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Objective: This paper investigates efferent and afferent conductions of the central nervous system by
various evoked potentials in patients with adrenomyeloneuropathy (AMN).

Patients and methods: Ten pure AMN patients without cerebral involvement were studied. Motor evoked
potentials (MEPs), somatosensory evoked potentials (SEPs), auditory brainstem response (ABR), and pat-
tern reversal full-field visual evoked potentials (VEPs) were recorded. For MEP recording, single-pulse or
double-pulse magnetic brainstem stimulation (BST) was also performed.

Results: Abnormal MEP was observed in all ten patients, abnormal SEP in all ten, abnormal ABR in nine,
and abnormal VEP in only one. Brainstem latency was measured in three of the seven patients with cen-
tral motor conduction time (CMCT) prolongation. The cortical-brainstem conduction time was severely
prolonged along the normal or mildly delayed brainstem-cervical conduction time in those three patients.
Conclusions: The pattern of normal VEP and abnormal MEP, SEP, ABRis a clinically useful electrophysiolog-
ical feature for the diagnosis. BST techniques are helpful to detect, functionally, intracranial corticospinal

tract involvement, probably demyelination, in pure AMN patients.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

X-linked adrenoleukodystrophy (ALD) is a peroxisomal disor-
der caused by mutation of the ABCD1 gene [1] whose biochemical
abnormalityis characterized by the accumulation of very long chain
saturated fatty acids (VLCFA) [2-5]. The highly varied phenotype
of X-linked ALD is classified into subtypes such as childhood cere-
bral ALD, adolescent cerebral ALD, adrenomyeloneuropathy (AMN),
adult cerebral ALD, olivo-ponto-cerebellar ALD and Addison's
disease-only ALD [6-8]. No correlation exists between phenotypes
and genotypes [9]. The central nervous system pathology comprises
two apparently disparate types of cerebral form (cerebral ALD) and
AMN. The cerebral ALD is characterized by a severe inflammatory
demyelinating lesion in the cerebrum (myelinopathy) [10]. The
AMN is characterized by distal axonopathy: degeneration of spinal
tracts distributed in a ‘dying-back’ pattern [11]. These two major
forms of the disease differ fundamentally with respect to their prog-
noses. Although rapidly progressive cerebral ALD engenders total
disability during the first decade, some patients with AMN survive
to the eighth decade [6]. However, about half of the AMN patients
clinically develop cerebral involvement within 10 years after onset

* Corresponding author. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.
E-mail address: hideyukimatsumoto@mail.goo.ne.jp (H. Matsumoto).

0303-8467/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.clineuro.2009.11.005

[7,8]. The patients without cerebral involvement are referred to
as “pure” AMN, whereas the patients with cerebral involvement
are referred to as “cerebral” AMN. The magnetic resonance image
(MRI) in pure AMN is often normal but may show changes up to the
internal capsule [12,13], and the corticospinal tract lesions in pure
AMN are considered to be axonal pathology[12,14,15]. On the other
hand, the pathological mechanism in cerebral AMN is proposed to
be the cerebral demyelination in addition to the distal axonopathy
[12]. Therefore, the assessment of brain function using neurophys-
iological methods is very important in considering prognosis and
possible treatment in AMN patients [6].

Central efferent function is physiologically examined using
motor evoked potential (MEP). In fact, MEP studies have revealed
frequent abnormal central motor conduction in AMN patients
[16-18]. The central motor conduction time (CMCT) mainly reflects
the overall function of the motor tract of the central nervous system.
However, it does not indicate the level of motor tract involvement:
whether it is intracranial, extracranial, or both. We previously
developed methods to activate the descending motor tracts at the
level of the pyramidal decussation (foramen magnum) using elec-
trical stimulation [19] and magnetic stimulation [20]. The methods
[brainstem stimulation (BST)] have been shown to be clinically use-
ful for localizing corticospinal tract lesions in patients with various
neurological disorders [21-25]. For this investigation, we applied
this stimulation along with cortical and spinal stimulations to show
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Table 1
Background of patients.

Case Age ABCD1 mutation Disease duration ~ Main symptom(s) Brain MRl  Loes score  Spinal MRI
(years)

1 32 Missense (H667N) 1 Spastic gait, pigmentation Normal 0 Normal
2 44 Nonsense (W595X) 1 Spastic gait, sensory disturbance (leg) Normal 0 Atrophy
3 61 N.E. 4 Spastic gait, muscular weakness (leg), sensory disturbance (leg) Normal 0 Normal
4 30 Missense (S290W) 5 Spastic gait, sensory disturbance (leg), dysuria, dyschezia, impotence P,V 25 Normal
5 31 Missense (F540S) 5) Spastic gait \% 0.5 Normal
6 24 Missense (A616D) 6 Spastic gait, sensory disturbance (leg), dysuria, impotence Normal 0 Normal
7 31 Frameshift (Y281) 8 Spastic gait, sensory disturbance (leg), dyschezia C 0.5 Normal
8 33 Missense (G277R) 8 Spastic gait, dysuria, dyschezia impotence P 2 Atrophy
9 58 N.E. 18 Spastic gait, dysuria Normal 0 Atrophy

10 58 N.E. 19 Spastic gait, impotence Normal 0 Normal

MRI: magnetic resonance image, P: pyramidal system, V: visual pathway, C: cerebellum, N.E.: not examined.

which part of the descending tract was affected. We also adopted
a recently reported powerful stimulation method to evoke clear
MEPs in patients without any MEPs to single-pulse BST: double-
pulse magnetic BST [26].

The central afferent functions are usually studied with various
evoked potentials such as somatosensory evoked potential (SEP),
auditory brainstem response (ABR), and visual evoked potential
(VEP). These three evoked potentials also have shown afferent sys-
tem conduction abnormalities in AMN patients [16,17,27-32].

The aim of this study is to investigate efferent and afferent con-
ductions of the central nervous system in pure AMN patients using
the four types of evoked potentials including magnetic BST. Some
results of MEPs in this study were described in a previous report
[26].

2. Methods
2.1. Patients

We studied ten male patients with AMN. Based on the course of
the disease and clinical symptoms, they were diagnosed as AMN.
Plasma VLCFA was abnormally increased in all of them. The ABCD1
gene mutation was analyzed in seven patients (cases 1, 2, 4-8)
after receiving their informed consent [33,34]. Their patient char-
acteristics and clinical features are presented in Table 1. Their
ages were 24-61 years (mean + SD, 40.2 4+ 13.9 years). Their body
heights were 165-175 cm (169.1 & 3.2 cm). The durations of illness
at the time of our experiment were 1-19 years (7.5+6.3 years).
All patients presented with spastic paraplegia with positive Babin-
ski signs. Five patients presented with diminished superficial and
deep sensation in the lower extremities (cases 2-4, 6, and 7). On the
other hand, all patients presented no symptoms of motor and sen-
sory systems in the upper extremities. They all also had no auditory
and visual complaints. Brain and spinal MRIs were also taken. The
lesions observed on brain MRI were described according to a pre-
vious paper [35]. Because all patients had no clinical or radiological
cerebral involvement, all of them were classified into pure AMN
[12,13]. Both MEP and SEP were recorded on the more affected side
of motor symptom; ABR and VEP were recorded on both sides. We
compared the latencies of these evoked potentials with the normal
values in our institution.

Informed consent to participate in this study was obtained from
all patients. The protocol was approved by the Ethics Committee of
the University of Tokyo. It was conducted in accordance with the
ethical standards of the Declaration of Helsinki.

2.2. MEP recording

Patients were seated comfortably on a reclining chair. MEPs
were recorded from the first dorsal interosseous (FDI) and tibialis

anterior (TA) muscles with pairs of Ag/AgCl surface cup electrodes
placed in a belly tendon montage. Signals were fed to an amplifier
(Biotop; GE Marquette Medical System, Japan) with filters set at
100 Hz and 3 kHz; the signals were recorded using software (TMS
bistim tester; Medical Try System, Japan) for later off-line analyses.

Magnetic stimulation was conducted using a monophasic stim-
ulator (Magstim 200; The Magstim Co. Ltd., UK) for transcranial
magnetic stimulation (TMS), magnetic spinal motor root stim-
ulation, and single-pulse BST. Double-pulse BST was given by
connecting the two magnetic stimulators linked with a Bistim mod-
ule (The Magstim Co. Ltd., UK).

For both muscles, CMCT was measured in each patient. For FDI,
the onset latency of MEP elicited by TMS over the contralateral hand
motor area using a round coil (10cm diameter; The Magstim Co.
Ltd., UK) was measured in the active condition (cortical latency).
Induced current flowed in the posterior to the anterior direction
over the hand motor area [36,37]. For TA, cortical latency was
measured placing a double-cone-coil (The Magstim Co. Ltd., UK)
[38] over the Cz (international 10-20 system), with induced cur-
rent flowing mediolaterally over the leg motor area [39]. The onset
latency of MEP to magnetic spinal motor root stimulation was also
measured by activating cervical and lumbar spinal nerves with a
round coil (10cm diameter) placed over the spinal enlargement
(spinal latency) [40,41]. The CMCT was calculated by subtracting
the spinal latency from the cortical latency [37].

For FDI, single-pulse BST was also performed in active and
relaxed conditions [20]. For BST, a double-cone-coil was placed
with the center of the junction region over the inion. The coil
current flowed downward at the junction of the coil so that the
maximal current induced in the head flowed upward because this
current direction has the lowest threshold for evoking MEPs [23].
The onset latency of MEP to single-pulse BST was measured (brain-
stem latency). When a single-pulse BST with maximal stimulator
output was insufficient to evoke any MEP, double-pulse BST at
an interstimulus interval of 2ms was tried in a relaxed condition
[26]. The stimulus intensities of double-pulse BST were set at the
maximal stimulator output. The onset latency of MEP to double-
pulse BST was measured from the time of the second pulse, which
was identical to that of single-pulse BST (brainstem latency) [26].
The cortical-brainstem and brainstem-cervical conduction times
were obtained, respectively, by subtracting the brainstem latency
from the cortical latency and the spinal latency from the brainstem
latency.

2.3. SEPrecording

For this study, the SEPs were elicited after electrical stimula-
tion (a constant current square wave pulse with duration of 0.2 ms)
of the median nerve at the wrist or posterior tibial nerve at the
ankle, as described in previous reports [ 16]. For recording N13 and
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Table 2
Results of one efferent evoked potential.
Case Side MEP (FDI) cervical CMCT Cortical-BST BST-cervical MEP (TA) lumbar CMCT (ms)
1 Rt 139 12 29 43 143 21.0¢
2 Rt 125 8.61 N.E. 121 23.31
3 Lt 17.31 6.0 1.7 43 1734 19.5¢
4 Rt 124 13.04 7.81 52| 12.8 30.1¢
5 Lt 135 15.44 N.D. 15.1 N.D.
6 Rt 14.0 12.81 N.D. 11.8 N.D.
7 Lt 12.0 11.34 N.D. 11.6 N.D.
8 Rt 143 8.61 511 35 148 26.81
9 Rt 147 10.31 6.21 41 17.0¢ 18.71
10 Rt 12.8 7.0 32 3.8 15.6 21.3¢
Normal values (upper limit, +2.5 SD)
15.1 8.0 41 5.0 16.7 17.8

MEP: motor evoked potential, FDI: first dorsal interosseous, TA: tibialis anterior, CMCT: central motor conduction time, cortical-BST: cortical-brainstem conduction time,
BST-cervical: brainstem-cervical conduction time, {: prolonged latency, N.E.: not examined, N.D.: not detected, bold type: abnormal findings.

N20 potentials elicited by median nerve stimulation, the electrodes
were placed at two locations: the spinous process of C6 and C3’ or
C4’ (2 cm posterior to the C3 or C4, the international 10-20 system),
with Fz reference. For recording N21 and P38 potentials evoked
by tibial nerve stimulation, the recording electrodes were placed
at two locations: the spinous process of L1 with contralateral iliac
crest reference, and Cz’ (2 cm posterior to the Cz) with Fz reference.
For the median nerve SEP, the peak latency of N13 and the inter-
peak latency of N13-N20 were measured, and for the tibial nerve
SEP, the N21 peak latency and the N21-P38 inter-peak latency were
measured. The inter-peak latencies, N13-N20 and N21-P38, are
conventionally called the cortical sensory conduction time (CSCT)
whereas the peak latencies, N13 and N21, are called the peripheral
conduction time [16,42].

2.4. ABR recording

The ABR was recorded as reported in our previous report [43].
The recording electrode was placed over the vertex (Cz) and the
reference electrode on the unilateral earlobe, and the ground elec-
trode was over the Fz. An 80dB (equivalent sound pressure level,
100 p.s duration, alternating) click sound was given to the unilat-

Table 3
Results of three afferent evoked potentials.

eral ear on the reference side at a rate of 5 Hz with a headphone;
both sides were examined separately. The peak latencies of  and V
waves were measured, and the inter-peak latency between I and V
waves was calculated. The neural generator of I wave in humans is
considered as the acoustic nerve; that of the Vwave is the auditory
interneurons at the level of the inferior colliculus [44]. Therefore,
the inter-peak latency of I-V waves is mainly expected to reflect
the central auditory conduction.

2.5. VEPrecording

Monocular pattern reversal full-field VEP was recorded. A black-
and-white checkerboard pattern placed 127 cm in front of the
subjects was reversed at 1 Hz. The total stimulus visual angle and
each check subtended angle of 16 x 12 degrees and 60 min, respec-
tively. One eye was covered with an eye patch; both eyes were
examined alternately. The three recording electrodes were placed
in the mid-occipital (MO), in midline 5 cm above the inion, the left-
occipital (LO), in left 5 cm of MO, and the right-occipital (RO), in
right 5 cm of MO. A mid-frontal (MF) electrode placed 12 cm above
the nasion as the references. The latency of the major positive peak
of the VEP (P 100) was determined.

Case Side SEP (median) SEP (tibial) Side ABR VEP, P 100 (ms)
N13 N13-N20 N21 N21-P38 | 1-v
1 Rt 143 714 234 18.2 Lt 143 5.581 109.0
Rt 141 5.291 109.0
2 Rt 13.6 8.91 21.6 23.61 Lt 1.48 5.724 106.5
Rt 143 5.751 99.3
3 Lt 16.8/ 6.7 29.84 19.0 Lt 1.50 5141 110.0
Rt 145 4.671 109.8
4 Rt 133 8.01 209 38.91 Lt 152 5.481 107.1
Rt 1.70 5.161 103.2
5 Lt 15.51 7.51 24.1 31.84 Lt 1.52 5.491 105.3
Rt 1.89 4.631 106.8
6 Rt 151 9.31 20.5 N.D. Lt 1.54 5.081 149.4¢
Rt 149 4991 146.61
7 Lt 143 7.01 21.0 29.81 Lt 1.57 5.061 97.0
Rt 149 4834 96.0
8 Rt 14.8 7.24 2461 25.01 Lt 1.86 5.391 97.5
Rt 1.57 5.411 99.3
9 Rt 16.21 6.4 26.31 19.8 Lt 133 5.221 113.7
Rt 138 4811 113.1
10 Rt N.E 203 33.74 Lt 1.77 4.25 102.3
Rt 1.78 4.10 94.5
Normal values (upper limit, +2.5 SD)
153 6.8 244 20.5 1.92 4,57 114.1

SEP: sensory evoked potential, VEP: visual evoked potential, ABR: auditory brainstem response, |: prolonged latency, N.E.: not examined, N.D.: not detected, bold type:

abnormal findings.
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Fig. 1. MEP study in case 9. (A) MEP in a representative patient (case 9). Left figure
shows MEPs recorded from FDI. CMCT is prolonged (10.3 ms, upper limit of normal
values 8.0ms). Only the cortical-brainstem conduction time is prolonged (6.2 ms,
upper limit 4.1 ms), suggesting corticospinal tract involvement at the intracranial
level. Right figure shows MEPs recorded form TA. CMCT is 18.7 ms (upper limit
17.8 ms) and spinal latency is 17.0 ms (upper limit 16.7 ms), indicating both central
and peripheral motor conduction delays. (B) MEP in a normal subject.

3. Results

The results of one efferent evoked potential and three afferent
evoked potentials are presented in Tables 2 and 3. The P 100 latency
of VEP was measured in the montage of MO-MF where the maximal
amplitude was obtained in all ten patients.

Fig. 1 displays the waveforms of MEP in case 9 as an illustra-
tion. The CMCTs and spinal latencies for FDI and TA were measured
in all AMN patients. For FDI, the CMCT was prolonged in seven
patients (cases 2, 4, 5, 6, 7, 8, and 9). The spinal latency for FDI
was prolonged in one patient (case 3). For TA, the CMCT was pro-
longed in seven patients or MEPs were not detected in the other
three patients (cases 5, 6, and 7). The spinal latency for TA was pro-
longed in two patients (cases 3 and 9). Single-pulse or double-pulse
BST was performed in nine of ten patients [one patient (case 2)
declined to participate in the BST experiments]. Single-pulse BST
elicited MEPs in five patients (cases 1, 3, 8, 9, and 10). Double-
pulse BST was given to the other five patients, and evoked MEPs
in one patient (case 4). Consequently, brainstem latency was mea-
sured in six patients (cases 1, 3, 4, 8, 9, and 10). In two patients
(cases 8 and 9), the cortical-brainstem conduction time was pro-
longed (case 8: 5.1 ms, case 9: 6.2 ms, upper limit: 4.1 ms) but the
brainstem-cervical conduction time was normal (case 8: 3.5 ms,
case 9: 4.1ms, upper limit: 5.0ms). In one patient (case 4), both
the cortical-brainstem and brainstem-cervical conduction times
were prolonged (7.8 ms and 5.2 ms, respectively) but prolongation
of the former conduction time was predominant. In three patients
(cases 1, 3 and 10) with normal CMCT, both conduction times were
normal.

Fig. 2 displays the representative waveforms of SEP (case 7). In
the median nerve SEP, the CSCT was prolonged in seven of nine
patients studied (cases 1, 2,4, 5, 6, 7, and 8). Median nerve SEP was
not examined in one patient (case 10). The peripheral conduction
was prolonged in three of them (cases 3, 5, and 9). Regarding the
tibial nerve SEP, the CSCT was prolonged or SEPs were not evoked
in seven patients (cases 2, 4, 5, 6, 7, 8, and 10); the peripheral con-
duction time was prolonged in three patients (cases 3, 8, and 9).
Fig. 3 displays the waveforms of ABR and VEP in case 6 as a repre-
sentative of cases. The inter-peak latency of I-V waves of ABR was
prolonged in nine patients and normal in one patient (case 10). The
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Fig. 2. SEP study in case 7. (A) SEP in a representative patient (case 7). Left figure
shows the median nerve SEP. The bottom traces show the responses at the ipsilateral
Erb’s point to record peripheral nerve volley. N13-N20 latency is 7.0 ms (upper limit
of normal values 6.8 ms)and N13 latency is 14.3 ms (upper limit 15.3 ms), indicating
only CSCT prolongation. Right figure shows the tibial nerve SEP. CSCT (N21-P38
latency) is prolonged (29.8 ms, upper limit 20.5 ms). (B) SEP in a normal subject.

I wave latency was within normal limit in all patients. The P 100
latency was prolonged in only one of ten patients (case 6).

Brain MRI revealed abnormalities in four patients (cases 4, 5, 7,
and 8) and no abnormalities in the other six patients. The pyramidal
tract lesions (cases 4 and 8: Loes score 2), questionable optic radia-
tion lesions (cases4 and 5: Loes score 0.5) and unilateral cerebellum
lesions (case 7: Loes score 0.5) were observed. Cerebral white mat-
ter was preserved in all patients. Spinal MRI showed atrophy of the
spinal cord in three patients (cases 2, 8, and 9) and no abnormalities
in the other patients.

MEP and SEP abnormalities were observed in all patients,
although only four patients (cases 2, 4, 8, and 9) exhibited MRI
abnormalities in the motor and sensory pathways (pyramidal tract
lesions or spinal cord atrophy). ABR abnormalities were observed
in nine patients except one patient (case 10), although no auditory
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Fig. 3. ABR and VEP studies in case 7. (A) ABR and VEP in a representative patient
(case 7). Left figure shows ABR waveforms in A1-Cz montage evoked by left sound
stimulation. I wave latency is normal (1.57 ms, upper limit of normal values 1.92 ms),
whereas [-V latency is prolonged (5.06 ms, upper limit4.57 ms), suggesting the cen-
tral auditory conduction delay. Right figure shows the VEP waveforms evoked by left
monocular full-field stimulation. The maximal amplitude is obtained in the MO-MF
montage. The P 100 latency is within normal limit (97.0 ms, upper limit 114.1 ms).
(B) ABR and VEP in a normal subject.
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pathway lesions were found in any of the ten patients. VEP abnor-
malities were seen in only one patient (case 6) whose brain MRI
showed no visual pathway lesions.

Analyses of these patients yielded important physiological
results. Every evoked potential revealed an abnormal conduc-
tion, even though MRIs showed normal findings. Regarding central
efferent conduction, the cortical-brainstem conduction time was
much more prolonged than the brainstem-cervical conduction
time (cases 4, 8, and 9).

4. Discussion

This study revealed several physiological features in pure AMN
patients. Although motor and sensory functions in the upper
extremities were normal in all patients, both MEP and SEP in the
upper extremities exhibited abnormal findings in eight patients.
Similarly, despite normal auditory and visual functions, ABR and
VEP could depict abnormalities, in nine patients and one patient,
respectively. Thus, evoked potentials can detect subclincial lesions
in the central nervous systems [45]. In addition, evoked potentials
often revealed functional abnormalities of efferent and afferent
conductions, even before any changes in MRI were evident, which
is compatible with results described in the relevant literature
[16,28,29,31].

The frequencies with which these evoked potentials detected
abnormal conductions differed among these methods: MEP, SEP,
and ABR were, respectively, abnormal in ten, ten, and nine of ten
patients. In contrast, VEP was abnormal in only one out of ten
patients. Therefore, MEP, SEP, and ABR abnormalities were more
often observed than those of VEP. In fact, MEP, SEP, and ABR abnor-
malities are frequent findings in AMN patients [16,17,27,28,30-32].
In contrast, the incidence of pattern reversal full-field VEP abnor-
malitiesis nothighin AMN patients (only 15 out of 59 AMN patients,
25.4%) [29]. Therefore, our studies verified the assumption from the
prior studies, and we can regard normal pattern-reversal full-field
VEP and abnormal MEP, SEP, and ABR patterns as an important neu-
rophysiological feature that is frequently observed in this disorder.

In central efferent conduction, BST studies revealed severely
delayed cortical-brainstem conduction time along the normal or
mildly delayed brainstem-cervical conduction time in three pure
AMN patients. Single-pulse BST failed to evoke MEPs in four out of
nine patients. Single-pulse BST usually can evoke MEPs in FDI in
healthy volunteers [20,26]. Therefore, the result implies that the
threshold for BST was abnormally high in this disorder. Double-
pulse BST was useful to detect these conduction delays, even in
patients with no MEPs to single-pulse BST. Here we discuss the
clinical significances of a newly discovered physiological feature in
pure AMN: severely delayed cortical-brainstem conduction time.

Several mechanisms of severely delayed cortical-brainstem
conduction time are considered to contribute to the prolonga-
tion of these conduction times [21,46]: (i) slowing of conduction
in corticospinal tract fibers of large diameter (e.g. demyelinat-
ing disease), (ii) reduction in size (and number) of excitatory
postsynaptic potentials generated by cortical or brainstem stim-
ulation (e.g. amyotrophic lateral sclerosis), and (iii) reduction in
the number of descending volleys induced by cortical stimulation
caused by damage of cortical interneurons (e.g. cerebrovascu-
lar disease). Whatever the mechanism, the prolongation of the
cortical-brainstem and brainstem-cervical conduction time can be
taken to suggest that the corticospinal tract was affected, respec-
tively, at the intracranial and extracranial levels [21].

Based on these discussions, we conclude that BST techniques
are helpful to detect, functionally, intracranial corticospinal tract
involvement in pure AMN patients. However, the prominent
intracranial motor tract involvement in pure AMN patients cannot

be explained solely by the main pathological mechanism, i.e. pre-
dominant spinal cord lesions (distal axonopathy). Consequently,
we consider that the physiological results in the BST study proba-
bly indicate demyelination in the intracranial corticospinal tract for
the following tworeasons. About half of the pure AMN patients clin-
ically develop the phenotype of cerebral AMN such as cerebral ALD
[7,8]. In addition, autopsy studies of AMN patients have also shown
mild intracranial demyelination [11]. Therefore, in other words,
BST techniques might detect intracranial demyelination in pure
AMN. For the proof of this possibility, more studies using various
methodologies must be necessary.

5. Conclusion

The pattern of normal pattern reversal full-field VEP and abnor-
mal MEP, SEP, and ABR is a clinically important neurophysiological
feature for the diagnosis. The combination techniques of single-
pulse and double-pulse BST are helpful to detect, functionally,
intracranial corticospinal tract involvement, probably demyelina-
tion, in pure AMN patients.
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Peroxisomal biogenesis disorders represent a group of geneti-
cally heterogeneous conditions that have in common failure of
proper peroxisomal assembly. Clinically, they are characterized

by a spectrum of dysmorphia, neurological, liver, and other
organ involvement. To date, mutationsin 13 PEX genesencoding
peroxins have been identified in patients with peroxisomal
biogenesis disorders. Mutations in PEX13, which encodes per
oxisomal membrane protein PEX13, are among the least com-
mon causes of peroxisomal biogenesis disorders with only three
mutations reported so far. Here, we report on two infants whose
clinical and biochemical profile was consistent with classical
Zellweger syndrome and whose complementation analysis
1ssigned them both to group H of peroxisomal biogenesis dis-
orders. We show that they harbor two novel mutationsin PEX13.
One patient had a genomic rearrangement resulting in a 147 kb
deletion that spans the whole of PEX13, while the other had an
out-of-frame deletion of 14 bp. This represents the first report of

a PEX13 deletion and suggests that further work is needed to

examine the frequency of PEX13 mutations among Arab patients

with peroxisomal biogenesis disorders. < 2009 Wiley-Liss, Inc
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INTRODUCTION

Peroxisomes are subcellular organelles that catalyze several meta-
bolic pathways mainly related to lipid metabolism and are found in
all eukaryotic cells [Wanders, 1992]. The importance of these highly
conserved organelles is evident from the severe clinical consequen-
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ces that result from defects in their structure or function. Known as
peroxisomal disorders (PDs), this expansive group of congenital
diseases has been divided into peroxisomal biogenesis disorders
(PBDs), and disorders related to single peroxisomal enzyme defi-
ciencies [Shimozawa, 2007]. PBDs are autosomal recessive con-
ditions caused by defects in either the biogenesis of peroxisomal
membrane proteins encoded by PEX 16, PEX 3, and PEX 19 genes,
or defects in the import of peroxisomal matrix protein, encoded by
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various other PEX genes. Functional complementation assay in
fibroblasts of PBD patients revealed the existence of 13 comple-
mentation groups, each corresponding to a specific PEX gene
deficiency [Shimozawa, 2007]. To date, mutations in all 13 PEX
genes have been reported in patients with PBDs [Shimozawa, 2007].
Mutations in PEX13 are among the least frequently encountered
with only three mutations reported worldwide in patients present-
ing with Zellweger syndrome, the prototype of PBDs, and the less
severe phenotype of neonatal adrenoleukodystrophy [Liu et al.,
1999; Shimozawa et al., 1999; Krause et al., 2006 ]. Recently, we have
started to molecularly characterize patients with biochemically
confirmed PBDs who are referred to our institution. The first two
patients studied were found to belong to complementation group H
caused by PEX13 deficiency. Novel deletions, one of which
encompasses the entire gene, were identified in both patients.

The two patients reported here are part of a comprehensive ongoing
study of the mutation spectrum in PD patients referred to our
institution. Details of the study will be described at length sepa-
rately. Briefly, patients with a clinical picture consistent with PDs
are enrolled if they demonstrate elevated very-long chain fatty acids
(VLCFA), pristanic or phytanic acids in plasma measured by liquid
chromatography tandem mass spectrometry [Al-Dirbashi et al.,
2008]. Institutional Review Board approval for the study was
obtained and patients were only enrolled with full informed
consent. Skin biopsy and blood samples were collected from each
patient for complementation and immunofluorescence and for
DNA analysis, respectively.

Peroxisomes in fibroblasts were visualized by indirect immunoflu-
orescence microscopy [Shimozawa etal., 1992]. Complementation
analysis was performed essentially as previously described [Yajima
et al., 1992]. Briefly, patient fibroblasts were fused serially with
fibroblast cell lines that are each deficient in 1 of the 13 known PEX
genes. Peroxisomes are stained using antibodies to a 70 kDa
peroxisomal integral membrane protein (PMP70) as a membrane
marker, and catalase as a marker of matrix proteins. Complemen-
tation group is assigned based on the fusion partner that failed to
restore the normal peroxisomal configuration.

Pristanic acid  Phytanic acid Ca2.0
Patient 1 0.27 0.74 14.7
Patient 2 0.44 5.13 141
Controls (n=250)° 0.0-3.4 0.04-11.5 9.6—100.5

°Al-Dirbashi et al. [2008].
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Genomic DNA was isolated from whole blood collected in EDTA
tubes using the Gentra DNA isolation kit (Qiagen, Valencia, CA) as
described by the manufacturer. The four exons of PEX13 were
amplified by PCR as six amplicons, which were bidirectionally,
sequenced using a 3730xI DNA analyzer (ABI, Foster City, CA) and
compared to the reference sequence of PEX13 (accession number
NM_002618). The extent of the genomic deletion was determined
by walking upstream and downstream of PEX13 using PCR of STS
markers and exons of neighboring genes. An amplicon that spanned
the breakpoint was eventually generated using the Expand high
Fidelity system (Roche, Mannheim, Germany). Primer sequence
for the four PEX13 exons and those used to determine the break-
point of the large deletion are summarized in Table SI (supporting
information Table SI may be found in the online version of this
article). The PCR conditions are available on request.

The two patients were biochemically diagnosed with a PD based on
considerably elevated hexacosanoic acid and ratios of tetracosanoic
and hexacosanoic acid to docosanoic acid in plasma as determined
on technical replicates using our previously described protocol
[Al-Dirbashi et al., 2008] (Table I). Patient 1 was identified at the
NICU where he was admitted immediately after birth with severe
hypotonia. He had large anterior fontanelle and high forehead. His
brain MRI showed a picture of polymicrogyria, lissencephaly, and
poor myelination. Consistent with the MRI findings, his EEG
revealed cortical dysfunction and seizure activity. He died at the
NICU at 6 weeks of age with cardiopulmonary arrest. Patient 2 was
also admitted to NICU shortly after birth because of severe hypo-
tonia and had anteverted nostrils, a depressed nasal bridge, and a
large, triangular face. His course in the NICU was complicated by
recurrent apnea, seizures, and elevated liver enzymes. Renal ultra-
sound revealed the presence of multiple cysts. He remained in the
NICU for 4 months before his transfer to the general pediatrics ward
where he remains at 6 months of age with severe failure to thrive,
progressive hepatic dysfunction, and global developmental delay.

Immunofluorescence microscopy studies revealed absence of
the normal punctate staining pattern of catalase but positive
immunofluorescence using the anti-human PMP70 antibody in
fibroblasts from both Patients 1 and 2 (Fig. 1A), which indicated
that both fibroblasts had the classical “ghost” appearance to their
peroxisomes secondary to abnormal protein import. Subsequently,
we performed complementation analysis, which confirmed that

Caa.0 C26.0 C24.0/C22.0 C26.0/Ca2.0

31.8 9.1 2.16 0.618

34.5 9.3 2.44 0.662
3.4-91.7 0.04-1.46 0.15-1.15 0.001-0.028



