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Summary

The aim of the study was to analyse MR images of the brain, including advanced MR techniques,
such as single voxel spectroscopy (MRS) and diffusion tensor imaging (DTI), in children with
X-linked adrenoleukodystrophy (X-ALD) before and after haematopoietic stem cell transplantation
(HSCT) and to establish the imaging criteria which may be helpful in the assessment of disease
staging, qualification to HSCT and follow-up.

Seven boys, aged 5-10 years, (mean 8.14 years) with biochemically proved X-ALD, underwent plain
MR imaging with a 1.5 T unit before and after HSCT. Structural images were analyzed using an
MRI severity scale (Loes scale). In one patient the follow-up examinations included MRS with the
assessment of metabolite ratios (NAA/Cr, Cho/Cr, mI/Cr), as well as DTI with evaluation of fractional
anisotropy (FA) and apparent diffusion coefficient (ADC) in several white matter tracts.

Two boys had an MRI severity score before HSCT equal to <8 points, and after HSCT they showed
no clinical or radiological progression. In 5 patients with a higher severity score (from 8 to 16
points, mean 10.9) before HSCT, clinical and radiological progression was observed (MRI severity
score from 17 to 25 points, mean 20.9). Follow-up advanced MRI techniques in one boy showed
metabolic alterations, as well as decreased FA and ADC values in all evaluated areas.

Children at an early stage of X-ALD (below 8 points in MRI severity scale) are more likely to benefit
from HSCT. DTI and MRS seem to be more useful imaging methods to assess the progression of
X-ALD.

Adrenoleukodystrophy « Diffusion Tensor Imaging » Magnetic Resonance Imaging ©
Magnetic Resonance Spectroscopy
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Background

Material and Methods

X-linked adrenoleukodystrophy (X-ALD) is caused by a
defective transporter protein (ABCDP) in the peroxisomal
B-oxidation, which results in the accumulation of very
long-chain fatty acids (VLCFA) in tissues (white matter of
the central nervous system, adrenal cortex, testes) and
blood. X-ALD diagnosis is based on the detection of VLCFA
levels in blood [1-3]. Children with early-stage X-ALD could
benefit from haematopoietic stem cell transplantation
(HSCT) which may decrease the neurologic symptoms [1,4].
The most important clinical dilemma is to find out the sub-
group of patients who are most likely to benefit from this
treatment.

An MRI severity scoring system, called the “Loes scale”,
has been used for the evaluation of cerebral changes in
patients with X-ALD before HSCT, as well as to follow up
disease progression [5]. This MRI Severity Scale evaluates
the degree and extent of pathological hyperintense regions
in conventional MR images, such as T2-weighted images
and FLAIR (fluid-attenuated inversion recovery sequence)
images [5]. This scale does not include the advanced MR
techniques for evaluation of cerebral alterations in patients
with X-ALD.

It is well known that advanced MR techniques, such as
magnetic resonance spectroscopy (MRS) and diffusion ten-
sor imaging (DTI) allow for in vivo assessment of the cer-
ebral metabolic and microstructural alterations, which is
much further beyond the structural MRI evaluation [6,7].

Magnetic resonance spectroscopy (MRS) has enabled the
studies of certain metabolites in a variety of pathological
processes that affect the central nervous system (CNS).
MRS can show the changes in metabolite profiles even in
normal-appearing white (NAWM) and normal-appearing
grey matter (NAGM) [6,8].

Diffusion tensor imaging (DTI) provides measures of 3D
anisotropic diffusion of water molecules within tissues.
By measuring the fractional anisotropy (FA) and appar-
ent diffusion coefficient (ADC) parameters, it is possible to
delineate the characteristic changes in brain tissues at the
level of the cellular microarchitecture, as well as to show
the changes in NAWM and NAGM that are not visible on
plain MRI [7,9]. These advanced MR techniques may offer
a potentially unique insight into pathophysiology of CNS
involvement in patients with X-ALD.

The purpose of our study was to analyse MR images of the
brain, including advanced MRI techniques, such as single
voxel spectroscopy (MRS) and diffusion tensor imaging
(DTI) in children with X-ALD, before and after HSCT. We
also aimed to establish the imaging criteria which may be
helpful in the assessment of disease staging, qualification
to HSCT and follow-up. Additionally, we attempted to eval-
uate the possible correlations between MRI examinations
and the clinical data such as clinical outcomes of the study
patients and the laboratory findings (VLCFA levels).

Patients

Seven boys, aged 5-10 years, (mean age 8.14 years) with
biochemically proved X-ALD, were enrolled in the study.
The diagnosis of X-ALD was based on the neurological
symptoms, magnetic resonance imaging findings, elevat-
ed level of VLCFA in blood samples, and family screening.
The pre-transplant duration of neurological symptoms in
symptomatic patients ranged from 2 to 7 years. One of the
patients was asymptomatic (patient 1), another one (patient
2) was diagnosed owing to X-ALD diagnosis confirmation in
his brother (that patient had also neurological disturbances
due to congenital cytomegalovirus [CMV] infection).

All boys underwent allogeneic HSCT, 5 boys from among
matched unrelated donors, and two from among matched
sibling donors. The mean age at the time of HSCT for
patients with X-ALD was 8.14 years (ranging from 5 to 10
years). Sibling donors were evaluated for VLCFA levels and
accepted only if the acid levels remained within the nor-
mal range. Two patients (1 and 3) were subjected to trans-
plantation twice because of graft rejection. Conditioning
regimens were as follows: busulfan (Bu)/cyclophosphamide
(Cy)-based in 2 cases, treosulfan (Treo)/fludarabine (Flu)/
Cy-based in 3 cases, and Treo/Cy-based in other cases.
Acute Graft versus Host Disease (aGvHD) prophylaxis
included either antithymocyte globulin (ATG) plus cyclo-
sporine A (CSA)/methotrexate (Mtx) — in HSCT from unre-
lated donors or ATG/CSA - in HSCT from matched related
donors.

The clinical characteristics of the study group are shown in
Table 1.

The study was conducted in accordance with the guidelines
of the local University Ethics Committee for conducting
research involving humans. Parents or legal guardians of
all patients provided their signed informed consent to par-
ticipate in the examination.

Blood samples

Blood samples of 1-2 mL were taken from patients after
a 12-hour overnight fast. The next step was centrifuga-
tion for 4 minutes at 3000 g. The serum was separated and
stored frozen at —-20°C before the analysis [10].

VLCFA analysis

Analysis of VLCFA levels, as the methyl esters, was car-
ried out in accordance with the method described by
Stradomska TJ [10].

Serum VLCFA levels (C26:0, C24:0, C22:0) were deter-
mined by a gas chromatography technique. Fat acids were
esterified with a mixture of methanol and acetyl chloride.
The fatty acid methyl esters were extracted in the next
step with hexane and separated by capillary column gas
chromatography using a Hewlett Packard 5890 series II
GC equipped with a capillary column (OV-1 30 m, 0.25ID).
The ionization detector was flamed. The programmed
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Table 1. The dinical characteristics of the study group.

VLCFA before HSCT

VLCFA after HSCT

Ageat Alive/post-HSCT

Clinical symptoms HSCT,  follow-up,

Patient

beforeHSCT o r¢ years  (24:0/Q22:0 6:0/C22:0 T"‘;&E’f“‘ 24:0/Q22:0 (26:0/C22:0
Patient 1 . 8.5 8 gm 14224 0.0324
(Oyo) Asymptomatic 9.5 7 1586 0.063 3y 13550 0.022)
Patient 2 1.5y 15350 0.0804
(5y0) ALDfoundinbrother 47 5.8 1.959 0.134 4y 15114 0.075
y-0. 5y 15034 0.0540
Patient 3 . th 6.5 Progression
(770) Since 6y. 63 and death 1.578 0.060 2m 0.079) 0.0174 L0
F()j‘g_ey";‘)‘ Since 7y, 108 43 1575 0.049 om 098l  0030l10
Patient 5 6m 14684 0.103T
(8.0 Since 7y 7.8 58 1733 0.075 4y 2017 0.100T
y-0. 5y 19137 0.123T
Patient 6 — 8m 11124 0.040d
8-y0) Since 7%y 85 6.5 1702 0.070 1y 0608 0017 410
‘()?g_ey”g Since 21y, 103 104 1492 0.033 sm 124l 00wl

VLCFA — very long chain fatty acids; VLCFA level within normal limits: C24: 0/C22: 0 <0.960, 26: 0/C22: 0 <0.030. T — increase of VLCFA levels after
HSCT; 1 — decrease of VLCFA levels after HSCT; y — year(s); o — old; m — month(s); LO — patient treated with the Lorenzo’s oil; HSCT — haematopoietic

stem cell transplantation.

separation included an initial temperature of 140°C for 1
minute, followed by an incremental increase of 8°C/min to
280°C for 10 minutes. Concentrations of VLCFA were cal-
culated with HP-Chem-Station Software (Hewlett Packard)
with tricosanoic acid as an internal standard. Identification
of the fatty acid methyl esters was performed by using
commercially available fatty acid standards (Sigma
Chemical Co, St. Louis, Mo., USA) [10].

MR imaging protocol

MR imaging was performed on a 1.5 T Signa Hdx scanner
(GE Healthcare, Medical System) using a 16-channel coil
dedicated for head and spine imaging. In 2 boys MRI exam-
inations were performed under general anesthesia due to
their young age (5 and 7 years). All children underwent
plain MR imaging before and after HSCT.

Conventional sequences included: axial, sagittal and coro-
nal T2-weighted images, axial T1-weighted and FLAIR
(fluid-attenuated inversion recovery sequence) images, dif-
fusion-weighted imaging (DWI), as well as 3D FSPGR (fast
spoiled gradient-echo) T1-weighted images after contrast
administration.

MR Severity Scale

For the analysis of MR images we used the MRI Severity
Scale, which was designed for X-ALD by Loes DJ et al. [5].
In this scale different brain regions are assessed, includ-
ing: parieto-occipital white matter (WM), anterior tempo-
ral WM, frontal WM, corpus callosum, basal ganglia, cer-
ebellum, as well as visual pathway, auditory pathway, and

Table 2. MRI Severity Scale [5].

Parieto-occipital WM
(maximum 4)

Anterior temporal WM
(maximum 4)

Frontal WM (maximum 4)
« Periventricular

- Central

« Subcortical

« Local atrophy

Visual pathway (maximum 4)
- Optic radiation

« Meyer’s loop

- Lateral geniculate body

« Optic tract

Corpus callosum (maximum 5)
« Splenium

+Body

+Genu

« Splenium atrophy

- Genu atrophy

Auditory pathway

(maximum 4)

+ Medial geniculate body

« Brachium of inferior colliculus
- Lateral lemniscus

«Pons

Basal ganglia (maximum 1)

Projection fibers (maximum 2)
« Internal capsule
« Brainstem

Cerebellum (maximum 2)
- White matter
« Atrophy

Global atrophy (maximum 4)
« Mild

« Moderate

- Severe

« Brainstem

Each region is scored as 0 if normal, 0.5 if unilateral involvement
is present, and 1 if the lesion or atrophy is bilateral. The maximum
severity score is 34; a score of >1 is considered abnormal. WM — white

matter.

183



Original Article

© Pol J Radiol, 2015; 80: 181-190

projection fibers (Table 2). Global atrophy is also evaluated
in the MRI Severity Scale. Each region was scored as 0 if
normal, 0.5 if unilateral involvement was present, and 1 if
the lesion or atrophy was bilateral. The maximum severity
score is 34; a score of >1 is considered abnormal.

Magnetic resonance spectroscopy (MRS)

In one boy (patient 3) the MRS examination was performed
after 4 and 11 weeks following HSCT, using the Single Voxel
Spectroscopy (SVS) technique (PRESS sequence). The data
acquisition parameters were as follows: TR=1500 ms,
TE=35 ms, number of acquisitions - 128, time of acquisi-
tion — 3 min 45 s.

Using the localizing axial T2-weighted images of the brain,
two voxels of 2X2x2 cm (8 cm?®) were placed in the grey
and white matter. The voxels were located in the following
2 regions: within the normal-appearing grey matter of the
anterior cingulate gyrus — ACG (Figure 1A) and within the
affected white matter region of the left parietal lobe — PWM
(parietal white matter) (Figure 1B). The total acquisition time
was 3 min 45 s for each voxel. MRS data were post-processed
using algorithms provided by the manufacturer (GE worksta-
tion, ADW 4.4). Each spectrum was automatically fitted to
four peaks corresponding to the levels of N-acetylaspartate
(NAA) (2.02 ppm), total creatine (Cr) (3.03 ppm), choline-con-
taining compounds (Cho) (3.23 ppm) and myo-inositol (mI)
(3.56 ppm). Ratios of NAA, Cho, and mI to creatine (NAA/Cr,
Cho/Cr, mI/Cr, respectively) were calculated and analyzed.

Diffusion Tensor Imaging (DTI)

One boy underwent DTI examinations at 4 and 11 weeks
following HSCT. DTI studies were performed using a sin-
gle-shot SE-EPI sequence in 25 coding directions with the
following parameters: TR 8500 ms, TE 100 ms, matrix
128x128, FOV 24x24 cm, number of acquisitions=2, b
values 0 and 1000 s/mm?. Axial 5-mm-thick slices with
no spacing were obtained. The total acquisition time was
7 min 29 s. DTI data were post-processed on commercial
workstations (GE Healthcare, ADW 4.4.) using Functool
software to generate color-coded and parametric maps
of FA and ADC. FA, as well as ADC measurements were
obtained using small, circular ROIs (size 51 mm?) within

Figure 1. Representative T2-weighted images
(transverse cross-section) indicating
voxel locations. Single-voxel magnetic
resonance spectroscopy was performed
intwo regions: within the normal-
appearing grey matter of the anterior
cingulate gyrus — ACG (A) and within
the affected white matter region of the
left parietal lobe — PWM (parietal white
matter) (B).

the selected white matter fibers under control of color-cod-
ed maps. The evaluated fibers were defined using available
anatomy atlases and publications [11]. FA and ADC meas-
urements were performed on axial slices within fourteen
white matter fiber tracts. The association fibers included
inferior longitudinal fasciculi (ILFs) at the level of the mid-
brain, inferior fronto-occipital fasciculi (IFOFs) at the level
of inferior aspects of the thalami laterally to the occipital
horns of the lateral ventricles, superior longitudinal fas-
ciculi (SLFs) at the level of superior aspects of the lateral
ventricles and bilateral posterior cingulum (PC) fibers. The
assessed commissural tracts included the genu (GCC) and
splenium (SCC) of the corpus callosum at the level of the
basal ganglia (Figure 2). The examined projection tracts
included posterior limbs of the internal capsules (PLICs)
and middle cerebellar peduncles (MCPs).

Results

The level of VLCFA

The VLCFA before and after HSCT is presented in Table 1.
In two asymptomatic boys (patient 1 and 2) VLCFA levels,
mainly as €26:0/C22:0 decreased by 40-60% and remained
at that level at 3 and 5 years after transplantation. Two
boys (patient 6 and 7) showed reduction of C24:0/C22:0 and
(26:0/C22:0 ratios of about 40%. In patient 6, after initial
improvement, neurological deterioration was observed,
and that is when the Lorenzo's oil (LO) was implemented,
which had been a known factor biochemically decreasing
serum VLCFA levels. In patients 3 and 4, the Lorenzo’s oil
was administrated after HSCT, which caused a decrease
in the C24:0/C22:0 and C26:0/C22:0 parameters to normal
values. Patient 5 showed a slight decrease in VLCFA levels
after HSCT, but subsequently a severe increase of VLCFA
levels even above the output levels was observed.

Reduction of VLCFA levels after HSCT correlated with MRI
results in (patient 1 and 2) and their increase, in turn, cor-
related with MRI severity score and clinical progression
in patient 5. Patients 3,4 and 6 after transplantation were
treated with LO, which resulted in the reduction of these
biomarker levels, independently of conducted HSCT. One of
7 patients in that study (patient 3) died after HSCT because
of progression of the disease.
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Figure 2. Diffusion tensor imaging. Examples of measurements within the corpus callosum at the level of the basal ganglia, small ROIs within
the genu (green ROI) and splenium (red ROI) of the corpus callosum are visible: on a colour-coded map (R), FA map (B), as well as ADC

map (C).

Plain MR imaging findings

In one boy, X-ALD was incidentally diagnosed in MRI
examination performed after head trauma. In one patient,
suspicion of X-ALD was raised due to the disease found in
the older brother and the MRI study confirmed the diagno-
sis afterwards. In the other 5 children the MRI examina-
tions were performed because of neurological symptoms.

In 6 patients, MR imaging showed changes typical for
X-ALD in the occipitoparietal white matter, 1 boy (patient
4) had involvement of the frontal lobe, which was recog-
nised as atypical X-ALD (Figure 3).

The results of the MRI Severity Scale before and after
HSCT are shown in Table 3. Two boys had an MRI sever-
ity score of <8 points before HSCT and they showed no
clinical or radiological progression after transplantation.
In 5 other patients with a higher severity score (from 8 to
16 points, mean 10.9) before HSCT, there was clinical and
radiological progression (MRI severity score from 17 to 25
points, mean 20.9).

Figure 3. MR imaging, axial T2-weighted image
(R), axial T1-weighted image after
contrast administration (B). Patient 4
revealed involvement of both frontal
lobes, which was recognised as atypical
X-ALD.

In one boy (patient 3), the MRI examinations, including
the advanced MRI techniques, were performed at 4 (MRS
1, DTI 1) and 11 weeks (MRS 2, DTI 2) after HSCT due to
the clinical progression of the neurological symptoms and
loss of vision at week 11 after HSCT. The follow-up con-
ventional MRI examination in that boy (patient 3) per-
formed 11 weeks after HSCT showed a reduction of patho-
logical contrast enhancement as well as a decrease of the
edema region of the white matter, which suggested regres-
sion of the active inflammatory process (Figure 4). There
were signs of only mild brain cortico-subcortical atrophy
present.

Magnetic resonance spectroscopy (MRS) findings in initial and
follow-up studies

In MRS 1, we found a significantly decreased NAA/Cr ratio
within the involved white matter of the left parietal lobe
(PWM) (the level was as low as undetectable), increased
Cho/Cr ratio (Cho/Cr=1.76), as well as increased mI/Cr ratio
(mI/Cr=1.09) (Figure 5A), while the metabolite ratios within
the normal-appearing grey matter of the anterior cingulate
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Table 3. The results of MRI Severity Scale before and after HSCT.

Patient Clinical symptoms before MRI befqre Clinical outcome after MRI aftgr
HSCT HSCT - points HSCT HSCT - points
Patient 1 (9-y.0.) Asymptomatic 6 No progression 6
Patient 2 (5-y.0.) X-ALD found in brother 7 No progression 7
Patient 3 (7-y.0.) Since 6th y. 8 Clinical p;(;%:%ssion and 17
Patient 4 (10-y.0.) Since 7thy. 8.5 Clinical progression 16.5
Patient 5 (8-y.0.) Since 7y, 16 Clinical progression 22
Patient 6 (8-y.0.) Since 71y. 16 Clinical progression 25
Patient 7 (10-y.0.) Since 2M y. 16 Clinical progression 24

HSCT — haematopoietic stem cell transplantation.

gyrus (ACG) were normal: NAA/Cr=1.81; Cho/Cr=0.79;
mI/Cr=0.56 (Figure 6A).

The follow-up MRS 2 showed further decrease of NAA, as
well as the decrease of Cho level (NAA/Cr undetectable,
Cho/Cr=1.16), and the increase of mI (mI/Cr=1.17) in PWM
(Figure 5B). Despite the normal appearance of the grey matter
of ACG we found a reduction of NAA/Cr ratio (NAA/Cr=1.45),
as well as the increase of Cho/Cr and mI/Cr ratios (Cho/
Cr=1.24 and mI/Cr=0.90, respectively) (Figure 6B).

Diffusion Tensor Imaging (DTI) findings in initial and follow-up
studies

Table 4 shows the FA and ADC values in the selected white
matter tracts in DTI examinations performed at 4 (DTI 1,
FAl) and 11 weeks (DTI 2, FA2) after HSCT in patient 3.

The follow-up DTI examination (DTI 2) revealed decreased
values of FA in almost all evaluated white matter tracts,
with exception of the left inferior longitudinal fascicu-
lus (ILF). The decrease of FA value was found within the
genu (GCC) and splenium (SCC) of the corpus callosum, as
follows: FAl of GCC=0.744; FA2 of GCC=0.505, FAl of

Figure 4. MR imaging in patient 3, contrast-
enhanced axial T1-weighted images
performed 4 weeks (A) and 11 weeks
(B) after HSCT. The follow-up MR
examination performed 11 weeks
after HSCT (B) showed a reduction of
pathological contrast enhancement
compared to the previous study (A).

SCC=0.235, FA2 of SCC=0.156. We also found decreased
ADC values in all analyzed white matter tracts as shown
in Table 4.

Discussion

X-ALD is one of the most common leukodystrophies.
Approximately 80% of X-ALD patients exhibit CNS involve-
ment [4]. Typically, a plain MRI examination shows a bilat-
eral white matter lesion hyperintense on T2-weighted
images, involving the periventricular and deep white mat-
ter of the posterior parietal and occipital lobes [12]. Rarely
the predominantly frontal, or unilateral, or both occipital
and frontal white matter involvement has been report-
ed, and called atypical X-ALD [13]. In our study, one boy
(patient 4) presented frontal white matter involvement
(Figure 3).

Histopathologically, the center of the lesion is character-
ized by almost a complete loss of axons and myelin, accom-
panied by attenuated astrogliosis. Active demyelination
occurs at the edge of the lesion and is associated with
axonal damage and loss as well as inflammation. Outside
the lesion, the white matter is apparently normal [12,14].
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Figure 5. MR spectroscopy (MRS) in patient 3
performed 4 weeks (A) and 11 weeks
(B) after HSCT within the parietal white
matter (PWM). There was a significantly
decreased NAA/Cr ratio within the
involved white matter of the left parietal
lobe (PWM) (the level was as low as
undetectable), increased Cho/Cr ratio
(Cho/Cr=1.76), as well as increased ml/Cr
ratio (ml/Cr=1.09) (A). The follow-up
MRS (B) showed further decrease of
NAA, as well as the decrease of Cho level
(NAA/Cr undetectable, Cho/Cr=1.16) and
the increase of ml (ml/Cr=1.17).

Figure 6. MR spectroscopy (MRS) in patient 3
performed 4 weeks (A) and 11 weeks (B)
after HSCT within the anterior cingulate
gyrus (ACG) region. The metabolite
ratios within the normal-appearing grey
matter of ACG were initially normal:
NAA/Cr=1.81; Cho/Cr=0.79; ml/Cr=0.56
(R). Despite the normal appearance of
the grey matter of ACG, the follow-up
examination revealed the reduction of
NAA/Cr ratio (NAA/Cr=1.45), as well
as the increase of Cho/Cr and ml/Cr
ratios (Cho/Cr=1.24 and m|/Cr=0.90,

respectively) (B).
Table 4. FA and ADC values of the selected white matter tracts in patient 3.
A . ADCvalues in patient 3
White matter tracts FAalues n patient 3 [x10° “"I:‘Z/ s1
4th week after HSCT 11t week after HSCT 4th week after HSCT 11t week after HSCT
Right MCP 0.768 0.687 0.758 0.687
Left MCP 0.779 0.700 0.736 0.725
Right ILF 0.178 0.178 1.66 132
Left ILF 0.214 0.169 138 1.22
Right IFOF 0.485 0.398 0.933 0.825
Left IFOF 0.441 0.397 0.921 0.806
G(C 0.744 0.505 0.872 0.846
SCC 0.235 0.156 1.84 1.74
Right PLIC 0.544 0.521 0.842 0.701
Left PLIC 0.533 0.528 0.795 0.748
Right SLF 0.264 0.222 1.27 0.803
Left SLF 0.229 0.187 133 0.871
Right PC 0.262 0.227 1.10 0.975
Left PC 0.243 0.222 1.29 1.16

MCP — middle cerebellar peduncle; ILF — inferior longitudinal fasciculus; IFOF — inferior fronto-occipital fasciculus; GCC — genu of the corpus
callosum; SCC — splenium of the corpus callosum; PLIC — posterior limb of the internal capsule; SLF — superior longitudinal fasciculus; PC — posterior
cingulum; HSCT — haematopoietic stem cell transplantation.
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To date, haematopoietic stem cell transplantation (HSCT)
has been shown as the only way of treatment to signifi-
cantly enhance long-term survival and disease stabiliza-
tion in X-ALD patients with cerebral involvement [1,4,15].
However, the most paramount thing is careful considera-
tion by the medical team and patients’ guardians regard-
ing the appropriateness of HSCT, especially for patients
with a rapidly progressing, very severe cerebral disease
with marked clinical dysfunction. It was reported that
only patients with early-stage X-ALD could benefit from
HSCT, which may decrease the neurological symptoms
[16]. As mentioned above, the MRI severity scoring system,
called the “Loes scale”, has been used for the assessment
of cerebral changes in patients with X-ALD before HSCT.
Moreover, Loes scores measured before HSCT have been
shown to correlate with long-term outcome in patients
with X-ALD. It was documented that a pre-HSCT score of
<9 is associated with an overall survival rate of approxi-
mately 85%, while a score of >9 is associated with an over-
all survival rate of approximately 40% [4,16]. Regarding our
results, they seem to suggest that only children with pre-
transplant Loes score below 8 points could benefit from
HSCT, as in our study where the stabilization of the disease
(no progression) was observed in two boys who presented
with Loes scores of 6 and 7. On the other hand, it should be
stressed that two other patients with Loes scores of 8 and
8.5 showed disease progression after HSCT.

As mentioned above, plain MR examination has a high sen-
sitivity for the detection of white matter abnormalities.
These pathological findings associated with T2 hyperin-
tensity of the white matter are highly variable and include
hypomyelination, demyelination, axonal loss, gliosis, inter-
stitial edema, as well as cystic white matter degeneration.
Application of advanced MR techniques, such as MRS and
DTI, may improve the pathological specificity of MR imag-
ing findings. Moreover, these quantitative methods ena-
ble to show the alterations within the normal-appearing
white and grey matter (NAWM and NAGM) [8,9]. However,
it should be stressed that MRS results are not specific for
X-ALD. This method has value in the assessment of NAWM
and NAGM as well as in the evaluation of progression of
the disease but not in the diagnostics.

MRS can reveal cerebral metabolic changes. The most
important metabolites which are analyzed in MRS are:
N-acetylaspartate (NAA), choline (Cho) and myo-inositol
(mI). NAA is a marker of neuronal health, viability and
amount. The reduction of NAA is an indicator of neuroax-
onal loss or dysfunction. Both Cho and mI are in vivo mark-
ers of glial cell inflammation and activation. Choline is a
marker of cellular membrane turnover. Elevated levels
of Cho are believed to reflect cellular proliferation due to
infection or inflammation. On the other hand, increased mI
levels are thought to be related to CNS inflammation and
gliosis, which may underlie neuronal dysfunction [9,12].

In our study, we performed MRS and DTI examinations in
one boy (patient 3) at 4 and 11 weeks after HSCT due to
rapid disease progression. Within the involved white mat-
ter of the left parietal lobe (PWM) we found a significantly
decreased NAA/Cr ratio (the level was as low as undetecta-
ble), increased Cho/Cr ratio, as well as increased mI/Cr ratio

(Figure 5A). The follow-up MRS showed further decease of
NAA, as well as a decrease of Cho level and the increase of
mI in PWM (Figure 5B).

Our MRS findings coincide with previous reports concern-
ing X-ALD, showing the decrease in NAA/Cr ratio with-
in white matter lesions, which can be ascribed to axonal
damage and loss, the increase in Cho/Cr ratio as related
to enhanced membrane turnover associated with active
demyelination [12,17,18]. The high level of mI/Cr ratio may
reflect astrogliosis [12,19].

It should be stressed that despite the normal appearance
of the grey matter of the anterior cingulate gyrus (ACG)
at 11 weeks after HSCT we found a reduction of NAA/Cr
ratio (NAA/Cr=1.45), as well as an increase of Cho/Cr and
mI/Cr ratios (Cho/Cr=1.24 and mI/Cr=0.90, respectively)
(Figure 6B), compared to MRS results obtained 4 weeks
after HSCT (metabolite ratios as follows: NAA/Cr=1.81;
Cho/Cr=0.79; mI/Cr=0.56) (Figure 6A). Similar metabol-
ic alterations within NAWM and NAGM in patients with
X-ALD have also been documented [12,17,18].

DTI enables the quantitative assessment of white matter
integrity by measuring the fractional anisotropy (FA) and
apparent diffusion coefficient (ADC) values. The FA param-
eter reflects the directionality and coherence of water
self-diffusion: tissues with highly regular fibers have high
anisotropy, whereas those with less regular fibers, dem-
onstrate low anisotropy [7,9]. The ADC is an indicator of
the average diffusion a water molecule experiences within
a voxel and is independent of the directionality of water
diffusion. For example, cerebrospinal fluid exhibits a high
ADC because there are no barriers to diffusion, whereas tis-
sues such as the white or grey matter will exhibit lower
ADC because of cellular barriers to diffusion [7,9].

In our study, the follow-up DTI examination performed after
HSCT revealed decreased values of FA in almost all evalu-
ated white matter tracts, with exception of the left infe-
rior longitudinal fasciculus (ILF). Moreover, we observed
decreased FA values also within normal-appearing brain
regions, for example in the genu of the corpus callosum
(GCC). The FA value of GCC decreased from 0.744 to 0.505
in the follow-up DTI examination. In the literature there are
some other reports showing similar changes within NAWM
tracts in X-ALD [12,16]. All these findings confirmed that
advanced MR techniques such as DTI and MRS can be used
to monitor disease progression and effects of therapy not
only in X-ALD, but also in other demyelinating disorders [12].

Furthermore, we also found decreased ADC values in all
analyzed white matter tracts. Our results are in agreement
with the data from the literature. It has been reported that
ADC values fluctuate to a large degree for several months
after HSCT, showing decreased ADC values in the early
period after HSCT [12,16]. The decreased value of ADC
reflects restricted diffusion, which means the presence of
edema of the involved white matter in the acute stage of
the disease [16].

Although we do not know the exact pathomechanism of
the disease, it is believed that VLCFAs play a key role. In
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patient 1, 6 and 7, the decreasing VLCFA levels (down to
the X-ALD heterozygote levels) were found after HSCT.
Similar results in patients after successful transplantation
were presented in previous studies [20-22].

VLCFA levels in patient 2 also decreased significantly
(40%). However, that remained to be quite a high score. The
observed increase of VLCFA levels (patient 5) after HSCT
may suggest graft rejection [23] or clinical progression,
which was confirmed by MRI examination.

In our study, in patient 1 and 2, the reduction of VLCFA
levels after HSCT was associated with good MRI results
(no changes in Loes scores, no progression of the disease).
Moreover, the increase in VLCFA levels in patient 5 was
also correlated with MRI severity score (increase of Loes
scores from 16 before HSCT to 22 after HSCT) and clini-
cal progression. These results suggest a direct correlation
between VLCFA biomarker levels and MRI severity scores.

The introduction of LO treatment after HSCT makes accu-
rate interpretation of the results of VLCFA impossible in
these patients.

Adrenoleukodystrophy is characterized by a large variety of
phenotypes, from the most severe, childhood form, to mild
adrenomyeloneurophaty manifesting only in the 3rd-4th
decade of life. Elevated VLCFA levels are already detected
during infancy [22,24], mainly through family screening.
However, there is no correlation between the genotype and
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of phenotypes which will develop in patients in the future.
Therefore, it is very difficult to reliably assess treatment
results in asymptomatic patients.
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therefore we could not carry out a proper statistical
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dren with X-ALD.

Conclusions

Children with early-stage X-ALD (below 8 points in the MRI
Severity Scale) are more likely to benefit from HSCT, which
indicates the significance of MRI in qualification of patients
to HSCT. DTI and MRS seem to be more useful imaging
methods to assess the progression of the metabolic disease
compared to conventional MRI, and in our opinion they
should be incorporated in the MRI examination protocols in
patients with X-ALD. Moreover, our results suggest a direct
link between VLCFA levels and MRI severity scores.
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