy starts in adulthood and causes progressive
disability in all male and most female patients, while there are treatment options yet.>® With the
studies described in this thesis, we aimed to facilitate the development of disease modifying
therapies for myelopathy in ALD. By measuring severity and progression of myelopathy in ALD
using both clinical and surrogate outcome measures, we aimed to provide necessary information
for future clinical trial design — for example to select a target population and to identify suitable

treatment outcomes.

Clinical versus surrogate outcomes

The primary endpoint in a phase-3 clinical trial should ideally be a clinically meaningful outcome,
with direct relevance to the patient (e.g. walking distance or independent functioning).* However,
as mentioned previously, trials in ALD using these outcomes would require many patients (>200)
to be followed for a long time (at least 2 years, chapter 2), making their implementation difficult.
Apart from the slow disease progression, this is caused by test characteristics of clinical outcomes
such as inter- and intra-observer variation, day-to-day variability (due to differences in patient
motivation or even timing on the day) and floor- and ceiling effects (meaning that the outcome
cannot differentiate between patients at the high or low end of the spectrum, for example a
walking test cannot differentiate between wheelchair-dependent patients).> Surrogate outcomes
may be more sensitive, because they lack some of these disadvantages of clinical outcomes.
They often are measurements of biological processes (hence the term ‘biomarkers’) that do not
depend on patient motivation or clinical judgement.® For example, measurements of spinal cord
atrophy (chapter 3) and retinal nerve fiber layer on OCT (chapter 5 and 6) are accurate, rater-
independent and not sensitive to day-to-day variations. Neurofilament light (chapter 7), diffusion
tensor imaging (chapter 4) and postural body sway (chapter 8) show abnormalities in clinically
asymptomatic patients (i.e. have less of the floor effect of clinical outcomes), potentially expanding
the clinical trial population to presymptomatic patients. Consequently, surrogate outcomes could

make research on disease modifying treatments in ALD more feasible.

Validating these surrogate outcomes in ALD brings some methodological challenges:

- Sample size. Although almost all Dutch ALD patients visit the Amsterdam UMC for their routine
follow up and the vast majority participate in our research, the total number of patients in
the Dutch ALD cohort is still relatively small: about 110 in total (60 men, 50 women). In the

majority of our studies, this number was further reduced by the fact that the (surrogate)
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outcome only applied to symptomatic patients. In addition, study data for male and female
patients could not be pooled due to differences in the disease course. With such a small

sample size, it is difficult to have enough power to detect statistically significant results.

Sensitivity versus specificity. While some of the surrogate outcomes described in this thesis
are promising in terms of sensitivity, their application is limited by a low specificity. For
example, neurofilament light (chapter 7) and RNFL thickness on OCT (chapter 5 and 6)
seem to be sensitive markers for axonal degeneration in ALD, but are also affected by other
neurodegenerative processes such as Alzheimer’s or Parkinson’s disease.”® Furthermore, RNFL
thickness can be influenced by ocular conditions such as high myopia or glaucoma.® These
comorbid conditions, if unrecognized, can be an important source of bias or otherwise lead
to exclusion of a substantial number of participants (e.g. 12/74 patients (16%) in our cross-

sectional OCT study, chapter 5), further reducing the already limited study population.

Effect of ageing. Normal ageing is associated with neurodegenerative processes and a general
gradual decrease in functioning that influences most clinical and surrogate outcomes.'%*!
For the clinical outcomes (chapter 2), this could have led to an overestimation of the disease
progression, although the effect of ageing over two years of follow up is probably small. For
the surrogate outcomes, we reduced the possible confounding effect of age by comparing

changes on the outcome measures to a healthy control group.

Absence of a clinical gold standard. The first step in validating a surrogate outcome is to
demonstrate a statistical relationship with the true outcome of interest (the clinical outcome)
in an observational study.!? To achieve this, we correlated (changes in) the surrogate outcomes
with (changes in) disease severity on the clinical outcomes (chapter 3 to 8). But, as mentioned
before, clinical measures of severity of myelopathy in ALD are themselves far from perfect.
Therefore, even in the hypothetical situation that a surrogate is a perfect measure of severity
of myelopathy, correlations will always be limited by the shortcomings of the clinical outcome

measures.

‘A correlate does not a surrogate make’® Even if there is a perfect correlation between a
surrogate outcome and the outcome of interest, this does not prove that the surrogate really
represents the outcome of interest.** Fleming and DeMets®? describe several mechanisms
through which surrogate outcomes can fail: the surrogate is not in the causal pathway of the
disease (it is an ‘epiphenomenon’, Figure 1A); the intervention only influences the pathway
of the surrogate while there are several unaffected pathways (Figure 1B); the surrogate is not
in the pathway influenced by the intervention (Figure 1C) or the intervention has unintended
effects, independent of the disease process (figure 1D). An example of the latter is a clinical
trial in which patients with end stage renal disease received high dose erythropoetin to

increase their hematocrit, because observational studies had shown a strong correlation
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between anemia and mortality/myocardial infarction.®** Instead of a survival advantage, use of
a high dose of epoetin resulted in about 30% increase in death rate and myocardial infarction,

probably due to off-target effects such as increased risk of thrombosis.

Time
‘)
A Surrogate True Clinical
) End Point Outcome

Disease /

B Surrogate True Clinical
» EndPoint — > Outcome

Disease /

C True Clinical
> Outcome

Disease _/
Surrogate
—>» 9

End Point

D R N Surrogate True Clinical

b ) End Point > Outcome
Disease = /

Figure 1. lllustrations of different mechanisms for failure of surrogate outcomes.
Reprinted with permission from Fleming and Desmets.*

Therefore, for validation of a surrogate outcome, a strong correlation is not sufficient. It is required
to demonstrate that ‘the effect of an intervention on the surrogate outcome predicts the effect
on the clinical outcome —a much stronger condition than correlation’.** For myelopathy in ALD,
this leads to a circular argument: surrogate outcomes are needed to develop new therapies, while

at the same time an effective therapy is required to validate a surrogate outcome.
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Future perspectives

Despite these methodological issues, the studies described in this thesis may contribute to the
development of disease modifying therapies in ALD. Especially when combining clinical and
surrogate outcome measures that have different test characteristics and address different aspects

of the disease, they can complement each other in demonstrating a treatment effect.

Let us give an example by designing a hypothetical phase 3-trial. As primary outcome, the
6-minute walk test (chapter 2) could be chosen: it is both clinically relevant and relatively
rater-independent, but not very sensitive, mainly due to day-to-day variations. To be able to
demonstrate a difference between treatment groups, it would be necessary to reduce the test
variability as much as possible by creating highly standardized test procedures, performing the test
in the same environment and on the same time of the day on each occasion, with the same walking
aid, instructing patients to avoid strenuous exercise before the test, etc. As secondary outcomes
NfL (chapter 8), spinal cord DT (chapter 4), and postural body sway (chapter 9) could be chosen.
NfL is sensitive, not subject to patient or rater-induced variations, and relatively easy to perform
(routine blood sampling), but not clinically relevant nor specific. One would have to screen for
comorbid conditions influencing NfL levels, such as neurodegenerative diseases (other than ALD)
and recent head trauma. Spinal cord DTl is much more specific (there are not many conditions that
influence spinal cord DTI-measures) and not dependent on rater or patient, but it is not clinically
relevant and requires advanced processing and analysis techniques. Finally, postural body sway
is sensitive, clinically relevant and relatively rater-independent, but not specific and prone to
patient-induced variations. Demonstrating group differences on a combination of these outcomes,
which all address different aspects of the disease with different test characteristics, would strongly
support the effectiveness of the disease modifying treatment studied. Indeed, it would probably
fulfill the criteria for ‘substantial evidence’ as defined in the recent FDA guideline.’® Once such a
disease modifying treatment is approved and registered, it could provide the necessary tool to

validate other surrogate outcomes, ending the circular argument described above.

To conclude, myelopathy in ALD is a relentlessly progressive, disabling condition for which a
treatment is urgently needed, but reliable and sensitive outcome measures for clinical trials are
lacking. In this thesis, we provide evidence that the surrogate outcome measures DT, spinal cord
MRI, OCT, neurofilament light, and postural body sway could reduce the number of patients and/

or follow-up time required, bringing ALD a step closer towards clinical trial readiness.
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Measuring myelopathy in adrenoleukodystrophy — towards clinical
trial readiness

Part | — Introduction

X-linked adrenoleukodystrophy (ALD) is a metabolic disorder caused by mutations in the ABCD1
gene on the X-chromosome.»? Impaired degradation of very long-chain fatty acids (VLCFA) leads
to their accumulation in plasma and tissues, including the spinal cord, adrenal cortex and brain
white matter.>* Virtually all men develop myelopathy, characterized pathologically by axonal
degeneration of the long ascending and descending tracts of the spinal cord.>® Clinically, it
presents as a slowly progressive gait disorder (with leg weakness, spasticity and sensory deficits)
and sphincter disturbance.” In addition to myelopathy, male patients are at risk of developing
adrenal insufficiency and cerebral inflammatory white matter lesions (cerebral ALD).%° Over 80%
of women with ALD (heterozygotes) also develop myelopathy, but mean age of onset is higher and
disease progression slower than in male patients.’® Although treatment is currently supportive
only, disease modifying therapies for myelopathy in ALD are under development. Reliable natural
history data are needed before these therapies can be evaluated in clinical trials, but research
on myelopathy in ALD is complicated. ALD is a rare disease, limiting the possibilities to recruit
patients for clinical studies and to obtain research funding.® Most available natural history data
are derived from small retrospective or cross-sectional studies,***2 with their inherent limitations.
In addition, because average disease progression is very slow - occurring over years or even
decades’ - prospectively measuring disease progression requires long follow-up. Finally, there
are no validated ways to quantify myelopathy. A standard neurological examination is subject to
high intra- and interrater variability and not suited to accurately monitor disease progression.*34
Therefore, prospectively collected natural history data and sensitive (surrogate) outcome

measures are needed to enable clinical trial design.

Part Il - Natural history

In chapter 2, we describe the severity and progression of myelopathy in males with ALD in a
2-year prospective observational cohort study. We show that statistically significant disease
progression can be measured using clinical outcome measures (Expanded Disability Status
Scale (EDSS), Severity Scoring system for Progressive Myelopathy (SSPROM), 6-minute walk test
(6BMWT) and timed up-and-go), but not with patient-reported outcomes. As changes in the clinical
outcome measures were small, clinical trials on disease modifying therapies using these outcomes
would still require a long treatment period (at least 2 years) and a large number of patients (>200
patients per treatment arm). More sensitive surrogate outcomes could enable clinical trials with

less patients and shorter follow-up.

Part lll - Imaging studies
Routine magnetic resonance imaging (MRI) of the spinal cord in ALD does not reveal any

abnormalities: there are no signal changes such as T2-hyperintensities or contrast enhancement.’
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However, we have shown that more subtle changes can be measured. The cervical and high
thoracic spinal cord in ALD patients is thinner and flatter (i.e. reduction of the antero-posterior
diameter) compared to healthy controls (chapter 3), probably due to degeneration of the long
ascending and descending spinal cord tracts. The amount of spinal cord atrophy correlates
with disease severity and disease duration. Spinal cord atrophy as surrogate outcome has the
advantage of being relatively easy to measure with readily available software, allowing application
in a multicenter setting. Unfortunately, the sensitivity in our study was not sufficient to detect
disease progression after 1-year follow up, partly due to the relatively low number of available
follow-up scans. Diffusion tensor imaging (DTI) is a more sophisticated MRI-technique that
allows for assessment of white matter microstructural properties.'® In chapter 4, we show that
DTl measures of the spinal cord and the corticospinal tracts in brain correlate with severity of
myelopathy. As opposed to spinal cord atrophy, DTI-parameters also changed significantly during
follow-up. Changes on DTl were larger than changes on clinical measures of disease progression
and also detectable in clinically asymptomatic patients. Therefore, DTl seems more sensitive in

measuring disease progression than the traditional clinical outcome measures.

Axonal degeneration in ALD is not restricted to the brain and spinal cord, but also occurs in
the retina. Optical coherence tomography (OCT) is a technique that provides cross-sectional
images of the retina with enough resolution measure thickness of the individual retinal layers.*®
Degeneration of the retinal nerve fiber layer (RNFL) and ganglion cell layer (GCL) is associated with
disease severity and progression in a number of neurodegenerative diseases.®*° This suggests
that the neurodegeneration is reflected in the retina, and that the eye could serve as a ‘window
to the brain’.?% In chapter 5 we show in a cross-sectional study that the RNFL is significantly
thinner in both male and female ALD patients compared to healthy controls. Also, the degree of
neuroretinal layer thinning correlated moderately to strongly with clinical measures of disease
severity. Subsequently, in a longitudinal design (chapter 6), we demonstrate the potential of OCT
to measure progression of myelopathy. We provide evidence that neuroretinal layer thinning is
progressive over 2-year follow up and correlates with progression of myelopathy measured by

clinical outcome measures.

Part IV - Non-imaging biomarkers

Neurofilament light (NfL) and glial fibrillary acidic protein (GFAP) are cytoskeletal proteins of
neurons and astrocytes respectively, which are released in the cerebrospinal fluid and blood
upon nervous tissue damage.??? In chapter 7, we demonstrate that plasma NfL could serve as a
biomarker of spinal cord degeneration in ALD, while GFAP seems less promising. Both plasma NfL
and GFAP levels were significantly elevated in patients compared to healthy controls, but only NfL
levels in males were associated with severity of myelopathy. NfL was elevated to a similar degree
in asymptomatic patients as in symptomatic patients, suggesting that spinal cord degeneration
is already ongoing in clinically asymptomatic patients but has not yet resulted in enough damage

(did not ‘reach the threshold’) to cause symptoms or disability. As NfL is a marker of disease
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activity — with an estimated plasma half-life of a number of days?** — it could show an effect
of a disease modifying treatment on a short term, while other clinical and surrogate outcomes

require long follow-up.

Finally, in chapter 8 we explore the potential of postural body sway —a measure of balance — as
surrogate outcome measure for myelopathy in ALD. Together with spastic paraparesis, balance
disturbance is a key feature of the gait disorder in ALD.?>? It results from degeneration of the
dorsal columns of the spinal cord that relay the proprioceptive information from the legs.® Body
sway was significantly higher in both clinically symptomatic and asymptomatic ALD patients as
compared to healthy controls, and correlated strongly with clinical measures of disease severity
in the symptomatic group. Body sway has the potential benefit of being both a sensitive and

clinically meaningful outcome.

Part V — Discussion

The primary endpoint in a phase-3 clinical trial should ideally be a clinically meaningful outcome,
but clinical trials in ALD using these outcomes would require many patients to be followed for
a long time (chapter 2). Surrogate outcomes may be more sensitive, because they are less
influenced by patient motivation, observer variation and floor- and ceiling effects. Validating
surrogate outcomes in ALD, however, poses methodological challenges. Due to the small sample
size (inherent to rare disease research), studies can lack power to detect statistically significant
results. Some surrogate outcome measures (for example NfL) may be sensitive, but are not
specific for ALD, leading to bias or exclusion of patients with comorbid conditions. In studies
without a healthy control group, the effect of normal ageing can be a confounder, resulting in an
overestimation of the disease progression. Furthermore, since there is no clinical ‘gold standard’
for myelopathy, correlations between a surrogate and clinical outcomes will always be limited
by the shortcomings of clinical outcomes. Finally, even if there would be a perfect correlation
between a clinical and surrogate outcome, it does no prove that the surrogate really represents
the outcome of interest.?’ For validation of a surrogate outcome, it is required to demonstrate
that the effect of an intervention on the surrogate outcome predicts the effect on the clinical

outcome,?® but interventions for myelopathy in ALD are not available yet.

Despite these methodological issues, the studies described in this thesis may contribute to the
development of disease modifying therapies for myelopathy in ALD. Especially when combining
clinical and surrogate outcome measures that have different test characteristics (e.g. sensitive
versus specific) and address different aspects of the disease (e.g. clinical parameters versus
MRI-parameters or blood biomarkers), they could complement each other in demonstrating a

treatment effect.
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Meten van myelopathie bij adrenoleukodystrofie — op weg naar klin-
ische trials

Deel | - Introductie

X-gebonden adrenoleukodystrofie (ALD) is een metabole ziekte die wordt veroorzaakt door
mutaties in het ABCD1-gen op het X-chromosoom.*? Door een defect in de afbraak van zeer-lange-
keten vetzuren stapelen deze zich op in bloedplasma en weefsels, waaronder het ruggenmerg, de
bijnierschors en de witte stof van de hersenen.>* Vrijwel alle mannen met ALD ontwikkelen een
myelopathie, die bij pathologisch onderzoek wordt gekenmerkt door axonale degeneratie van de
lange opstijgende en afdalende banen van het ruggenmerg>® De belangrijkste symptomen zijn een
langzaam progressieve loopstoornis (met zwakte aan de benen, spasticiteit en gevoelsstoornissen)
en sfincterstoornissen.” Mannen met ALD hebben naast myelopathie risico op het ontwikkelen
van bijnierschorsinsufficiéntie en inflammatoire cerebrale wittestofafwijkingen (cerebrale
ALD).>*° Zeker 80% van de vrouwen met ALD (ook heterozygoten genoemd) ontwikkelt ook een
myelopathie, maar op een gemiddeld hogere leeftijd en met langzamere progressie dan mannen.?
Tot op heden is alleen ondersteunende behandeling voor de myelopathie van ALD beschikbaar,
al zijn ziektemodulerende behandelingen in ontwikkeling. Voordat deze behandelingen kunnen
worden getest in klinische trials zijn betrouwbare gegevens over het natuurlijk beloop van
de ziekte nodig, maar onderzoek naar ALD is complex. Omdat het een zeldzame ziekte is, is
het bijvoorbeeld moeilijk om voldoende patiénten te werven voor klinisch onderzoek of om
financiering te verkrijgen.’® De meeste tot nu toe beschikbare gegevens zijn dan ook afkomstig van
kleine retrospectieve of cross-sectionele studies,***? die belangrijke methodologische beperkingen
kennen. Daarnaast zorgt de langzame ziekteprogressie ervoor dat langdurige follow-up nodig is
om veranderingen over de tijd te kunnen meten.” Tot slot ontbreken gevalideerde methoden om
myelopathie te kwantificeren. Een standaard neurologisch onderzoek is onderhevig aan intra- en
interobserver variabiliteit en niet geschikt om ziekteprogressie nauwkeurig te meten.**** Kortom,
prospectief onderzoek naar het natuurlijk beloop van de ziekte, gebruikmakend van sensitieve

(surrogaat) uitkomstmaten is nodig om gedegen klinische trials op te kunnen zetten.

Deel Il — Natuurlijk beloop

In hoofdstuk 2 beschrijven we in een prospectieve observationele cohortstudie de ernst en
progressie van myelopathie bij mannen met ALD. We laten zien dat na twee jaar follow-up
statistisch significante ziekteprogressie gemeten kan worden met klinische uitkomstmaten
(Expanded Disability Status Scale (EDSS), Severity Scoring system for Progressive Myelopathy
(SSPROM), 6-minute walk test (EMWT) en timed up-and-go), maar niet met zogeheten ‘patient-
reported outcomes’. De veranderingen in de klinische uitkomstmaten waren echter dusdanig
klein, dat als klinische trials deze uitkomstmaten zouden gebruiken, er nog steeds een lange
behandelduur (ten minste 2 jaar) en een groot aantal patiénten (meer dan 200 per behandelarm)
nodig zouden zijn. Sensitievere surrogaat uitkomstmaten zouden trials met een kleiner aantal

deelnemers en kortere follow-up mogelijk maken.
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Deel Il - Beeldvormend onderzoek

Standaard MRI-onderzoek van het ruggenmerg bij patiénten met ALD is niet afwijkend: er zijn geen
signaalveranderingen zoals hyperintensiteiten op T2-sequenties of aankleuring na toediening van
contrast.” Er treden echter wel subtielere veranderingen op. Het cervicale en thoracale ruggenmerg
van ALD-patiénten is dunner en platter (d.w.z. afname van de antero-posterieure diameter)
vergeleken met gezonde controles (hoofdstuk 3), waarschijnlijk veroorzaakt door axonale
degeneratie van de lange opstijgende en afdalende zenuwbanen. De mate van atrofie correleert
met zowel ziekte-ernst als ziekteduur. Het voordeel van het gebruiken van ruggenmergatrofie
als surrogaat uitkomstmaat is dat het relatief eenvoudig gemeten kan worden met gemakkelijk
verkrijgbare software, wat de toepassing in een multicenter onderzoek vergemakkelijkt. Anderzijds
vonden wij na 1 jaar follow-up geen significante progressie van de atrofie, waarschijnlijk (deels)
verklaard door het relatief lage aantal beschikbare follow-up scans. Diffusion tensor imaging
(DTI) is een meer geavanceerde MRI-techniek waarmee de microstructurele eigenschappen
van de witte stof kunnen worden gemeten.* In hoofdstuk 4 laten we zien dat DTI-parameters
van het ruggenmerg en de corticospinale banen in de hersenen correleren met de ernst van
myelopathie. In tegenstelling tot de studie naar atrofie van het ruggenmerg, waren er wel
significante veranderingen in de DTI-parameters meetbaar gedurende de follow-up periode.
Deze veranderingen waren groter dan die in klinische maten van ziekteprogressie en traden ook
op bij asymptomatische patiénten. DTI lijkt dus gevoeliger voor het meten van ziekteprogressie

dan de traditionele klinische uitkomstmaten.

Axonale degeneratie blijft bij ALD niet beperkt tot de hersenen en het ruggenmerg, maar treedt
ook op in de retina. Met optical coherence tomography (OCT) kan de retina in dwarsdoorsnede
worden afgebeeld met voldoende resolutie om de dikte van de individuele retinale cellagen
te meten.'® Degeneratie van de retinale zenuwcellaag (retinal nerve fiber layer, RNFL) en
ganglion cellaag (ganglion cell layer, GCL) is geassocieerd met ziekte-ernst en ziekteprogressie
bij verschillende neurodegeneratieve ziekten.?®* Dit suggereert dat de neurodegeneratie wordt
weerspiegeld in de retina, waardoor het oog zou kunnen functioneren als een ‘window to the
brain’.?% In een cross-sectioneel onderzoek (hoofdstuk 5) laten we zien dat de RNFL significant
dunner is bij zowel mannelijke als vrouwelijke ALD-patiénten vergeleken met gezonde controles.
De dikte van de retinale zenuwcellaag correleert bovendien goed met klinische maten van ziekte-
ernst. In een longitudinale studie (hoofdstuk 6) onderzoeken we vervolgens de mogelijkheden
om met OCT progressie van myelopathie te meten. We laten zien dat na twee jaar follow-up een
afname gemeten kan worden in de dikte van de retinale zenuwcellaag. Deze afname correleert

met progressie van myelopathie, gemeten met klinische uitkomstmaten.

Deel IV — Overige biomarkers
Neurofilament light (NfL) en glial fibrillary acidic protein (GFAP) zijn structurele eiwitten van
respectievelijk neuronen en astrocyten, die vrijkomen in liquor en bloed na schade aan deze

cellen.??2 In hoofdstuk 7 laten we zien dat plasma Nfl een kandidaat biomarker is voor degeneratie
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van het ruggenmerg bij ALD, terwijl GFAP minder geschikt lijkt. De plasmaconcentraties van zowel
NfL als GFAP waren significant hoger bij ALD-patiénten dan bij gezonde controles, maar alleen de
Nfl-concentratie bij mannelijke patiénten was geassocieerd met ernst van myelopathie. NfL was
in dezelfde mate verhoogd bij asymptomatische als symptomatische patiénten, wat suggereert
dat degeneratie van het ruggenmerg bij asymptomatische patiénten al gaande is, maar nog niet
tot dusdanige zenuwschade heeft geleid dat er klachten of symptomen zijn opgetreden. Omdat
Nfl een marker van ziekteactiviteit is, met een geschatte plasma halfwaardetijd van een aantal
dagen??4, zou het effect van een ziektemodulerende behandeling op de NFL-concentratie op korte

termijn zichtbaar kunnen zijn, terwijl voor andere uitkomstmaten een lange follow-up nodig is.

Tot slot verkennen we in hoofdstuk 8 body sway, een maat voor balans, als surrogaat
uitkomstmaat voor ALD. Naast de spastische paraparese is een gestoorde balans een van de
belangrijkste oorzaken van de loopstoornis bij patiénten met ALD.?>?° De oorzaak is gelegen in
degeneratie van de achterstrengen van het ruggenmerg, die de proprioceptieve informatie vanuit
de benen naar centraal vervoeren.® Body sway was significant hoger bij zowel symptomatische als
asymptomatische ALD-patiénten ten opzichte van gezonde controles en was sterk gecorreleerd
met ziekte-ernst. Body sway heeft als potentieel voordeel dat het zowel een sensitieve als klinische

relevante uitkomstmaat is.

Deel V - Discussie

Het primaire eindpunt in een fase-3 klinische trial is idealiter een klinische uitkomstmaat, maar
klinische trials in ALD die gebruikmaken van deze uitkomstmaten zouden veel deelnemers en een
lange follow-up vereisen (hoofdstuk 2). Sommige surrogaat uitkomstmaten zijn sensitiever, omdat
ze minder worden beinvloed door factoren zoals patiéntmotivatie, observer-variatie en ‘floor and
ceiling’-effecten. Het valideren van surrogaat uitkomstmaten voor myelopathie bij ALD is echter
niet eenvoudig. Door het relatief kleine aantal deelnemers aan studies (inherent aan onderzoek
bij zeldzame ziekten) ontbreekt al snel de statistische power om significante verschillen aan te
kunnen tonen. Sommige surrogaat uitkomstmaten zijn weliswaar sensitief, maar niet specifiek voor
ALD, wat kan leiden tot bias of exclusie van deelnemers met comorbide aandoeningen. In studies
zonder een gezonde controlegroep kan de invloed van normale veroudering een confounder zijn,
die leidt tot overschatting van de ziekteprogressie. Ook ontbreekt een klinische ‘gouden standaard’
voor het meten van de ernst van myelopathie, zodat de correlatie tussen klinische en surrogaat
uitkomstmaten steeds wordt beperkt door de tekortkomingen van de klinische uitkomstmaten. Tot
slot zou zelfs een perfecte correlatie tussen een klinische en surrogaat uitkomstmaat niet bewijzen
dat de surrogaat uitkomstmaat daadwerkelijk een representatie is van de klinische uitkomstmaat.?’
Om een surrogaat uitkomstmaat te valideren, is het een vereiste om aan te tonen dat het effect
van een interventie op de op de surrogaat uitkomstmaat het effect op de klinische uitkomstmaat

voorspelt,”® maar juist deze interventies zijn voor ALD nog niet beschikbaar.
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Ondanks deze methodologische beperkingen kunnen de studies in dit proefschrift bijdragen
aan het ontwikkelen van ziektemodulerende behandelingen voor ALD. Door het combineren
van klinische en surrogaat uitkomstmaten die verschillende testkarakteristieken hebben
(bijvoorbeeld sensitief versus specifiek) en die zich op verschillende aspecten van de ziekte richten
(bijvoorbeeld klinische parameters versus MRI-parameters of biomarkers in bloed), kunnen zij

elkaar complementeren in het aantonen van het effect van een behandeling.
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Dankwoord

De meeste lezers van dit boekje zullen hier beginnen met het lezen, en de meesten zullen het daar
ook bij laten. Ik kan ze geen ongelijk geven, want het bevat verder vrij taaie stof, waar, behoudens
voor een enkele vakgenoot, geen doorkomen aan is. Het is voor diegenen misschien wel leuk om
iets van de context te weten waarin dit proefschrift is ontstaan. Mijn eerste kennismaking met ALD
was in 2016, toen ik tijdens mijn stage kinderneurologie in het AMC met Marc een jongetje met
ALD op de polikliniek zag en hij vertelde over het onderzoek dat hij samen met Irene deed. Kort
daarna deed ik als gezonde proefpersoon mee aan dit onderzoek door een MRI-scan te ondergaan,
niet beseffend dat ik later analyses op mijn eigen hersenen en ruggenmerg zou uitvoeren. In 2017
werd ik door Marc en Irene benaderd om, nu als onderzoeker, deel te nemen aan het ALD cohort.
Ik heb even getwijfeld of het verstandig was om in het vierde jaar van de opleiding tot neuroloog
in het OLVG nog een promotietraject in een ander ziekenhuis te beginnen, maar ben blij dat ik
toen de sprong gewaagd heb. Ik heb de opleiding onderbroken om een jaar fulltime onderzoek te
doen, wat met name inhield dat ik de patiénten zag voor neurologisch onderzoek, bloedafname,
MRI-scan, lumbaalpunctie, OCT-scans, etc. Daarnaast heb ik gewerkt aan een internationaal
onderzoek naar een nieuw medicijn voor de myelopathie bij ALD (de Advance trial), waarvan de
resultaten binnenkort worden verwacht. Het is een uitdaging geweest om onderzoek en opleiding
te combineren. Het feit dat er nu een boekje ligt is dan ook alleen mogelijk door de steun en

bijdragen van veel mensen, die ik hier graag wil bedanken.

Allereerst de patiénten die vanuit het hele land hebben meegedaan aan het onderzoek. Jullie
hebben lange dagen in het ziekenhuis doorgebracht, vaak met een MRI in de avonduren als
sluitstuk. Daardoor heb k niet alleen jullie ziekte, maar velen van jullie ook als persoon leren
kennen en waarderen. Ook alle vrijwilligers die als gezonde controle hebben meegedaan, dank

voor jullie inzet.

Dr. M. Engelen. Marc, tijdens mijn stage kinderneurologie bleek al snel dat wij wel door één
deur konden. Ik durfde de stap naar dit onderzoek dan ook vooral aan omdat jij mijn directe
begeleider zou worden. Je enthousiasme en onbevangenheid waren de afgelopen jaren voor mij
heel belangrijk: waar ik nog wel eens de neiging had om beren op de weg te zien, kon jij altijd
goed relativeren en ging ik na een gesprek op jouw kamer (naast stuiterend van de cafeine)
weer opgewekt aan de slag. Je werkt ontzettend hard en verwacht dat ook van anderen, maar
zorgt ook altijd voor gezelligheid met vrijdagmiddagborrels (met speciaalbier op droogijs) en
‘werkbesprekingen’ bij de Cannibale Royale. Je liet me mijn eigen gang laten gaan bij het uitvoeren
van de projecten, maar als ik je nodig had was je er. Ik heb veel respect voor je gekregen als
clinicus, onderzoeker en als persoon en hoop dat we, ook nu mijn promotietraject is afgerond,

contact zullen houden.
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voortgangsgesprek met de opmerking ‘overigens ben ik van mening dat dat je iets aan onderzoek
moet gaan doen’, en het heeft gewerkt! Je heb me vanaf het begin gesteund, onder andere door
samen te kijken hoe ik onderzoek en opleiding kon combineren. Je bent een betrokken opleider,
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meer dan verdubbeld is. Ik vind het een eer om nu zowel mijn opleiding als promotie onder jouw
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die we samen hebben gedaan.

Prof. dr. Y.B.W.E.M. Roos, bedankt voor de flexibiliteit om door op het laatste moment als

promotor in te willen springen.

De leden van de leescommissie prof. Dr. C.E.M. Hollak, prof. Dr. J. Killestein, prof. Dr. C.B.L.M.
Majoie, prof. Dr. F.A. Wijburg, dr. N.l. Wolf en dr. B.M. van Geel wil ik bedanken voor hun

deelname in de commissie en het kritisch beoordelen van dit proefschrift.

Prof. dr. M.S. van der Knaap, wat jammer dat de regels het, ondanks verwoede pogingen, niet

toelieten dat u mijn promotor bleef. Bedankt voor de begeleiding de afgelopen jaren.

De leden van de ALD onderzoeksgroep. Irene Huffnagel, zonder jou was dit boekje er nooit
gekomen. Jij hebt me niet alleen bij de onderzoeksgroep gehaald, maar ook samen met Marc
het hele cohort opgezet waar ik vervolgens aan verder heb kunnen werken. Het feit dat je dit zo
ongelooflijk nauwkeurig en gestructureerd hebt gedaan, heeft mij enorm geholpen om mijn weg
te vinden in het ALD-onderzoek; je opvolgers plukken er nog steeds de vruchten van. Als ‘kleine
generaal’ heb je mijin hoog tempo gedrild in alle onderdelen van het onderzoek (zoals het maken
van de MRI-scans en OCT’s), wat overigens een stuk gezelliger was dan het nu klinkt. De keuze om
jou als paranimf te vragen was voor mij dan ook vanzelfsprekend. Stephan Kemp, beste Stef, jij
bent een van de meest enthousiaste en bevlogen onderzoekers die ik ken, en dat enthousiasme
werkt aanstekelijk. Je stond altijd klaar om te helpen, of dat nu ging om het uitwerken van een
nieuw onderzoeksidee, het opmaken van (vrijwel al mijn) figuren of het deelnemen als gezonde
proefpersoon. Ondanks wat tegenslag ben ik er van overtuigd dat je ALD in de hielprikscreening
gaat krijgen. Stephanie van de Stadyt, jij hebt je het ALD cohort indrukwekkend snel eigen gemaakt.
Dank voor de fijne samenwerking, ik weet zeker dat er een heel mooi proefschrift volgt. Marije
Voermans, wat heb jij mijn leven een stuk aangenamer gemaakt toen je de logistieke organisatie
van de ADVANCE trial overnam! Je bent intussen uitgegroeid tot een vast waarde in het ALD-

onderzoek geworden en ik vermoed dat je dat nog wel even blijft. Inge Dijkstra, Yorrick Jaspers
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praktische en technische ondersteuning bij de MRI-projecten. Christa Jansen-Kok en Monique
Wezel van het trialbureau oogheelkunde, bedankt voor jullie hulp bij de OCT-onderzoeken en de
welkome afleiding daarvan. Carlien Bennebroek en Frank Verbraak, dank voor jullie bijdrage bij
zowel het uitvoeren van het OCT-onderzoek als het reviseren van de manuscripten. Charlotte
Teunissen en Eline Willemse, het is mooi dat we binnen zo korte tijd een onderzoek ‘aan beide
kanten van de Amstel’ hebben kunnen uitvoeren en publiceren, bedankt voor de soepele

samenwerking!

De kamergenoten van H8-253. Ondanks dat ik een relatief kort en onderbroken jullie
kamergenoot was, heb ik me erg thuis gevoeld in jullie midden. Dank voor de gezelligheid, de
eindeloze hoeveelheid koffietjes, de mogelijkheid om successen met jullie te vieren maar vooral

ook de frustraties te kunnen spuien.

Mijn (oud)collega-assistenten van het Lucas/OLVG. Intussen bijna teveel om op te noemen,
maar ik ga toch een poging doen. Robin, Bas, Sander, Juerd, Daniél, Caspar, Zoé, Ines, Frank,
Karien, Tanja, Marjolein, Jooske, Jorunn, Fleur, Linda, Jasper, Samantha, Femke V, Myrthe, Nina,
Tirza, Femke D, Tim, Daniela, Suzanne, Fikret, Aman, Eline, Frans, Max, Bente, Rob, Barry: wat een
geluk om deel uit te mogen maken van de gezelligste en hechtste assistentengroep van het land!
Ik ga jullie zeker missen. Mijn collega-onderzoekers van het OLVG Jos, Janine en Valentijn, dank

dat ik als indringer bij jullie op ‘het hokje” mocht zitten en jullie van je werk heb mogen houden.

De neurologen van het OLVG. Sinds mijn co-schap neurologie in 2011 ken ik de meesten van jullie
al, 10 jaar later zit het er nu bijna op. Dank voor jullie interesse in mijn onderzoek en de goede

maar zeker ook gezellige opleiding!

Ook mijn vrienden wil ik bedanken, want hard werken blijft alleen leuk als je ook goed kunt
ontspannen. Bijvoorbeeld op de fiets tijdens een rondje ringvaart, weekendje Limburg of weekje
in de Dolomieten of Vogezen met Florian, Joris, Onne, Jorrit en Fedde. Jorrit, als beste vrienden
sinds we ons kunnen herinneren was het mooi geweest als je er vandaag bij had kunnen zijn, maar
dat halen we na corona wel weer in! Of tijdens de volleybaltrainingen, -wedstrijden of een van de
vele activiteiten daarbuiten met Wout, Jonne, Storm, Florian, Harmen, Toebes, Edwin, Steven,
Dennis, Koen, Peter en Joost, dit jaar alweer 10 jaar teamgenoten en vrienden! En natuurlijk bij
een borrel, weekendje weg, festival (Lowlands!) of boottocht met Cathelijne, Guido, Kaz, Evert,
Tim, Elke, Fernande, John, Karen, Arnold, Imke, Maarten, Laura en Marius. Daarnaast blijk je

nooit te oud om nieuwe vrienden te maken. Eten en borrelen met Camiel en Oline of Karen en
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Klaas. Varen met de Neeltje, een stukje mountainbiken of Wildeburg afstruinen met Anne. En
collega-assistenten en -onderzoekers maar intussen toch vooral vrienden Nik en Janine, dank
voor alle gezellige (en soms onverwachte) avondjes. Ik houd jullie aan onze afspraak om in de

toekomst in hetzelfde ziekenhuis te gaan werken!

Tot slot mijn familie. Joris, Maartje, Floor en Michel, het is bijzonder dat we zo'n hechte band als
(schoon)broers en -zussen hebben. Ik hoop dat dat, ook nu de uittocht uit Amsterdam is begonnen,
zo zal blijven. Joris, je bent niet alleen mijn broer, maar ook een van mijn beste vrienden. We
wielrennen samen, gaan samen op vakantie, samen naar feestjes en hebben grotendeels dezelfde
vriendengroep. En dan ben je ook nog collega-arts, genoeg redenen dus om je als paranimf te

vragen!

Mijn schoonfamilie, Annelie, Paul, Bernadet en de rest van de ‘Superfamilie’, dank voor jullie

interesse in mijn opleiding en onderzoek.

Lieve papa en mama, jullie staan altijd voor mij klaar, zowel tijdens dit promotietraject als
daarbuiten. Ik vind het mooi hoe jullie mij steunen in mijn keuzes en trots zijn op wat ik doe,
maar in het besef dat geluk belangrijker is dan presteren soms ook kunnen aankaarten of het niet
allemaal een beetje veel wordt; het geeft aan hoe zorgzaam en betrokken jullie zijn. Tijdens de
laatste fase van mijn onderzoek hebben jullie me ook praktisch geholpen door bij jullie thuis op

Eva te passen zodat ik boven dit boekje kon afschrijven. Dank voor alles!

Claudia, lieve Clau, we hebben het onszelf niet makkelijk ggmaakt om allebei, naast de opleiding
tot specialist, een promotietraject te starten. Maar dat we zo gelijk opgingen zorgde er ook
juist voor dat je mij begreep, ruimte gunde op ‘piekmomenten’, mee kon balen als een stuk was
afgewezen of vieren als het was geaccepteerd. Je bent nog steeds de vrolijke ‘spring-in-‘t-veld’
zoals ik je heb leren kennen en van wie ik hou. We gaan samen met Eva nog veel mooie jaren

tegemoet.
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