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ABSTRACT

Introduction: X-linked adrenoleukodystrophy
(ALD) is a metabolic disorder in which very long
chain fatty acids (VLCFAs) are accumulated in
the nervous system and adrenal cortex, impair-
ing their functions. Three main variants are
described in males: adrenomyeloneuropathy
(AMN), a cerebral form (cALD or cAMN) and
Addison’s disease only (AD), while for females
no classification is used. To evaluate pain and
the functional state of afferent fibers, a series of

tests was carried out in male and female
patients.
Methods: Chronic pain occurrence and sensory
phenotype profile were assessed in 30 patients
(20 male: 10 AMN, 1 cAMN, 1 cALD, 8 AD; and
10 female). A set of instruments assessed the
intensity, quality and extent of pain, while a
battery of quantitative sensory testing (QST)
procedures examined the functional status of
Ab and Ad fibers. Principal component analysis
and hierarchical clustering with sensory
responses input were used to identify distinct
clusters.
Results: Nearly half of the subjects reported
pain, with a high prevalence in females and
male AMN patients. No sex differences in pain
dimensions were found. The sensory responses
were heterogeneous, differing among the clini-
cal variants and between genders. Male AMN/
cAMN/cALD patients showed the worst impair-
ment. Ab and Ad fibers were affected in males
and females, but Ab fibers appeared undamaged
in females when tactile sensitivity was tested.
Abnormal responses were localized in the lower
body district, according to the dying-back pat-
tern of the neuropathy. Cluster analysis showed
discrete clusters for each function examined,
with well-interpretable sensory and clinical
phenotypes.
Conclusion: The study of pain and of the sen-
sory profile appears to indicate a difference in
the mechanisms underlying the AMN/cAMN/
cALD and AD clinical forms and in the
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treatment of the respective generated pain
types.

Keywords: ALD; Pain; QST; Sex differences

Key Summary Points

Why carry out this study?

Adrenoleukodystrophy (ALD) is an
X-linked disorder mostly affecting the
nervous system and adrenal cortex, often
giving rise to chronic pain. Nevertheless,
pain studies on ALD patients are rare.

It was hypothesized that administering
specific questionnaires and sensory testing
(QST) would highlight characteristics of
the pain phenotype and mechanisms.

What was learned from the study?

Pain prevailed in females and AMN
(adrenomyeloneuropathy) subjects; Ab
and Ad fibers responded differently in the
neural forms and the Addison’s variant
and in males with respect to females, all
aberrant responses being located in the
lower limbs.

Pain and sensory phenotype varied based
on the primary pathological disorder
mechanisms, localization and gender.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13721440.

INTRODUCTION

Adrenoleukodystrophy (ALD) is an X-linked
inherited metabolic disease caused by muta-
tions in the ATP-binding cassette (ABC)

transporter subfamily D member 1 gene
(ABCD1) which encodes for a peroxisomal
transmembrane protein involved in the trans-
port of very long chain fatty acids (VLCFA) from
cytosol into peroxisomes, where they undergo
b-oxidation [1, 2]. Abnormal accumulation of
VLCFA is ubiquitous, but the nervous system,
adrenal cortex and testis are mainly affected
[1, 3]. The excess of VLCFA and the develop-
ment of molecular and metabolic alterations
cause different functional impairment in the
tissues, and the downstream mechanisms dic-
tating the signature and severity of the disease
are still largely unclear [4–7]. The clinical phe-
notype is heterogeneous, although three major
variants have been described. Addison’s disease
only (AD) is characterized by decreased cortisol
production and release, and thus by adrenal
insufficiency [8, 9]. Adrenomyeloneuropathy
(AMN) involves a progressive axonopathy
affecting sensory ascending and motor
descending spinal tracts as well as peripheral
nerves, which causes sensory and motor dis-
turbances [5, 6, 8]. Cerebral adrenoleukodys-
trophy (cALD), or cerebral
adrenomyeloneuropathy (cAMN), is marked by
myelin destabilization and serious neuroin-
flammation [1, 5, 6, 8], giving rise to severe
cognitive, behavioral and neurological dys-
functions. Sixty-six percent of AMN patients
present adrenal involvement [8], while 35%
[10, 11] progress towards an overt cerebral
inflammatory form.

Signs and symptoms of the disease have been
described in males and also in females, so-called
carriers. Nevertheless, depending on the studies,
50% or more of such women present some
neurological anomaly, 57% manifest a periph-
eral neuropathy and 63% develop a late pro-
gressive myelopathy [12, 13]. Both large and
small nerve fiber dysfunction has been descri-
bed in AMN-like females [8, 14] and in AMN
males [15–17]. The changes involving the sen-
sory system are frequently accompanied by
pain, defined as neuropathic due to the injury
or disease affecting the neural structures [18].

Quantitative sensory testing (QST) was
developed to study different aspects of the
sensory system. Stimuli with defined properties
are administered and the quality and
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magnitude of the evoked responses are analyzed
[19, 20] in order to ascertain the functional
status of the activated neural pathway, the
occurrence of any sensory disturbance and its
localization. This procedure also identifies signs
of plus or minus sensory functioning, i.e.
hyperesthesia and hypoesthesia. Based on these
characteristics, QST has been used in various
clinical conditions [21–24]. The clinical features
of the neural variants (AMN/cAMN/cALD) of
the disease consist of a progressive impairment
of nervous system functions, with both central
and peripheral damage. Although an objective
description of the sensory profile would enable
a better definition of the pathology, its time
course and body distribution pattern, we are
unaware of studies in which a systematic sen-
sory investigation has been performed.

The aim of the present study on X-ALD
subjects was to evaluate pain and the functional
state (correct functioning or disturbance) of
afferent fibers in well-defined body areas. Par-
ticular attention was given to the presence of
latent or subclinical dysfunctions in the female
‘‘carriers’’ and the body distribution of these
dysfunctions.

METHODS

Subjects and Experimental Procedures

The study enrolled biochemically and geneti-
cally proven ALD patients (20 male and 10
female) regularly followed up at the Bambino
Gesù Children’s Hospital (Rome, Italy) and the
IRCCS C. Besta Neurological Institute Founda-
tion (Milan, Italy). Selection of subjects was
random among patients who complied with the
study protocol. The study adhered to the Decla-
ration of Helsinki and was approved by the local
ethics committees of the Bambino Gesù Chil-
dren’s Hospital and the IRRCS C. Besta Neuro-
logical Institute Foundation; all the patients and
their parents or guardians gave their written
informed consent to use their clinical data in
anonymized form (Mod.CUP_02consinf_15/07/
2003 and subsequent amendments).

Male patients were divided into the follow-
ing clinical forms: adrenomyeloneuropathy

(AMN), cerebral AMN (cAMN), cerebral
adrenoleukodystrophy (cALD) and Addison’s
disease only (AD). The criteria used for the
classification of the patients with neurological
symptoms (i.e. AMN, cAMN and cALD patients)
were based on clinical and MRI findings, in
agreement with previous classification [25, 26].
Patients were considered as AD when they had
adrenal failure only, and no anti-adrenal anti-
body was detectable [27]. Adrenal failure was
considered when ACTH plasma levels were
higher than 65 pg/ml and morning cortisol
levels lower than 14 mcg/dl [3]. Female patients
included both symptomatic and asymptomatic
cases, as indicated in Table 1. A female was
considered symptomatic when she had any
neurological symptom/sign compatible with
the diagnosis of ALD, including progressive
spastic paraparesis, sensory deficits and bladder
dysfunction [12].

The evaluation session lasted about 2 h. In
all male and female subjects, a semi-structured
interview was conducted to determine the
clinical status, disease onset and evolution; the
patient’s past (during the last 3 months) and
present pain, the pain intensity and quality,
and its extension and distribution were esti-
mated by means of specific instruments,
respectively, visual analog scale (VAS), Italian
Pain Questionnaire (QUID) and Margolis Pain
Diagram. A quantitative sensory testing (QST)
battery was used to assess thermal and tactile
sensitivity and measure mechanical (painful,
non-painful, superficial and deep) thresholds,
intensity of evoked pain and their distribution
in the upper and lower parts of the body. The
wind-up test was also applied by means of the
von Frey filament method to evaluate the
excitability of the CNS.

Instruments and Measurements

Visual Analog Scale (VAS)
VAS is a 10-cm horizontal line bounded at the
extremes by ‘‘no pain’’ and ‘‘worst pain possible’’
which measures the intensity of pain (0–10).
Subjects were asked to place a cross on the
horizontal line at the point that represented the
highest pain intensity perceived.
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The Italian Pain Questionnaire (QUID)
QUID [28] estimates the quality and intensity of
pain. It is a semantic interval scale consisting of
42 descriptors divided into four main classes:
sensory, affective, evaluative, miscellaneous.
The Pain Rating Index rank value (PRIr) for each
dimension and for the whole experience (Pain
Rating Index rank-Total—PRIr-T) is given by the
sum of scores each descriptor represents. The
instrument also incorporates a five-point
adjective scale to measure the present pain
intensity (PPI) (0–5).

Margolis Pain Diagram
The Margolis pain diagram [29] weights the
extension and distribution of pain, expressed as
the percentage of body surface in pain and its
location. The tool consists of a dorsal and a
ventral drawing of the body. The subjects are
asked to shade areas in which they have expe-
rienced pain.

Quantitative Sensory Testing (QST)
Six modalities of stimulation, both innocuous
(i.e. thermal, light tactile sensation, mechanical
detection threshold) and noxious (i.e. mechan-
ical pain threshold, pressure pain threshold),
were administered. Moreover, the wind-up
phenomenon was tested in all patients.

In particular:

• The thermal test was performed by letting a
drop of acetone fall on each body point [30].
An approximately 50 ll drop of room tem-
perature acetone (Zeta Farmaceutici, Vicen-
za, Italy) was applied from a 1 ml syringe.

• Light tactile test was carried out by gentle
brushing with cotton wool along 2 cm of the
skin at each point [19, 20].

• The mechanical detection threshold
(MDT) was determined using a standardized
set of von Frey filaments (Semmes Wein-
stein, Stoelting Co.) exerting forces from
0.078 to 588.235 mN (size 1.65–5.88), the
contact area of the probe being uniform and
flat. Each filament was applied to the skin in
ascending order at a 90� angle with sufficient
force to bend or bow the filament and was
held in place for 1.5 s and then removed.
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Patients were instructed to indicate when a
stimulus was felt [19, 20].

• The mechanical pain threshold (MPT) was
assessed using von Frey filaments (Semmes
Weinstein, Stoelting Co.) exerting forces
from 980.392 to 2941.176 mN (size
6.10–6.65), purposely modified (the contact
area was reduced to 0.2 mm diameter) to
induce pain. Filaments were applied to the
skin in ascending order until the first per-
ception of pain was reached. The patient’s
sensitivity to the pinprick pain was evalu-
ated by considering the applied force (mN)
and the intensity of pain perceived (VAS
0–10) [19, 20, 31].

• The pressure pain threshold (PPT) was
performed with a graded algometer (Forced
Dial FDK 20, Wagner Instruments, Green-
wich, CT, USA) whose probe area was exert-
ing a pressure up to 10 kg. The measurement
was stopped when the subject indicated that
the stimulus became painful or when the
pressure reached 5 kg. The patient’s sensitiv-
ity to the pressure pain was assessed by
reporting the applied force (kg) and the
intensity of pain perceived (VAS 0–10)
[19, 20, 31].

• Wind-up test. A single pinprick stimulus
whose force was equal to the value found in
the MPT test was administered on an area of
1 cm2 on the volar surface of the non-
dominant arm, after which a series of 10
stimuli was applied at 1/s rate [19, 20]. The
wind-up magnitude was calculated as the
difference between the intensity of pain
evoked by the single stimulus (VAS 0–10)
and the pain intensity elicited over the
whole series [32].

A trained investigator (VB) administered the
QST battery in a quiet environment with the
patient lying quietly. Tests were always given in
the same order, as reported above, and the
researcher waited 30 s between tests to avoid
temporal summation. QST was performed
within all body areas (e.g. trunk, upper and
lower extremities). Twenty body points (10 per
side symmetrically located on the right and left,
Fig. 1) were tested starting from the upper part
of the body and moving to the feet [33]. The

subjects had to report the sensation felt when
the stimulus was applied.

Prior to the sensory testing, subjects were
informed about the procedure and the ability to
stop it at any time.

Statistical Analysis

The descriptive analysis was carried out on all
subjects. Data are reported as mean ± SEM. The
normal distribution of the data was verified by
the Kolmogorov–Smirnov test. Comparisons
were performed with one-way analysis of vari-
ance (ANOVA) with the factor Sex (two levels:
male, female) or the factor Group (two levels:
AD males, AMN/cAMN/cALD males) depending
on the measures to be analyzed.

For each QST determination, an agglomera-
tive hierarchical cluster analysis was used with a
between-group average linkage aggregation
technique to identify clusters of patients with
homogeneous characteristics. In the agglomer-
ative hierarchical clustering, the analyzed N
statistical units were joined together iteratively,
starting with N clusters, each consisting of a
single unit and ending with a single cluster. The
Euclidean distance was used to determine the
distance between pairs of elements. Pearson
correlation, which measures the degree of linear
relationship between two profiles, was applied.
The average linkage clustering was chosen in
order to obtain clusters of patients on average
well separated from the other clusters, empha-
sizing the homogeneity of their characteristics
(QST features). For pain tests, correlations
(Pearson’s parametric and Spearman’s non-
parametric) between threshold values and VAS
scores were analyzed for each identified cluster
separately.

A 95% level of statistical significance was
used for all statistical analyses, performed using
SPSS version 10 software.

RESULTS

During the 2-year observation period, 20 males
and 10 females with the ALD/ABCD1-related
phenotype were studied. Table 1 shows the
patient demographics, the mutations observed,
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VLCFA levels, the clinical phenotype, the pres-
ence of pain and the cluster in which patients
were included for each sensory modality. Ten
males were affected by adrenomyeloneuropathy
(AMN), one by cerebral adrenomyeloneuropa-
thy (cAMN), one by cerebral adrenoleukodys-
trophy (cALD) and eight by Addison’s disease
only (AD). No specific diagnosis was made for
the females.

The patients’ mean age was 35.15 (range
10–64) years for males and 52.5 (range 22–68)
years for females. AMN/cAMN were signifi-
cantly older than AD (44.8 ± 14.0 vs.
22.2 ± 7.7; p\ 0.002). All males were symp-
tomatic, whereas 8 of the 10 females were
symptomatic, with varying degrees of
myelopathy signs. While most of the males
were under treatment (i.e. cortisone, glycerol
trioleate/erucic acid and conjugate linoleic acid
mixture, etc.), the females were all drug-free.

Subjects differed greatly in age, years since
onset of the disease, clinical variant and degree
of patient collaboration. In a few patients, the
severity of the disorder did not allow comple-
tion of the testing procedure; thus, for some
measurements there were missing values,

accordingly different numbers of subjects
entered the cluster analysis. The male data were
analyzed based on the clinical form.

Very Long Chain Fatty Acid (VLCFA)

VLCFA determined in all subjects according to
standard procedures [34] are reported in Table 2.
One-way ANOVA applied to C24/C22 and C26/
C22 ratios revealed a significant effect of the
factor Sex (F(1,27) = 11.79, p\ 0.001 and
F(1,27) = 9.26, p\0.005, respectively) due to
the higher values present in males than in
females. No differences were found in the ratios
between male patients suffering from AMN/
cAMN/cALD (n = 12) and AD (n = 8), although
there was a strong tendency towards higher
values in the former group (Table 2).

Pain Features

As reported in Table 1, pain was reported by
14/30 (46.7%) patients: 6/20 male (30%, 1 AD, 5
AMN) and 8/10 female (80%). In both sexes,
pain would be defined as ‘‘classical’’ neuropathic

Fig. 1 Graphical representation of the 10 body points per side and anatomical landmarks description

512 Pain Ther (2021) 10:505–523



pain in some cases, while in others it was due to
various abnormal motor dysfunctions, as side
effects of the disease. All pain indices (VAS,
QUIDtot,s,a,e, Margolis) except QUIDm were
slightly higher (i.e. worse) in females than in
males (Table 3), but no significant differences
were found. One AD subject (#11, Table 1)
recalled having felt minimal pain when he suf-
fered a traumatic injury of the brachial plexus
and during the postoperative period after sur-
gical repair. Another patient (AMN, #19,
Table 1) reported burning pain in the legs where
there were altered perfusion areas, edema and
dystrophic changes of the tissue with ulcers.

Quantitative Sensory Testing (QST)

QST was carried out in all patients; in most
cases, all 100 QST data (5 tests 9 20 body
points) for the various tests were obtained for
each patient. For these data, males and females
were considered together because a preliminary
statistical comparison, using the Mann–Whit-
ney test, did not reveal significant differences.

QST: Thermal Sensation
All patients completed the test. The drop of
acetone administered to the different points
induced abnormal sensations in 13/20 males
(65%, 9 AMN, 1 cAMN, 1 cALD, 2 AD) and 6/10
females (60%). In particular, eight males (40%,
6 AMN, 1 cAMN, 1 cALD) and four females
(40%) did not feel any sensation, one male
(AMN) and one female reported a mixture of
sensations ranging from a faint perception to no
perception, two males (AMN) mentioned a

weak sensation, and two males (AD) and one
female were unable to identify what they per-
ceived. In addition, one male (AMN, #5,
Table 1) and one female experienced allodynia;
in particular, the male subject reported burning
pain in an area distant from the stimulated
point. The sensory abnormalities were always in
the lower extremities. The remaining 7/20
males (1 AMN, 6 AD) and 4/10 females reported
normal sensation at all points.

QST: Light Tactile Sensation
The tactile test was carried out in all subjects at
each point. Light brushing of the points with
cotton wool evoked an abnormal sensation in
7/20 males (35%, 5 AMN, 1 cAMN, 1 cALD). In
particular, five subjects (4 AMN, 1 cAMN) did
not detect the stimulus, one AMN had a very
weak perception and one cALD felt mixed sen-
sory abnormalities, i.e. no sensation at some
points, an ambiguous sensation at others.
Among those who did not perceive the stimu-
lus, one subject (AMN #5, Table 1) complained
of burning pain in a distant area also after this
kind of stimulation. The sensory abnormalities
were always in the lower extremities. The
remaining 13 males and all the females showed
normal light tactile sensations.

QST: von Frey Mechanical Detection Threshold
(MDT)
All patients underwent the test, although it was
not completed in five males and two females.
The size of the probe able to evoke the sensation
varied greatly from one subject to another; for
example, on the right foot external point, it

Table 2 Biochemical determinations in males and females

Males Females (lmol/l)

All males (lmol/l) AD (lmol/l) AMN/cAMN/cALD (lmol/l)

VLCFA 2.5 ± 0.2 2.0 ± 0.5 2.9 ± 0.9 2.19 ± 0.29

C24/C22 1.5 ± 0.1 1.7 ± 0.3 1.6 ± 0.4 1.13 ± 0.05**

C26/C22 0.07 ± 0.01 0.07 ± 0.02 0.08 ± 0.03 0.05 ± 0.003**

C24/C22 and C26/C22 ratios were compared
**p\ 0.01 vs. other sex same ratio
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ranged from 2.44 to 5.88 in males and 2.44 to
5.56 in females. Male subjects suffering from
AMN/cAMN/cALD always showed a higher
threshold than the AD, and the difference was
significant at 10 points (Table 4).

The MDT measurements recorded in all
males and females were used in a cluster anal-
ysis, which allowed the identification of four
homogeneous groups of patients with distinct,
well-interpretable threshold profiles (see values
from one representative point in Fig. 2 and
median values for each cluster in S1 Table). The
first cluster had six patients, three male (all
AMN) and three female. MDT values greatly
increased from the trunk to the feet, and were
extremely high in the lower limbs, indicating
strong hyposensitivity to this type of stimulus.
The second cluster had three males (2 AMN, 1
AD) and one female; in these subjects the MDT
values at the foot external points were extre-
mely low, indicating hypersensitivity to the
punctiform tactile stimulus. The third cluster
had five subjects, four male (3 AD and 1 AMN)
and one female. In this group the mechanical
threshold recorded on the left and right side
coincided until the knee. Below the knee, the
values of the ipsilateral and contralateral points
differed, although for each side the values at all
three points were very similar. The fourth
cluster had six subjects, four male (2 AMN, 1

cAMN, 1 AD) and two female. The MDT values
of the left and right side were the same, except
for those at the forearm dorsal surface, leg pos-
terior and foot external points; for the last
point, the value on the left side was very low,
suggesting high sensitivity to the stimulus.

There were no significant differences among
clusters based on age, type of mutation or blood
VLCFA amount.

Table 5 reports the distribution within each
cluster of the patients with abnormal sensations
evoked by thermal and light tactile stimuli.
Moreover, the table includes the number of
patients with chronic pain belonging to each
cluster.

QST: von Frey Mechanical Pain Threshold
(MPT) All patients underwent the test,
although it was not completed in five males and
two females. Twenty-five subjects (16 male, 9
female) reported pain when the von Frey fila-
ments (size 6.10–6.65) were applied to the tes-
ted points; out of these, seven males (5 AMN,
1cAMN, 1 AD) and two females did not report
pain at some points, and four males (1 AMN, 3
AD [#20, 21, 22, Table 1]) and one female did
not report pain at any point. In patients in
which pain was reported, its intensity was usu-
ally low (VAS 1–3), being high (VAS 7–8) in only
a few cases.

Table 3 Pain parameters

Instruments All Males Females p

VAS 5.9 ± 2.4 5.5 ± 1.9 6.1 ± 2.9 ns

QUID tot 14.4 ± 4.7 14 ± 6.3 14.8 ± 3.6 ns

QUID sensory 7.7 ± 3.1 7.0 ± 3.0 8.3 ± 3.3 ns

QUID affective 1.7 ± 1.3 1.5 ± 1.6 1.9 ± 1.1 ns

QUID evaluative 4.4 ± 3.2 4.3 ± 3.8 4.4 ± 3.0 ns

QUID miscellaneous 0.6 ± 1.1 1.2 ± 1.3 0.3 ± 0.7 ns

QUID PPI 1.0 ± 0.9 1.2 ± 1.0 0.9 ± 1.0 ns

Margolis % 21.3 ± 15.0 19.7 ± 11.9 22.5 ± 17.7 ns

Intensity (VAS), quality (QUID) and extent (Margolis) of pain in males and females. ANOVA was carried out between
male and female groups. Differences were considered significant with p\ 0.05
ns not significant
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The cluster analysis of MPT values and the
corresponding VAS scores revealed two homo-
geneous clusters of patients with distinct char-
acteristics (median, 2S Table): the first cluster
included eight males (4 AD [#1, 20, 21, 22,
Table 1], 3 AMN, 1 cAMN), while the second
cluster had eight males (4 AD, 4 AMN) and
three females. At all points, MPT values were
higher in cluster 1 than in cluster 2, whereas the
VAS scores were lower in cluster 1 than in
cluster 2.

Table 6 shows the distribution of the patients
with abnormal sensations evoked by thermal
and tactile stimuli within the two clusters
obtained with MPT/VAS; the table also includes
the number of patients suffering chronic pain.
There were no significant differences among
clusters based on age, type of mutation or blood
VLCFA amount.

QST: Algometer Pressure Pain Threshold (PPT)
Twenty-eight patients (20 male and 8 female)
underwent the test, although it was not com-
pleted in five males. Twenty-six of them pre-
sented a PPT, while in nine males (5 AMN, 4

Table 4 QST: von Frey mechanical detection threshold
(MDT) in males

Point AD AMN/cAMN/cALD p <

lumb-R 3.29 ± 3.3 33.8 ± 42.2 0.05

leg-lat-R 3.35 ± 3.1 154.0 ± 248 0.02

leg-lat-L 4.2 ± 2.8 96.4 ± 187.5 0.01

leg-ant-R 3.3 ± 3.0 60.3 ± 80.7 0.02

leg-ant-L 3.6 ± 3.0 52.8 ± 75.1 0.01

leg-post-R 2.9 ± 2.1 89.0 ± 172.3 0.02

leg-post-L 4.3 ± 2.6 96.2 ± 179.6 0.02

f-ext-L 2.3 ± 2.1 49.9 ± 81.9 0.02

f-int-R 2.4 ± 2.0 90.3 ± 181.4 0.03

f-int-L 2.1 ± 1.9 45.1 ± 81.4 0.01

Values at the 10 points where the difference between AD
and AMN/cAMN/cALD male patients was significant
(ANOVA, p\ 0.05). Points: leg, anterior (leg-ant); lum-
bar (lumb); leg, lateral (leg-lat); leg, posterior (leg-post);
foot, external (f-ext); foot, internal (f-int)
L left, R right

Fig. 2 QST: mechanical detection threshold (MDT). Mean MDT values at one representative point (foot, external left,
f-ext L) in all clusters
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AD) and six females pain was evoked at all
points, and in nine males (5 AMN, 1 cAMN, 2
AD and 1 cALD) and two females pain was
evoked only at some points. The other two
males (AD [#21, 22], Table 1) did not report pain
at any point at the maximum level of pressure
administered (5 kg). Pain intensity (VAS) ranged
mainly from 1 to 3, being high (VAS 7–8) only
in a few instances.

Cluster analysis of the PPT values and the
corresponding VAS scores revealed two distinct
groups of patients: the first cluster included
five males (3 AMN, 2 AD) and six females, and
the second cluster had 11 males (6 AMN, 1
cAMN, 4 AD). At all points, the PPT values
(median, 3S Table) were lower in cluster 1 than
in cluster 2, while the VAS scores were higher in
cluster 1 than in cluster 2. A trend towards a
negative correlation between PPT values and VAS
scores was observed at 10 points in cluster 1,
reaching significance at one point (Table 7). By
contrast, a positive correlation between the PPT
values and VAS scores was found at 8 points in
cluster 2, the correlation being significant at five
of these points (Table 7).

Table 8 reports the distribution of the
patients with abnormal sensations evoked by
thermal and tactile stimuli within each cluster
obtained with PPT/VAS values. The table also
includes the number of patients with chronic
pain. There were no differences between the
clusters based on age, type of mutation or bio-
chemical data.

QST: Wind-Up Test
All patients underwent and completed the test.
Sixteen patients, 13 male (8 AD, 4 AMN, 1
cAMN) and 3 female, exhibited the wind-up
phenomenon, i.e. an increase in the VAS score
after repetition of the suprathreshold stimulus
at the established point, the increase ranging
from 1 to 6.

DISCUSSION

Chronic pain and sensory features were ana-
lyzed in a cohort of male and female subjects
with an ABCD1-related phenotype. Almost half
of these subjects reported chronic pain, with
female subjects representing by far the higher

Table 5 Cluster features for mechanical detection threshold (MDT)

Cluster von Frey MDT
Cluster 1 vs. cluster 2

Males/
females

Thermal Light touch Pain

1 Higher threshold

(HYPOSENSITIVE)

Males

Females

2/3 no sensation

2/3 no sensation

2/3 no

sensation

0/3 alterations

1/3

3/3

2 Lower threshold

(HYPERSENSITIVE)

Males

Females

1/3 no sensation

1/3 alterations

0/1 alterations

1/3 no

sensation

0/1 alterations

2/3

0/1

3 Males

Females

2/4 alterations

1/1 no sensation

0/4 alterations

0/1 alterations

1/4

1/1

4 Males

Females

2/4 no sensation 2/4 light

sensation

2/2 no sensation

2/4 no

sensation

0/2 alterations

0/4

2/2

Characteristics of the patients’ sensory profiles in each cluster. Data are reported as frequency/total number of patients in
the cluster. No sensation: the patient did not report any perception; Alterations: the patient reported an abnormal response
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percentage. Male patients differed greatly in the
sensory phenotype according to the clinical
variants of the disease, i.e. adrenomyeloneu-
ropathy (AMN), cerebral AMN (cAMN), cerebral
adrenoleukodystrophy (cALD) and Addison’s
disease only (AD). We found significant sex
differences in most of the applied tests.

X-ALD is characterized by the accumulation
of VLCFA which appears to trigger the patho-
logical events [1, 2, 10]. In the neural forms, the
increased amount of VLCFA was shown to
modify the structure and functions of the lipi-
dic component of axons [17, 35]. The AMN
axonopathy mainly involves large myelinated
fibers (forming the major motor and mechani-
cal sensory pathways), but small myelinated
fibers (forming nociceptive and thermal sensory

pathways) have recently been found to be
involved [15, 17]. Thus, both large and small Ad
myelinated fibers may be damaged contempo-
raneously, with complex sensory outcomes. In
the cerebral forms, severe demyelinization of
the white matter, neuron shrinkage in the grey
matter aggregates and fibrillary gliosis have
been observed. These conditions result in dys-
function of brain tracts, nuclei and structures
up to irreversible failure [36, 37]. In the AD
clinical form, only adrenal cortex cells are
affected, with loss of their functions [7, 8].

Studies have reported altered sensation and
chronic pain in subjects affected by ALD; pain
was localized mainly in the lower limbs
[17, 38, 39] or was diffuse [8]. In the present
study, pain was observed in a high percentage of
patients (nearly 50%), with a significant preva-
lence of females; males with pain were mainly
affected by AMN. No sex differences were found
in pain intensity, quality or extension. In par-
ticular, some patients suffered from a pure form
of neuropathic pain, while others showed a
musculoskeletal component, in some instances
due to the coexistent impairment of Ab motor
fibers, in others caused by conditioned behav-
ioral responses. Of note, although avulsion of
the brachial plexus usually causes unbearable
pain [40], one AD patient mentioned low-in-
tensity pain during the traumatic injury of the
brachial plexus and the postoperative period.
Another patient presented areas of altered per-
fusion, edema and trophic changes of skin and
subcutaneous tissues in the legs, all signs

Table 6 Cluster features for mechanical pain threshold (MPT)

Cluster von Frey MPT
Cluster 1 vs. cluster 2

Males/
females

Thermal Light touch Pain

1 Higher threshold

Lower VAS (HYPOALGESIC)

Males

Females

2/8 no sensation

2/8 light

sensation

3/8 no sensation 2/8

2 Lower threshold

Higher VAS

(HYPERALGESIC)

Males

Females

4/8 no sensation

1/3 no sensation

1/8 no sensation 1/8 light

sensation

0/3 no sensation

3/8

2/3

Characteristics of the patients’ sensory profile in each cluster. No females were present in cluster 1

Table 7 PPT/VAS correlations per cluster

Points Cluster 1 Cluster 2

r p r p

fa-vs-R - 0.378 Ns ? 0.639 \ 0.05

fa-vs-L - 0.540 Ns ? 0.762 \ 0.01

fa-ds-R - 0.770 \ 0.05 ? 0.830 \ 0.01

fa-ds-L - 0.623 Ns ? 0.745 \ 0.01

f-ext-R - 0.619 Ns ? 0.647 \ 0.01

Correlations between PPT values and VAS scores within
each cluster. Points: forearm, volar surface (fa-vs); forearm,
dorsal surface (fa-ds); foot, external (f-ext)
L left, R right
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presumably dependent on an abnormal sym-
pathetic nervous system regulation of blood
flow. In this case, primary impairment of the
myelinic part of the sympathetic system [15, 17]
and functional coupling between lesioned
peripheral afferent nerve and sympathetic fibers
[41], both generating or worsening pain, can be
hypothesized. There are few literature reports
focusing on the impairment of nociceptive
pathways in this disease [15–17]. In AMN, the
pain pathways may undergo degeneration in
both the central and peripheral neural systems,
and thus fibers may lose the ability to transmit
signals or may fire spontaneously or inappro-
priately [42]. Kumar [16] described lesions of the
spinothalamic tract localized in the thalamus in
an AMN patient, while Horn [15] and Yague
[17] highlighted small fiber dysfunctions.

A persistent injury or disease affecting the
neural system can produce enhanced synaptic
strength due to neuronal [43] and glial cell
upregulation [44]; moreover, the latter compo-
nent may be enhanced when there is a con-
current condition of neuroinflammation
[45–48]. Interestingly, while in the cerebral
clinical form (cAMN/cALD) of X-ALD a huge
quantity of monocytes/macrophages and
T-lymphocytes were found to cross the blood–-
brain barrier, inducing the microglia cells to
undergo aberrant activation [49], in the AMN
clinical variant, neuroinflammation appears to
be absent or mild, although monocyte and
macrophage infiltration and activation of
microglia cells [50] have been found. Moreover,
Marchetti et al. [51] showed increased blood
levels of some inflammatory cytokines (IL-1, IL-
8) in asymptomatic ALD subjects and of TNF-a

in AMN patients, suggesting a neuro-inflam-
matory condition in AMN subjects as well.
These immune cells secrete large amounts of
proinflammatory cytokines, chemokines and
also iNOS and other inflammatory mediators
[52] which, increasing NMDA release at the
synapse [44], amplify the nociceptive signaling,
a condition that helps to explain the high per-
centage of patients suffering pain in this clinical
form.

The functional status of small Ad and large
Ab fibers was investigated by means of quanti-
tative sensory testing (QST) [19, 21]. Standard-
ized tests that activate specific fibers and switch
on particular sensory submodalities were
administered to investigate the ongoing
behavior of the somatosensory system.

The functioning of Ad fibers was examined
by measuring the mechanical pain thresholds
(von Frey and algometer tests). Interestingly,
despite the presence of chronic pain in most of
the patients, several males and females did not
report pain at some/any points. This important
condition of hypo/insensitivity can be attrib-
uted in AMN/cAMN/cALD patients to axon
degeneration and thus a loss of function; in the
AD patients, in which the integrity of the neural
system has been largely confirmed [8, 9], an
involvement of ß-endorphins can be hypothe-
sized, as they have been found in peroxisomes
of cells positive to the adrenoleukodystrophy
protein (ALDP) [53, 54].

The response to the repeated stimulation by
suprathreshold painful stimuli (wind-up)
appears to confirm this interpretation. Indeed,
all the AD subjects displayed this phenomenon,
i.e. an increase in pain intensity in the

Table 8 Cluster features for pressure pain threshold (PPT)

Cluster Algometer PPT
Cluster 1 vs. cluster 2

Males/females Thermal Light touch Pain

1 Lower threshold

Higher VAS (HYPERALGESIC)

Males

Females

2/5 no sensation

4/6 no sensation

1/5 no sensation

0/6 no sensation

2/5

5/6

2 Higher Threshold

Lower VAS (HYPOALGESIC)

Males

Females

8/11 no sensation 4/11 no sensation 3/11

Characteristics of the patients’ sensory profile in each cluster. No females were present in cluster 2
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stimulated area, while only a few AMN patients
reported a heightened sensation. It is reasonable
to infer that, in the AMN patients, degeneration
or atrophy of the fibers was too severe to allow a
gain of the signal, while in those who presented
wind-up, the surviving nociceptors and axons
were sufficient to contribute to a potentiated
synaptic transmission [55]; alternatively, in
these subjects the signal was likely maintained
by vicarious mechanisms such as ectopic
impulses which preserved the connection with
the sensing brain [56]. It is worth noting that
AD patients developed enhanced pain,
although their nociceptive pathways were
hyposensitive; thus, repeated stimulations as
produced in the wind-up test allowed their
activation and also their increased excitability.

The functional status of Ad fibers was further
assessed by means of the thermal test. A multi-
faceted spectrum of responses was observed,
indicating that the degree of sensory loss varied
greatly among subjects/clinical variants. Several
males and females manifested no sensation or
reported a minimal or ambiguous perception,
particularly in the lower extremities, corrobo-
rating the dying-back pattern of the axonopa-
thy. All males except two suffered from the
neural clinical variant of the disorder; one of
them and also a female exhibited allodynia in a
remote area, showing the occurrence of central
sensitization. These findings are in agreement
with Yague et al. [17], showing thermoalgesic
hypoesthesia in the lower body district of AMN
subjects, and Horn et al. [15], who observed
altered thermal sensitivity in the lower limbs of
AMN males and females.

The performance of large Ab fibers was
examined by means of the mechanical thresh-
old test. The thresholds were higher in the
patients diagnosed with the neural variant than
in AD patients, the difference being significant
in the lower body district. Cluster analysis
aggregated patients into four groups with dis-
tinct profiles with respect to the function
examined. These outcomes substantiate a distal
proximal pattern of the axonal degeneration in
Ab fibers as well. Moreover, a high percentage of
AMN subjects and both patients diagnosed with
the cerebral form did not perceive the light
tactile stimulus or reported an unclear or weak

sensation. As in the thermal test, one AMN
subject experienced a burning pain in a distant
area. All these aberrant responses were dis-
tributed in the lower limbs, confirming the
length-dependent pattern of the axonopathy.
Of note, no AD subject or female reported an
altered sensation, even when the testing was
carried out in areas presenting anomalies in
other sensory submodalities. Thus, large Ab
fibers were impaired in several patients affected
by the neural variant of the disorder, but their
functioning was preserved in females and AD
subjects.

Study Limitations

Some limitations of the study must be men-
tioned. The sample was too small to give
unambiguous and conclusive findings, even
though the patients were randomly enrolled
over 2 years in the two major Italian study
centers. Moreover, the QST findings must be
regarded as closely linked to the contingencies;
indeed, many potential confounding factors
can influence sensory testing [57–60]. Lastly,
this is a progressive disease, and thus the
assessment describes the features only at the
time of testing. Studies on a larger number of
patients are needed to confirm our results.

CONCLUSIONS

To our knowledge, this is the first time that a
systematic pain study has been carried out in
patients suffering from this neuro-metabolic
syndrome. We applied an objective method, the
QST, to measure the sensory phenotype of our
subjects who, unlike in similar studies of neu-
ropathic patients, were tested at numerous
points to obtain a body distribution of the
alterations, confirming that the disease has a
bottom-up pattern. Given that the sensory
profile is a surrogate of the mechanisms under-
lying individual neuropathic pain [61], the
outcomes of our study represent a premise for
proposing targeted therapies, in agreement with
international guidelines and, where possible,
with an etiological approach.
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