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ABSTRACT

Adrenoleukodystrophy (ALD) is an X-linked disorder caused by a defect in the metabolism of long chain fatty
acids leading to demyelination, neurodegeneration, and death. The disease typically presents in young boys and
adolescent boys. Allogeneic bone marrow transplantation has been used to halt progression of the disease.
However, many patients lack suitable HLA- matched related donors and must rely on unmatched donors for
a source of stem cells. The purpose of this study was to evaluate outcomes of unrelated donor umbilical cord
blood transplantation after chemotherapy-based myeloablative conditioning and retrospectively determine if
baseline studies correlate and help predict outcome. Between November 22, 1996, and November 3, 2005, 12
boys with X-linked ALD who lacked HL- matched related donors were referred to Duke University Medical
Center for transplantation. These children were conditioned with myeloablative therapy including busulfan,
cyclophosphamide, and antithymocyte globulin before receiving umbilical cord-blood transplants from unre-
lated donors. Baseline studies of neurophysiologic, neuroimaging, and neurodevelopmental status were per-
formed and patients were subsequently evaluated for survival, engraftment, graft-versus-host disease, and
neurodevelopmental outcomes. A substudy evaluated whether baseline neuroimaging and neurophysiologic
studies correlated with cognitive and motor function and if these studies were predictive of posttransplantation
outcomes. The umbilical cord blood grafts had normal levels of very long chain fatty acids. They delivered a
median of 6.98 x 107 nucleated cells per kilogram of recipient body weight and were discordant for up to 4 of
6 HLA markers. Neutrophil engraftment occurred at a median of 22.9 days after transplantation. Three
patients had grade II-IV acute graft-versus-host disease; 2 had extensive chronic graft-versus-host disease.
Cumulative incidence of overall survival of the group at 6 months is 66.7% (95% confidence interval 39.9-
93.3%). Median follow-up was 3.3 years (range 12 days to 6.3 years). As previously reported with bone marrow
transplantation, symptomatic patients faired poorly with lower survival and rapid deterioration of neurologic
function. This study included 3 patients transplanted at a very young age (2.6-3.5 years) before the onset of
clinical symptoms who continue to develop at a normal rate for 3-5 years posttransplant. Although baseline
Loes scores correlated with cognitive and motor outcome, neurophysiologic studies failed to show statistically
significant differences. Transplantation of boys with X-linked ALD using partial HLA-matched umbilical cord
blood yields similar results to those previously reported after bone marrow transplantation. Superior outcomes
were seen in neurologically asymptomatic boys less than 3.5 years of age at the time of transplantation. Baseline
Loes scores were a strong predictor of cognitive and motor outcome.

© 2007 American Society for Blood and Marrow Transplantation

KEY WORDS
Unmbilical cord blood transplantation e Neurodevelopmental outcomes o Adrenoleukodystrophy

665



666

INTRODUCTION

Adrenoleukodystrophy is an X-linked disorder (X-
ALD) caused by the deficiency of the ABCDI1 gene
that encodes for a peroxisomal protein membrane. It
is associated with the accumulation of very long chain
fatty acids (VLCFA) that can be measured in the
plasma for diagnosis. X-ALD affects the testes, adre-
nal cortex, and the nervous system. The cerebral form
leads to demyelination and typically affects young
boys who present with behavioral lability, visual im-
pairment, seizures, progressive loss of cognitive and
motor function, and death by 10 years of age [1-3]. A
milder adult form referred to as adrenomyeloneuropa-
thy involves mainly the spinal cord. Hematopoietic
stem cell transplantation (HSCT) arrests progression
of cerebral X-ALD and other leukodystrophies in pa-
tients with early stages of disease [4-7]. However,
many patients cannot identify an appropriately
matched sibling or unrelated adult donor [4,6,7]. Un-
related donor umbilical cord blood (UCB) has been
shown to successfully reconstitute marrow in children
following allogeneic transplant for malignant and
nonmalignant diseases [8-10]. We now report the out-
comes after UCB transplantation in a series of 12 boys
with X-ALD. We also correlate baseline neurodevel-
opmental, neurophysiologic, and brain imaging find-
ings with functional outcomes.

METHODS

Between November 22, 1996, and November 3,
2005, 12 boys with adrenoleukodystrophy lacking
HLA-matched related donors were referred to the
Pediatric Bone Marrow Transplant Program at Duke
University. All patients were evaluated with a baseline
brain MRI, peripheral nerve conduction velocity
(NCV), brainstem auditory evoked responses (BAER),
visual evoked potentials (VEP), electroencephalogram
(EEQ), and neurodevelopmental evaluations. The di-
agnosis of ALD was confirmed by the presence of
abnormally high levels of long chain fatty acids
(LCFA) in the blood measured by capillary gas chro-
matography of pentafluorobenzyl bromide fatty acid
esters [11]. After parental informed consent was ob-
tained, 4 patients were enrolled in the Cord Blood
Transplantation Study (COBLT), 4 patients enrolled
on the COBLT-Extended Access Protocol (COBLT-
EAP), and 4 patients were enrolled in an ongoing
single-institution study. All were approved by the in-
stitutional review board at Duke University Hospital.
The transplant related outcomes of 8 patients trans-
planted on the COBLT or the COBLT-EAP studies
were previously reported as part of a larger cohort of
patients with lysosomal storage diseases. These in-
cluded survival, engraftment, and graft-versus-host-
disease (GVHD) [10]. Neurophysiologic, neuroimag-
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ing, or neurodevelopmental outcomes were not
previously reported in any of the patients.

Selection of Donors

Cord blood units from unrelated donors were se-
lected from public cord blood banks listing units
through the National Marrow Donor Program or the
New York Blood Center after a search using interme-
diate resolution HLA typing for class I (A and B) and
high-resolution typing of HLA-DRBI. The units with
the highest number of nucleated cells (minimum, 3 X
107 per kilogram of body weight) matching at least 4
of 6 HLA loci were selected and tested for normal
levels of LCFA [11]. Cell dosing was prioritized over
HLA matching for unit selection for transplantation.
Final unit selection was based on highest cell dose
with closest HLA match and normal very long chain

fatty acids (VLCFA) levels.

Conditioning Regimen

Patients underwent a myeloablative preparative
regimen of busulfan, cyclophosphamide, and antithy-
mocyte globulin as previously described [12-14].
First-dose pharmacokinetic studies were performed
during busulfan therapy targeting a steady-state con-
centration (Css) of 600-900 ng/mL. Patients received
phenytoin prophylaxis against seizures during therapy
with busulfan; mesna was administered during cyclo-
phosphamide therapy for prophylaxis against hemor-
rhagic cystitis.

Transplantation Procedure

Cryopreserved units of cord blood were thawed
and processed as previously reported [15]. Thawed
units were tested for total number of nucleated cells,
clonal hematopoietic progenitor cells, CD3", CD34"
cells, ABO, and Rh typing, cell viability, and sterility.

Prophylaxis against and Treatment of GVHD

The patients received cyclosporine for 9 months
and methylprednisolone for 2 to 3 months as prophy-
laxis against GVHD. In the absence of chronic
GVHD (cGVHD), immune suppression was discon-
tinued approximately 1 year posttransplant [10,12,13].
The severity of acute GVHD (aGVHD) was scored
using standard criteria [16]. Acute grade 1 GVHD of
the skin was treated with topical creams, an escalation
in methylprednisolone, or both. Patients with moder-
ate to severe GVHD received pulsed doses of meth-
ylprednisolone 500 mg per square meter given intra-
venously every 12 hours for 4 total doses before
GVHD treatment was changed from cyclosporine to
tacrolimus, alone or in combination with daclizumab.
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Supportive Care

All patients were hospitalized in reverse isola-
tion with high-efficiency particulate air filtration.
Prophylaxis for pneumocystis carinii, viral, and fun-
gal infections were given in a standard fashion. The
first episode of febrile neutropenia was treated with
broad-spectrum antibiotics, and therapy continued
through engraftment. Intravenous immunoglobulin
was given weekly through day 100. Continuous low-
dose heparin was infused intravenously as prophy-
laxis for veno-occlusive disease (VOD) of the liver
through day 28 posttransplant. Patients received
Neupogen (10 pg/kg/day intravenously) from day
of transplant to engraftment.

Clinical Studies

Patients were evaluated at baseline and every 6-12
months with echocardiograms, pulmonary function
tests, ophthalmology, serial brain imaging, and neu-
rophysiologic and neurodevelopmental assessments
(including vision, hearing, speech and language, mo-
tor, cognitive, and adaptive behavior).

Outcome Measures

The outcome measures included engraftment
and survival, change in neurophysiologic measures
and 4 domains of neurodevelopmental function:
cognitive, adaptive-behavior, language, and motor
skills.

Engraftment and survival. Engraftment was defined
as the first of 3 consecutive days with absolute neu-
trophil count of at least 500 cells per cubic millimeter.
The probability of overall survival (OS) was calculated
according to the Kaplan-Meier method. The cutoff
date for analysis was June 1, 2006.

Neurodevelopmental assessment. Standardized and
validated neurobehavioral tools were used to assess all
patients at baseline and follow up (Table 1) [17-24].
Standard scores and developmental quotients were
converted to age-equivalent scores to allow compari-
sons of results among various tests and to identify
development of new skills. Motor, cognitive, recep-
tive, and expressive language and adaptive behavior
were assessed. Results were compared to norms of

typically developing children.
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MRI analysis. Two board-certified neuroradiolo-
gists scored pretransplantation MR studies using the
modified Loes scoring system in a consensus manner
in a single scoring session [25]. Readers were aware of
patient age (which was needed to assess appearance of
white matter relative to the normal population) but were
blinded to all other clinical information. Images were
reviewed on a PACS workstation in all patients except 1,
which allowed windowing of images to optimize signal
intensity of structures for scoring and also direct corre-
lation of structures in different imaging planes.

Neurophysiologic Studies. EEG, nerve conduction
veolcity (NCV), visual evoked potential (VEP), and
brain auditory evoked repsonses (BAERs) were per-
formed prior to transplantation and at scheduled in-
tervals posttransplant, and interpreted according to
the guidelines established by the American Clinical
Neurophysiology Society [26]. EEGs were considered
abnormal if focal or generalized slowing, spikes, or
sharp waves were present. The flash VEP was consid-
ered normal if the P100 wave was present and abnormal
if it was absent. The BAERs were considered abnormal
if either the wave I-V interpeak latency was prolonged
or if any of the obligate wave forms (I, III, V) were
absent. Nerve conduction studies were considered ab-
normal if they showed prolongation of the distal latency,
low amplitude, absent evoked response, or prolonged
F-wave latency. Study results were interpreted by expert
physicians blinded to the status of the patent.

Statistical Analysis

The probability of event-free survival (patient du-
rably engrafted with donor cells and alive) and the
incidence of acute grade II-IV GVHD were calculated
by Kaplan-Meier analysis. Five baseline measures
(BAERs, VEP, NCV, EEG, and brain MRI) were
evaluated as predictors of posttransplant cognitive and
motor development. To evaluate these predictors a
mixed effects regression model was fit for each base-
line measure, with cognitive development as the out-
come and age, baseline measure, and the interaction of
age and baseline measure as the predictors. The
BAERs, VEP, NCV, and EEG were entered as di-
chotomous variables coded as normal or abnormal as
described above. MRI Loes scores were evaluated on

Table . Neurodevelopmental Testing

Domain Before 5 years After 5 years
Cognitive The Capute Scales (CAT/CLAMS) Mullen Scales of The Differential Ability Scales
Early Learning
Language Preschool Language Scale—Third and Fourth Clinical Evaluation of Language Fundamentals 3—Third
Edition Edition
Motor Peabody Developmental Motor Scales, Second PDMS-2 (up to 70 months developmental age) then the

Edition (PDMS-2)
Adaptive Behavior

Scales of Independent Behavior Revised (SIBR)

Bruininks-Oserestsky Test of Motor Proficiency
Scales of Independent Behavior Revised (SIBR)
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Figure 1. (a) Overall survival after transplantation. Kaplan-Meier estimates of the probability of overall survival. Cumulative incidence of
overall survival at 6.25 months was 66.7% (95% confidence interval 39.9%-93.3%). (b) Cumulative incidence of acute GVHD grades II-IV
(n = 10, 2 events). Cumulative incidence at day 100: 40.0% (95% confidence interval 7.5%-72.5%). (¢) Cumulative incidence of chronic
GVHD (n = 10, 2 events). Cumulative incidence at day 365: 10.0% (95% confidence interval 0.0%-29.6%) CINC at day 730: 22.9% (95%

confidence interval 0.0%-53.2%).

(Table 2, Figure 1c). The patient with extensive
cGVHD experienced severe neurologic deteriora-
tion 2 years posttransplant. The patient developed
new white matter changes on MRI and visual motor
and cognitive deficits, which temporarily improved
with high-dose steroids and later stabilized on Et-
anercept. A brain biopsy showed diffusely increased
microglia and reactive astrocytosis in the cortex and
white matter, preservation of myelination, and no
evidence of lymphoproliferative disorder or active
ALD. A presumptive diagnosis of brain GVHD was

made and the patient stabilized with immunosup-
pressive therapy.

Myeloablative doses of oral Busulfan were used in
the conditioning regimen. Busulfan was administered
at 20-40 mg/m?/dose orally (based on age) X 16 doses
on days —9 through —6, busulfan pharmacokinetics
were measured after the first dose, and subsequent doses
were adjusted to target a steady state concentratdon of
600-900 ng/mL. Only 1 patient developed signs of grade
MI-IV hepatic toxicity and VOD 9 days posttransplant.
He died of progressive VOD on day +12.



670

Neurophysiologic Studies

VEP. VEP were available in 9 patients pretrans-
plant and 8 patients posttransplant. Pretransplant, 2 of
the patients had abnormal findings. Patient 1 had no
reproducible waveforms and lost all vision in the peri-
transplant period. Patient 5 had prolonged absolute
latencies in the P100 waveform but has normal vision
posttransplant. Of the 7 remaining patients, the 3
younger ones were normal pretransplant and re-
mained normal posttransplant. The other 4 patients,
who were normal pretransplant, had no reproducible
waveforms or lost the P100 wave posttransplant. T'wo
of these patients (7 and 10) lost vision in the peritrans-
plant period. Patient 4 developed anisotropia but pre-
served functional vision.

BAERs. BAERs were available in 10 patients pre-
transplant and 7 posttransplant. Pretransplant, 8 pa-
tients had normal responses as well as normal hearing
as measured by serial behavioral audiometry (patients
1-5, 10, 11, and 12). Abnormal results were seen in 2
patients (7 and 9) who demonstrated prolongation of
I-V latency. Posttransplant, these 2 patients normal-
ized and 4 additional patients remained normal. One
patient who initially had normal BAERs and behav-
ioral audiometry, developed prolongation of I-V la-
tency, a focal brainstem lesion on BAERs, and right
peripheral hearing loss (patient 4).

NCS. NCSs were available in 10 patients pretrans-
plant with normal findings in 9 of these patients (pa-
tients 1, 3-5, and 7-11). Posttransplant 4 of the 6
patients studied remain normal (patients 3, 4, 8, 9). Of
the other 2, 1 (patient 6) who was unable to walk,
showed pre- and posttransplant peripheral motor neu-
ropathy and left peroneal nerve damage and the other
(patient 10) developed a severe decrease in amplitude
and latency posttransplant and died of progressive
disease.

EEGs. EEGs were available in 11 patients pre-
transplant, of which 5 were normal (patients 2, 3, 4, 9,
and 11). Of the remaining 6 patients, 1 showed diffuse
background slowing (patient 7), 1 had polymorphic
delta slowing in the right posterior quadrant (patient
10), 1 had intermittent right temporal slowing (patient
5), 1 had frontal occipital slowing (patient 6), and the
additional 2 patients had focal seizure spikes (patients
8 and 12). Posttransplantation, 8 patients were stud-
ied, 2 patients remained normal (patients 3 and 9), 1
showed temporal slowing (patient 4), and 5 patients
(patients 1, 6-8, 10) with abnormal pretransplant EEG
progressed to have focal seizure activity.

Neurodevelopmental Function

Cognitive function. Of the 11 patients who were
transplanted, 9 had normal to strong cognitive skills
(patients 1-7, 9, and 11) and 2 were delayed pretrans-
plant (patients 8 and 10). Ten patients had follow-up
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assessments posttransplant. Five patients (2-5, and 9)
continued to show average cognitive gains. Patient 8
who had comorbid mental retardation at baseline re-
mained stable but has not gained new skills after the 2
years of follow-up. Four patients who experienced
rapid neurologic deterioration had scores in the spatial
area 1-5 standard deviations lower than their verbal
scores (patients 1, 6, 7, and 10) (Figure 2a).

Adaptive bebavior. This domain, unlike the others,
is measured by parent’s responses to a standardized
measure of the child’s independent and self-help abil-
ities. Nine patients were assessed pre and posttrans-
plant. Two other patients had a single visit: 1 pre-
transplant and 1 posttransplant. Pretransplant, 10
patients had average skills. Of these, 2 were in the low
average range and deteriorated during the peritrans-
plant period. Posttransplant 5 patients (1, 6, 7, 8, and
10) deteriorated rapidly and 1 patient (patient 4) lost
most adaptive skills 2 years after transplant but re-
gained some function after treatment of presumed
GVHD of the brain. Patients 2, 3, 5, and 9 remained
normal (Figure 2b).

Language. Four patients had pretransplant and
posttransplant testing (patients 2, 3, 6, and 9), 2 pa-
tients had only pretransplant data (4 and 7), and 2 had
only posttransplant data (5 and 8). Receptive and ex-
pressive language were normal to strong in all the
patients tested pretransplant. Of the 6 patients tested
posttransplant, 4 remain with average language skills
(2,3,5,and 9), 1 (patient 8) deteriorated slightly after
transplant, and 1 (patient 6) deteriorated rapidly after
transplant and is not verbal (Figure 3¢ and d). One
patient (patient 4) was not formally tested but had no
difficulties communicating. All patients were noted to
have some degree of articulation difficulties pretrans-
plant that continued after transplantation.

Motor function. Eight patients were tested before
transplant and 10 after transplant in the gross motor
area (Figure 2e). Pretransplant, 4 patients had av-
erage skills (2, 3, 9, and 11) and 4 were delayed (4,
6, 7, and 10). Posttransplant, 2 patients continue to
have average gross motor skills (2 and 9), and 1 not
previously tested has average skills 6 years posttrans-
plant (patient 5).

Pretransplant, patient 3 had average skills. How-
ever, he had hypotonia, mild ataxia, and posturing of 1
arm secondary to resection of low-grade astrocytoma
discovered on initial MRI after diagnosis of ALD.
After transplant, his motor function improved, and
now, 4 years posttransplant, he only has a mild motor
delay. Of the remaining 6 patients followed posttrans-
plant, 1 was weak but stable for 2 years and then lost his
ability to ambulate because of presumed GVHD of the
brain. After treatment with immunosuppression, he sta-
bilized and regained ability to walk short distances with

a walker (patient 4). Another patient is regaining
strength and is able to sit, stand, and walk with full
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Figure 2. (a-f) Developmental function by domain. Each patient’s development is represented by a unique color line. The green diagonal line

represents typical population development. The gray area represents the approximate normal 95% range in the general population.

assistance and adaptive equipment (patent 8). One pa-
tent is able to hold his head and sit up with assistance
(padent 6). The other patient is unable to perform any
skills (patient 1). The 2 remaining patents died after
rapid motor deterioration, spasticity, and inability to
perform any spontaneous movement (patients 7 and 10).

In the fine motor area 7 children were tested. Two
patients had severe disease progression posttransplant
and developed clasped thumbs (1 and 6), and the other
2 patients died (Figure 3f). The 3 youngest patients
continue to have normal fine motor skills posttrans-
plant (patients 2, 3, and 9). The 3 older patients (4, 5,

and 8) not formally tested, are able to write and use

their hands without difficulty.

Neuroimaging

Brain MRI scans (MRI) were available in 11 pa-
tients pretransplant. The Loes scores ranged from 3-
23 with a median of 8. Of the 5 patients with Loes
scores >10, 2 died from progressive ALD (patients 7
and 10), 2 deteriorated neurologically and are severely
affected (patients 1 and 6), and 1 who had mental
retardation pretransplant, stabilized in the cognitive
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Figure 3. (a) Cognitive development and pretransplant MRI Loes
scores. The green line represents typical development. Each blue
line represents the longitudinal cognitive course of a surviving
patient with baseline Loes Scores <10. The red lines represent the
longitudinal cognitive course of surviving patients with Loes Scores
>10. The black and purple represent deceased patients. (b) Gross
motor development and pretransplant MRI Loes scores. The green
line represents typical development. Each blue line represents the
longitudinal motor course of a surviving patient with baseline Loes
scores <10. The red lines represent the longitudinal motor course
of surviving patients with Loes scores >10. The black and purple
represent deceased patients. Note that motor scores are in general
lower than cognitive scores in (a).

area but had motor deterioration posttransplant (pa-
tient 8) (Figure 3a and b). Five of the 6 patients with
scores <10 are long-term survivors with favorable
neurodevelopmental outcomes, and 1 (patient 11) died
of transplant-related VOD. Four of the 5 patients
have continued to learn and develop normally (pa-
tients 2, 3, 5, and 9), and 1 who has above average
cognitive abilities is having mild difficulties in speed of
processing and has deteriorated in the motor area
presumably from GVHD of the brain (patient 4).

Predictors of Posttransplant Outcome

Five baseline measures (BAERs, VEP, NCV,
EEG, and MRI) were evaluated as predictors of post-
transplant cognitive and motor outcome. As previ-
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ously described, pretransplant MRI Loes scores have
been found to be associated with poor prognosis
[28,29]. Pretransplant Loes scores significantly corre-
lated with longitudinal cognitive (P = .006) (Figure
3a) and motor development (p = .014) (Figure 3b). Of
the 6 children with Loes scores <10, the 5 that sur-
vived continue to show normal cognitive develop-
ment. Of the 5 children with Loes scores >10, 4
showed rapid cognitive and neurologic deterioration
and 2 of these 4 died. The fifth patient (patient 9) who
had comorbid mental retardation stabilized but has
low function. Baseline neurophysiologic results failed
to show statistically significant differences in predict-
ing cognitive or motor outcomes.

Interestingly, 4 of the 5 children with Loes scores
>10 demonstrated significant differences between the
verbal and nonverbal/spatial IQ at baseline. Con-
versely, all 5 patients with scores <10 had no signifi-
cant differences between the verbal and nonverbal/
spatial IQ and continued to have normal cognitive
function posttransplant. All patients with normal mo-
tor function and Loes scores <10 continue to develop
normal motor function.

DISCUSSION

We report the results of unrelated donor UCB
transplantation in a group of 12 boys with cerebral
X-ALD. Despite HLA mismatching, the transplant
procedure yielded similar outcomes to those previ-
ously reported after HLA-matched bone marrow
transplantation [4-7]. The probability of OS was
71.9% with the 3 younger children, demonstrating a
survival of 100%.

There are several parameters that can be used to
predict outcome of patients with ALD after HSCT.
The pretransplant Loes score has been shown to cor-
relate with outcomes after bone marrow transplanta-
tion [28]. Age and pattern of demyelination in brain
MRI have been reported to aid in predicting progres-
sion [29]. Previous studies have also reported that
patients with performance 1Q <80 (also referred as
nonverbal I1Q) at baseline are significantly more im-
paired posttransplant and those with parietal-occipital
pattern demonstrate greater mean loss in their perfor-
mance IQ [7]. One of the objectives of this study was
to determine whether baseline Loes score was a strong
predictor of posttransplant cognitive and motor out-
comes. Ten patients were available for this analysis.
Loes scores were found to be strong predictors of
outcome. Baseline nonverbal/spatial scores in combi-
nation with overall cognitive scores and Loes scores
were as a group strongly associated with outcome.
However, because our sample was not large, we did
not report a definitive index combining these mea-
sures. Future studies will be needed to assess if the
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combination of these measures will aid the clinician in
counseling families regarding treatment outcomes
when they are considering transplant.

A second objective was to ask if baseline neuro-
physiologic studies, BAERs, VEP, EEG, and NCV,
correlated with cognitive and motor outcomes. These
results were mixed. The BAERs and NCV were not
always associated with progressive neurologic deteri-
oration and became abnormal only later in the disease
process. The VEP and EEG became abnormal earlier
in the disease process. Most patients who had abnor-
malities in pretransplant EEGs developed clinical sei-
zures posttransplant and had poor outcome. However,
this finding was not statistically significant. Most of
the children in our sample were <10 years. As many as
80% of children this age have the parietal-occipital
white matter pattern of involvement [29]. This may
explain the early abnormalities seen in VEP.

In this study, myeloablative doses of busulfan were
used in the conditioning regimen for transplant. In
previous studies, busulfan has been reported to cause
adrenal insufficiency in healthy patients [30]. There-
fore, careful consideration should be given to the use
of busulfan in conditioning regimens in patients with
ALD. All patients should be supplemented with stress
doses of hydrocortisone during the preparative regi-
men. Even after dilantin prophylaxis, busulfan ap-
peared to lower the seizure threshold and accelerate
neurologic deterioration. Myeloablative agents with
low neurotoxicity need to be studied in the future.

This is the first report that includes a cohort of
young children transplanted before development of
ALD symptomatology or progressive MRI changes.
These children were referred for transplant because of
strong family history of cerebral X-ALD and MRI
changes consistent with this disorder. Two patients
had adrenal insufficiency and 1 had an astrocytoma as
comorbid conditions. Although these children have
not reached the age at which cerebral X-ALD typi-
cally progresses, they tolerated the procedure well;
continue to have normal neurologic exams, typical
development, and no additional changes in MRI
scans at 4, 6, and 8 years of age. In contrast, children
who followed the present recommendation of wait-
ing until progressive MRI changes or abnormalities
in neurobehavioral testing are evident had increased
risk of rapid neurologic deterioration, transplant
complications, and dismal outcome. This study sup-
ports the use of unrelated UCB transplantation in
young asymptomatic patients to maximize survival
and improve neurodevelopmental outcomes. The
window of opportunity to treat can be easily missed
if there is no family history, and therefore it also
provides support for inclusion of ALD in neonatal
screening programs.

673

ACKNOWLEDGMENTS

The authors thank the patients, their families, and
their siblings who allowed for their early diagnosis.
This report would not be possible without the dedi-
cation and hard work by the entire medical, nursing,
and other allied health care workers involved in the
care of these patients. We would like to thank the staff
of the Pediatric Blood and Marrow Transplant Pro-
gram at Duke and the multidisciplinary team of de-
velopmental specialists at the Center for Development
and Learning and the Neurodevelopmental Research
Center at the University of North Carolina at Chapel
Hill.

REFERENCES

1. Moser HW, Moser AB, Kawamura N, et al. Adrenoleukodys-
trophy: studies of the phenotype, genetics and biochemistry.
Fobns Hopkins Med 7. 1980:147:217-224.

2. Schaumburg HH, Powers JM, Raine CS, et al. Adrenoleu-
kodystrophy. A clinical and pathological study of 17 cases. Arch
Neurol. 1975;32:577-591.

3. Moser J, Lutz Y, Stoeckel ME, et al. The gene responsible for
adrenoleukodystrophy encodes a peroxisomal membrane pro-
tein. Hum Mol Genet. 1994;3:265-271.

4. Krivit W, Peters C, Shapiro EG. Bone marrow transplantation
as effective treatment of central nervous system disease in
globoid cell leukodystrophy, metachromatic leukodystrophy,
adrenoleukodystrophy, mannosidosis, fucosidosis, aspartylglu-
cosaminuria, Hurler, Maroteaux-Lamy, and Sly syndromes, and
Gaucher disease type III. Curr Opin Neurol. 1999;12:167-176.

5. Suzuki Y, Isogai K, Teramoto T, et al. Bone marrow transplan-
tation for the treatment of X-linked adrenoleukodystrophy.
F Inberit Metab Dis. 2000;23:453-458.

6. Sauer M, Grewal S, Peters C. Hematopoietic stem cell trans-
plantation for mucopolysaccharidoses and leukodystrophies.
Klin Padiatr. 2004;216:163-168.

7. Peters C, Charnas LR, Tan Y, et al. Cerebral X-linked adreno-
leukodystrophy: the international hematopoietic cell transplanta-
tion experience from 1982 to 1999. Blood. 2004;104:881-888.

8. Gluckman E, Broxmeyer HA, Auerbach AD, et al, Hematopoi-
etic reconstitution in a patient with Fanconi’s anemia by means
of umbilical-cord blood from an HLA-identical sibling. N Engl
7 Med. 1989;321:1174-1178.

9. Kurtzberg J, Laughlin M, Graham ML, et al. Placental blood as
a source of hematopoietic stem cells for transplantation into
unrelated recipients. N Engl 7 Med. 1996;335:157-166.

10. Martin P, Carter SL, Kernan NA, et al. Results of the Cord
Blood Transplantation Study (COBLT): outcomes of unrelated
umbilcal cord transplantation in pediatric patients with lysoso-
mal and peroxisomal storage disorders. Bio/ Blood MarrowTrans-
plant. 2006;12:184-194.

11. Takemoto Y, Suzuki Y, Horibe R, et al. Gas chromatography/
mass spectrometry analysis of very long chain fatty acids, do-
cosahexaenoic acid, phytanic acid and plasmalogen for the
screening of peroxisomal disorders. Brain Dev. 2003;25:481-
487.

12. Staba SL, Escolar ML, Poe M, et al. Cord-blood transplants from
unrelated donors with Hurlers syndrome. N Engl 7 Med. 2004;
350:1960-1969.



674

13.

Escolar ML, Poe MD, Provenzale JM, et al. Transplantation of
umbilical-cord blood in babies with infantile Krabbe’s disease.
N Engl 7 Med. 2005;352:2069-2081.

14. Jacobson P, Park JJ, DeFor TE, et al. Oral busulfan pharma-

15.

16.

17.

18.

19.

20.

21.

cokinetics and engraftment in children with Hurler Syndrome
and other inherited metabolic storage diseases undergoing he-
matopoetic stem cell transplant. Bone Marrow Transplant. 2001;
27:855-861.

Rubinstein P, Dobrila L, Rosenfield RE, et al. Processing and
cryopreservation of placental/umbilical cord blood for unrelated
bone marrow reconstitution. Proc Natl Acad Sci U S A 1995;92:
10119-10122.

Przepiorka D, Weisdorf D, Martin P, et al. 1994 Consensus
conference on acute GVHD grading. Bone Marrow Transplant.
1995;15:825-828.

Mullen EM. The Mullen Scales of Early Learning, AGS ed. Circle
Pines, MN: American Guidance Service, 1995.

Elliot CD. The Differential Abilities Scales (DAS). San Antonio,
TX: The Psychological Corporation, 1990.

Bruininks RH, Woodcock RW, Weatherman RF, et al. Swiles of
Independent Bebavior—Revised. Itasca, IL: Riverside Publishing, 1996.
Folio MR, Fewell RR. Peabody Developmental Motor Scales, 2nd
ed. Austin, TX: Edition Examiner’s Manual, 2000.
Zimmerman IL, Steiner VG, Pond RE. Preschool Language Scale,
4th ed. San Antonio, TX: Psychological Corporation, 2002.

22.

23.

24.

25.

26.

27.

28.

29.

30.

D. Beam et al.

Eleanor S, Wiig EH, Secord WA. Clinical Evaluation of Lan-
guage Fundamentals 3, 3rd ed. San Antonio, TX: The Psycho-
logical Corporation, 2000.

Folio R, Fewell R. Peabody Developmental Motor Scales, 2nd ed.
Austin, TX: Pro-ed, 2000.

Bruininks RH. Bruininks-Oseretsky Test of Motor Proficiency. Cir-
cle Pines, MN: American Guidance Service; 1978.

Loes DJ, Hite S, Moser H, et al. Adrenoleukodystrophy: a
scoring method for brain MR observations. Am 7 Neuroradiol.
1994;15:1761-1766.

Society AE. Guideline nine: guidelines on evoked potentials.
7 Clin Neurophysiol. 1994;11:40-73.

Moser HW, Raymond GV, Lu SE, et al. Follow up of 89
asymptomatic patients with adrenoleukodystrophy treated with
Lorenzo’s oil. Arch Neurol. 2005;62:1073-1080.

Moser HW, Loes DJ, Malhem ER, et al. X-Linked adrenoleu-
kodystrophy: overview and prognosis as a function of age and
brain magnetic resonance imaging abnormality. A study involv-
ing 372 patients. Neuropediatrics. 2000;31:227-239.

Loes DJ, Fatemi A, Melhem ER, et al. Analysis of MRI patterns
aids prediction of progression in X-linked adrenoleukodystro-
phy. Neurology. 2003;61:369-374.

Smalley RV, Wall RL. Two cases of busulfan toxicity. Ann
Intern Med. 1966;64:154-164.



	Outcomes of Unrelated Umbilical Cord Blood Transplantation for X-Linked Adrenoleukodystrophy
	INTRODUCTION
	METHODS
	Selection of Donors
	Conditioning Regimen
	Transplantation Procedure
	Prophylaxis against and Treatment of GVHD
	Supportive Care
	Clinical Studies
	Outcome Measures
	Engraftment and survival
	Neurodevelopmental assessment
	MRI analysis
	Neurophysiologic Studies

	Statistical Analysis

	RESULTS
	Patients Characteristics
	Donor Characteristics
	Survival, Engraftment, and GVHD
	Neurophysiologic Studies
	VEP
	BAERs
	NCS
	EEGs

	Neurodevelopmental Function
	Cognitive function
	Adaptive behavior
	Language
	Motor function

	Neuroimaging
	Predictors of Posttransplant Outcome

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


