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Abstract Hirayama disease (HirD) is a juvenile spinal
muscular atrophy predominantly affecting young men with
an initially progressive course followed by a stable plateau
within several years. It is a matter of debate whether HirD
is a widespread motor neuron or more focal cervical cord
disease. Whether the supraspinal pathways of the cortico-
spinal tract (CST) are also affected has not been studied
systematically. We analyzed CST integrity in seven HirD
patients and 11 controls of similar age and gender using
diffusion tensor imaging at a 1.5-T scanner and central
motor conduction time (CMCT) using transcranial
magnetic stimulation. The apparent diffusion coefficient,
fractional anisotropy, and axial and radial diffusivity
coefficients were determined bilaterally at four represen-
tative CST levels and along the whole CST using a prob-
abilistic fiber tracking approach. There were no differences
between the initially affected and the contralateral side in
HirD patients and no difference between HirD patients
and controls for both the ROI-based and the whole CST

K. Boelmans (X))

Department of Psychiatry, Memory Clinic,
University Hospital Hamburg-Eppendorf,
Martinistrasse 52, 20246 Hamburg, Germany
e-mail: k.boelmans@uke.uni-hamburg.de

K. Boelmans - J. Kaufmann - S. Vielhaber
Department of Neurology, Otto-von-Guericke-University,
Magdeburg, Germany

S. Schmelzer - M. Kornhuber - S. Zierz - C. Gaul
Department of Neurology, Martin-Luther-University
Halle-Wittenberg, Halle (Saale), Germany

A. Miinchau

Department of Neurology, University Hospital
Hamburg-Eppendorf, Hamburg, Germany

@ Springer

analyses. Radial diffusivity of the CST was positively
correlated with years of disease progression in HirD
patients. CMCT was normal in HirD patients. Combined
anatomical and functional measurements established nor-
mal integrity of the supraspinal CST in HirD patients
lending support to the notion that HirD is a pure spinal
motor neuron disorder.

Keywords Hirayama disease - Corticospinal tract -
Diffusion tensor imaging - Fiber tractography -
Motor evoked potentials

Introduction

Hirayama disease (HirD), or benign juvenile muscular
atrophy of distal upper extremity, is characterized by
muscular weakness and atrophy in the hand and forearm,
predominantly affecting young men [1]. The pattern of
atrophy involves the volar and dorsal surfaces of the
forearm, sparing the brachioradialis muscle, also referred
to as “oblique amyotrophy” [2]. The course of HirD is
initially progressive with an insidious onset between the
second and early third decade of life, followed by spon-
taneous stabilization within several years. HirD patients as
a rule do not have pyramidal signs indicative of cortico-
spinal tract (CST) involvement [2, 3]. However, in selected
cases, lower limb hyperreflexia has been described [4-6],
which might point towards subtle CST dysfunction. Posi-
tion-dependent microcirculatory disturbance in the territory
of the anterior spinal artery has been postulated as one of
the mechanisms leading to degeneration of anterior horn
cells in HirD (flexion induced myelopathy) [2, 7]. Various
magnetic resonance imaging (MRI) investigations have
lent support to this hypothesis showing a dynamic
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compression of the lower cervical cord due to forward
displacement of the dural sac and spinal cord during neck
flexion [8-11]. However, due to conflicting results, HirD
has alternatively been viewed as an intrinsic motor neuron
disease because a number of HirD cases without evidence
of flexion induced myelopathy have been reported [12—16]
and because of reports of familial cases [14, 17]. If so, then
CST involvement would indicate a more widespread motor
neuron disease.

To this end, we investigated a potential involvement of
the supraspinal CST in clinically stabilized HirD patients
using MR-based diffusion tensor imaging (DTI) and
transcranial magnetic stimulation (TMS). The aim of this
study was to examine whether HirD is a more widespread
or pure spinal motor neuron disease.

Patients and methods
Participants

Seven HirD patients (mean age 33 4 13.9 years, range
19-55, five males) from the Departments of Neurology at
the University Hospitals of Halle and Magdeburg partici-
pated in the study. HirD was made according to the pre-
defined criteria: (1) atrophy and weakness in one distal
upper limb or asymmetrically in both, (2) insidious onset in
the second or third decade of life, (3) initial fast progres-
sion followed by a stable condition, (4) no involvement of
cranial nerves, sensory, cerebellar or extrapyramidal sys-
tems and cortical functions, (5) no history of poliomyelitis,
(6) no family history of other neuromuscular diseases [7,
11, 18].

Electrophysiological and MRI investigations were car-
ried out in all patients during stabilization of the disease.
Eleven healthy subjects (mean age 31 + 12.0 years, range
18-54, seven males) without any neurological or psychi-
atric signs were recruited as a control group. Five patients
and 11 controls were right handed, one patient was left
handed (no. 4) and one had switched from left to right hand
in childhood for reasons unrelated to HirD (no. 3). The
study was approved by the local ethics committee and is in
accordance with the ethical standards of the Declaration of
Helsinki. All participants gave written informed consent
before study participation.

Motor evoked potentials

Motor evoked potentials (MEP) recordings were obtained
by TMS over the motor cortex using a conventional round
coil connected to a stimulator (MagStim 2000, inner
diameter 13 cm, Viasys, Hochberg, Germany) producing a
maximum magnetic field of 2.0 T. The circular copper coil

was placed on the skull vertex and over the L5 spinous
process. Surface electromyography (EMG) responses were
recorded from the tibialis anterior muscle bilaterally. TMS
intensity was set at 20-30 % above the resting motor
threshold, which was defined as the minimum stimulus
intensity at which five of ten consecutive stimuli evoked
MEP amplitudes of at least 50 uV in the relaxed tibialis
anterior muscle. Central motor conduction times (CMCT)
were calculated by subtracting the latency in response to
spinal root stimulation from the latency in response to
cortical stimulation.

Nerve conduction studies and electromyography

Electrophysiological recordings were carried out under
standard conditions on a multiliner machine (Viasys,
Hochberg, Germany). M- and F-waves were recorded from
motor fibres of the ulnar nerve using supramaximal stim-
ulation. For F-wave generation, the nerve was repeatedly
(ten times) and supramaximally stimulated. Distance
between stimulation cathode and C7 was measured and
motor nerve conduction velocity (NCV), amplitudes, distal
latency as well as amplitudes, persistence, and temporal
dispersion of F-waves analyzed. Sensory action potentials
of the ulnar nerve were derived from sensory nerve con-
duction studies (NCS) using ten antidromic stimuli with
subsequent averaging. The distance between the cathode
and recording electrode was measured and sensory NCV,
amplitudes, and latencies analyzed. For somatosensory
evoked potentials, recording electrodes were placed on the
scalp (C3 and C4) and over the cervical spine (C7). The
ulnar nerve was stimulated bilaterally at the wrist with
1,000 stimuli to extract the SSEP from the background
activity by averaging. Impulses showed intensities between
10 and 20 mA and were individually adapted to the motor
threshold of digiti minimi muscles. Latencies and ampli-
tudes of the central peaks (N20, P25, and N1) were mea-
sured. To measure the sympathetic skin responses, surface
plate electrodes were used and the skin was cleaned for low
skin resistance. The recording electrode was placed in the
palm and the reference electrode positioned on the dorsal
side of the hand. Three stimuli were triggered at 30 mA at
the left upper arm and responses recorded on the ipsi- and
contralateral side, respectively. Electromyography was
recorded in all the patients using concentric needles and
standard techniques.

Image acquisition and processing
The MRI was performed using a GE Signa LX 1.5-T
system (General Electric, Milwaukee, WI, USA) with

actively shielded magnetic field gradients (maximum
amplitude 40 mT m™"). A standard quadrature birdcage
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head coil was used for both the radio-frequency transmis-
sion and signal reception. The MR protocol included a
T1-weighted sagittal 3D scan (contrast-optimized spoiled
gradient-echo sequence; 124 slices, slice thickness 1.5 mm;
TE 8 ms; TR 24 ms; flip angle 30°) and a single-shot
diffusion-weighted spin-echo-refocused echoplanar imag-
ing sequence (data acquisition matrix 128 x 128; field of
view 280 x 280 mm; TE 70 ms; TR 10.000 ms; 39 slices;
slice thickness 3 mm; b-value 1,000 s/mmz).

The data for diffusion tensor calculations were collected
with 12 noncollinear gradient orientations, each addition-
ally measured with the opposite diffusion gradient polarity
[19]. The orientations were chosen according to the DTI
acquisition scheme proposed by Papadakis and colleagues
[20]. The total of 24 diffusion-weighted measurements,
each an average of four measurements, were divided into
four blocks, each preceded by a non-diffusion-weighted
acquisition. Diffusion tensor imaging volumes were eddy-
current and head motion corrected based on the non-dif-
fusion-weighted images using the AIR software package
[19, 21]. Diffusion tensors were calculated for each voxel
and further decomposed into eigenvalues and eigenvectors.
On the basis of the eigenvalues, the apparent diffusion
coefficient (ADC) and fractional anisotropy (FA) as well as
the axial diffusivity (AD) and radial diffusivity (RD)
coefficients were determined. Diffusion tensor imaging-
based color maps were calculated according to the scheme
proposed by Pajevic and Pierpaoli [22]. The fiber tract
reconstruction was carried out using a probabilistic
approach. A Monte Carlo simulation algorithm that
repeatedly searches for probable paths through the derived
diffusion tensor matrix was implemented in MATLAB
(MathWorks, Natick, MA, USA) [23].

Diffusion tensor imaging is particularly sensitive to
assess in vivo the tissue characteristics along white matter
tracts [24]. The principle is based on a non-invasive mea-
surement of the random movement of water molecules. As
the water tends to diffuse preferentially along ordered
structures such as axonal tracts, DTI can provide detailed
information about white matter integrity [25]. Two scalar
measures, which can be extracted in a voxel-wise manner,
are the ADC, which represents the magnitude of local
diffusion averaged over all spatial directions, and the FA,
which quantifies the degree of anisotropy. Additionally, the
axial (parallel to the long axis of fiber) and radial (per-
pendicular) diffusivity coefficients may provide comple-
mentary information regarding tissue microstructure in
white matter tracts [26].

Regions of interest (ROIs) based DTI parameters were
manually determined in all seven HirD patients and 11
control subjects at four different levels along the CST [cap-
sula interna (43.1 mm?), cerebral peduncle (28.7 mm?), pons
(10.7 mm?), and pyramids (7.2 mm?)] in each hemisphere
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(Fig. 1). Regions-of-interest sizes and positions were kept
identical between the subjects. For fiber tractography, seed
points with a size of 3.3 x 3.3 mm? were placed within each
hemisphere at the level of the medulla oblongata. Tractog-
raphy analysis of the CST was performed independently with
50,000 starts in the left and right hemisphere. Clustering was
conducted on the basis of distance criteria. Tract-specific
diffusion parameters were determined for left and right CST
by marking the voxels traversed by any counted path. For
interhemispheric and group comparisons, each subject’s
diffusion parameters were averaged over all marked voxels in
the neuronal tract being evaluated.

Statistical analysis

Data were analyzed using the SPSS software package for
Windows (version 15.0; SPSS Inc., Chicago, IL, USA).
Between-group differences in gender distribution were
analyzed with i tests; differences in age were analyzed
using the Mann—Whitney U test. Correlations of CST dif-
fusion parameters with years of disease progression, age,
and CMCT were investigated by using the Pearson’s cor-
relation coefficient. Normal distribution was confirmed by
Shapiro—Wilk test. Adapted from the ROI-based and tract-
specific diffusion parameters, the mean of diffusion values
was determined for further statistical analysis. Analyses of
variance (ANOV As) were performed to test for differences
of both ROI-based and tract-specific diffusion parameters.

Results
Demographical and clinical data

There were no significant differences in gender distribution
or age between HirD patients and control subjects.
Demographical and clinical data of HirD patients are
summarized in Table 1.

Cervical MRI findings

Each patient except one (no. 3, computed tomography)
received a neutral-position cervical MRI that showed a normal
width of the cervical spinal cord. In addition, no lower cervical
cord atrophy, asymmetric cord flattening, or abnormal cervi-
cal curvature could be detected. Three patients (no. 1,3, and 5)
showed degenerative changes of the cervical spine as spon-
dylosis deformans and uncarthrosis.

Electrophysiological findings

Central motor conduction time was normal in six patients;
it could not be calculated in one patient (no. 2) because
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Fig. 1 Fractional anisotropy
maps at four different levels
along the corticospinal tract.
Regions of interest (ROIs) were
placed on both sides of the
capsula interna, cerebral
peduncle, pons, and pyramids.
Single mean apparent diffusion
coefficient, fractional
anisotropy, axial, and radial
diffusivity were determined
from the averaged values of the
parameters in each ROI

Capsula interna

MEPs could not be elicited (Table 2). On the initially
affected sides, ulnar motor NCS showed reduced ampli-
tudes in all and decreased NCV in two patients (no. 1 and
4). In two patients with an asymmetrical pattern (no. 1 and
3), the contralateral side was also affected. F-waves were
reduced on the clinically affected side in four patients
(no. 1,2, 5, and 7), but not reliable ratable in two patients (no. 3
and 4). Sensory NCS were normal in all patients except one
(no. 1) presenting deceased sensory NCV on the affected
side. No abnormalities were found in the SSEP of the ulnar
nerve in any patient. Sympathetic skin response was nor-
mal in six patients; it could not reliably be recorded in one
(no. 4) (Table 3). Electromyography of the dorsal interos-
sei muscles (hand) on the initially affected side showed
pathological spontaneous activity in two (no. 2 and 6),
reduced interference pattern in four (no. 1, 4, 5, and 6), and
increased amplitudes (>5 mV) in three (no. 3, 5, and 7)
patients indicating acute and chronic neurogenic remodel-
ing. Signs of chronic neurogenic remodeling were also
found on the contralateral, but clinically not affected side
in two patients (no. 4 and 7). Five patients (no. 1, 2, 3, 6,

Cerebral peduncle

and 7) additionally had neurogenic damage in the triceps
brachii muscle. Electromyography of the tibialis anterior
muscle was normal in all seven patients (Table 4).

Diffusion tensor imaging analysis

Regions of interest-based diffusion parameters are sum-
marized in Fig. 2 for HirD patients and controls at four
different levels along the CST (capsula interna, cerebral
peduncle, pons, and pyramids). For the control subjects,
diffusion values of each region were averaged over the
right and left brain hemisphere. Multivariate ANOVAs
across all participants with the FA, ADC, AD, and RD
values of each region (capsula interna, cerebral peduncle,
pons, and pyramids) as dependent variables and with the
factors [disease (control subjects, HirD), hemisphere (left,
right), and side (affected, contralateral)] were performed
respectively. These analyses revealed no significant main
effect or significant interaction for any factor.

Based on CST tractography results, diffusion parameters
were determined for the whole CST in all HirD patients
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Table 1 Demographical and clinical data of Hirayama disease patients

Patients
1 2 3 4 5 6 7
Gender F F M M M M M
Age (years) 55 21 46 19 37 20 34
Age at onset 17 14 17 16 18 14 12
(years)
Progression >10 5 L3,R2 3 5 5 12
(years)
Height (cm) 160 171 172 185 190 175 184
Initially affected R >L R L>R L L L>R R
side
Atrophy® R++ R++ L++, R+ L++ L+++ L+++, R++
R+
Deep tendon Reflexes equal Reflexes equal Reflexes equal Patellar and ankle Reflexes equal Reflexes Reflexes equal
reflexes lower and active and active and active response hyperactive  and active equal and and active
limbs and bilateral, bilateral, bilateral, on left side, left bilateral, active bilateral,
Babisnkis sign no pyramidal  no pyramidal = no pyramidal  ankle no pyramidal  bilateral, no pyramidal
(pyramidal tract signs tract signs tract signs response clonic, tract signs no tract signs
tract signs) Rossolimo reflex pyramidal
positive on left side tract
signs
Family history None None None None Grandmother ~ None None
of muscle suspected for
disease poliomyelitis
F female, M male, y year, L left, R right
% Muscle atrophy: + = hand, ++ = hand and forearm, +++ = hand, forearm and arm
Table.2 Motqr evoked. Patients Normal
potentials in Hirayama disease a
. lab value
patients 1 2 3 4 5 6 7
Right lower limb
MEP cortex latency (ms) 23.6 24.2 26.0 25.6 30.4 29.2 29.2 <30
MEP spinal latency (ms) 12.0 NE 12.8 10.8 15.6 12.8 12.4 <15
. CMCT 11.6 13.2 14.8 14.8 16.4 16.8 <18
CMCT central motor conduction .
time, MEP motor evoked Left lower limb
potential, NE could not be MEP cortex latency (ms) 232 24.6 26.0 28.0 30.4 29.2 29.2 <30
elicited MEP spinal latency (ms) 120 NE 128 108 128 128 128 <I5
* Reference values with CMCT 11.2 132 172 176 164 164 <I8

standard neck positions

and control subjects (Table 5). Univariate ANOVAs across
all participants with the FA, ADC, AD, and RD values of
the CST as dependent variables and with the factors [dis-
ease (control subjects, HirD), hemisphere (left, right), and
side (affected, contralateral)] were performed respectively.
These analyses revealed no significant main effect or sig-
nificant interaction for any factor.

Within the HirD patients, the relationship between CST
diffusion parameters and the years of disease progression
as well as age and CMCT were explored. We found a
particularly high correlation between the RD of the CST
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with years of disease progression on the affected side
(r =0.903; p =0.005) and on the contralateral side
(r =0.787; p = 0.036). Correlation tests did not identify
any statistically significant relationship of the CST diffu-
sion parameters with age and CMCT.

Discussion

In this study, supraspinal CST fiber integrity of a well-
defined larger group of HirD patients was investigated
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Table 3 Nerve conduction studies in Hirayama disease patients

Patients (initially affected side)

I1(R>L) 2 (R) 3(L>R) 4 (L) 5(@L) 6 (L>R) 7 (R)
Ulnar nerve L (motor) A| NCV| N All dLT Al|l NCV| dL? Al Al N
Ulnar nerve R (motor) All NCV| Al All dLT N N N All
Ulnar nerve L F-waves N N (] 0] F| N N
Ulnar nerve R F-waves Fl| F| tDis (4] ? N N Fl|
Ulnar nerve L (sensory) N N N N N N N
Ulnar nerve R (sensory) NCV|] N N N N N N
Ulnar nerve SSEP NAL <R N N N N N N
Sympathetic skin response N N N 9] N N N

A amplitude (| decreased, 1 increased), dL distal latency (1 enhanced), F F-waves (| reduced persistence of F-waves, || loss of F-waves), L left,
N normal value, NCV nerve conduction velocity (| reduced), R right, SSEP somatosensory evoked potential, tDis temporal dispersion, @ no

reliable rating

Table 4 Electromyography in Hirayama disease patients

Patients (initially affected side)

1(R>L) 2 (R) 3(L>R) 4 (L) 5(L) 6 (L >R) 7 (R)
Dorsal interossei muscles (hand) L Ripaf N AT Ripafl? A7 Ripal pSA Ripaft AT
Dorsal interossei muscles (hand) R Ripal1? pPSA AT Ripaf N Ripaf AT
Triceps brachii muscle L Ripaf N pPSA N 1%} pSA Ripalt N
Triceps brachii muscle R Ripaf? AT N N Ripatf? AT
Tibialis anterior muscle L N N N N N N
Tibialis anterior muscle R N N N N N N

A7 increased amplitude, L left, N normal value, Psa pathological spontaneous activity, R right, Ripa reduced interference pattern (T moderate,

11 clearly, 111 very clearly), @ no reliable rating

using DTI and TMS. The ROI-based and tract-specific
diffusion parameters did not significantly differ between
the initially affected and the contralateral side in HirD
patients. There was also no difference when patients’ ini-
tially affected side was compared to healthy controls.
Three of the patients (no. 1, 3, and 6) studied here pre-
sented with bilateral, albeit asymmetric, wasting and
weakness, which is in line with the clinical spectrum of
reported HirD patients reflected in the designation of HirD
as juvenile asymmetric segmental spinal muscular atrophy
(JASSMA) [13]. The asymmetrical involvement of mus-
cles contralateral to the first affected side has been reported
in approximately 20 % of HirD cases and, furthermore, a
new phenotype of bilaterally symmetric HirD has recently
been described [27]. The missing differences of diffusion
parameters within these patients are somehow explainable.
In fact, it is surprising to find normal DTI parameters also
in patients presenting pure unilateral symptoms. This
finding argues against a supraspinal CST involvement in
HirD and can instead be taken as positive evidence that
HirD is a pure spinal motor neuron disorder.

We found a positive correlation between the RD of the
CST and years of disease progression in both the affected

and the contralateral side in HirD patients. Because the RD
technically consists of an average of the two minor
eigenvalues within the tensor ellipsoid, an increased dif-
fusivity perpendicular to the main axon direction in
patients with a longer disease progression could reflect a
less coherently organized CST. In multiple sclerosis
patients with chronic lesions, for example, an increased RD
has been demonstrated to serve as a surrogate marker for
dysmyelination and overall tissue integrity [28, 29]. Gallo
et al. [30] postulated subtle CST alterations in a single HirD
patient that might be masked by adaptive changes in white
matter architecture due to cortical reorganization. The func-
tional changes might play a compensatory role in limiting the
clinical consequences of structural cord damage.

However, considering cervical cord damage at the lower
motor neuron level, one would expect to find a pathological
CMCT. In line with structural measures CMCT determined
with TMS was normal in our HirD cohort, confirming
previous reports [31-33]. In addition, MEPs did not show
any alterations before and after neck flexion in earlier
reports [12, 34].

Furthermore, fiber tractography, which offers a path-
way-specific investigation remote from distally located
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Fig. 2 Region of interest-based corticospinal tract (CST) diffusion
parameters. Mean diffusion parameters are presented along four
representative levels of the CST (capsula interna, cerebral peduncle,
pons, and pyramids), separated for diffusion coefficients: fractional
anisotropy, apparent diffusion coefficient, axial diffusivity, and radial

Table 5 Tract-specific diffusion parameters in corticospinal tract

Apparent diffusion coefficient (ADC)

il
E
=]
Capsula interna  Cerebral peduncle Pons Pyramids
Radial diffusivity (RD)
0.7
0.6
-~ 05
E I
q.,E 0.4 T = I T T
2 1
—
0.3
02
0.1

Capsulaintema Cerebral peduncle Pons Pyramids

diffusivity. Bars in dark grey represent the HirD patients’ initially
affected side; medium grey represents HirD patients’ contralateral
side, and light grey healthy controls (averaged across the left and right
side); error bars indicate standard deviation

Apparent diffusion coefficient

Fractional anisotropy (10°m?/s)
Group HirD HirD,,, Conpop,* HirD,¢ HirD,, Conpo,*
Mean (SD)  0.46 (0.02) 0.45(0.03) 0.43(0.04) 0.72(0.02) 0.72(0.01)  0.74 (0.02)
Axial diffusivity Radial diffusivity
(10°m’/s) (10"m?s)
Group HirD HirD,,, Conpe, * HirD ¢ HirD,,, Conpe,
Mean (SD)  1.12(0.03) 1.12(0.03) 1.12(0.03) 0.52(0.02) 0.53(0.01) 0.55(0.03)

HirD 4 patients initially affected side, HirD,,, patients contralateral side, Con,,;, controls

% Averaged across left and right side
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lesions, is sensitive enough to detect a secondary alteration
of the CST in terms of a “dying-back” axonopathy. Ret-
rograd fiber degeneration or shrinking of cortical repre-
sentations following peripheral lesions have been
frequently demonstrated. However, the absence of such a
DTI signature is again indicative for an intact supraspinal
pathway in HirD patients. In summary, structural and
functional CST integrity was normal, so that no evidence
for a supraspinal CST involvement in HirD was detected.

The DTI fingerprint of the CST in HirD patients can be used
to differentiate HirD from other motor neuron diseases. In
particular, patients with amyotrophic lateral sclerosis typi-
cally have significant FA reductions (especially in the pos-
terior limb of the internal capsule) and an increase of ADC
along the CST [35]. Damage of CST fibers reflects upper
motor neuron degeneration. However, in progressive mus-
cular atrophy, which represents a phenotype of amyotrophic
lateral sclerosis without upper motor neuron involvement,
DTI was normal [36]. It is thus not suitable to distinguish
progressive muscular atrophy from HirD. In line with our data
suggesting that HirD is a restricted spinal motor neuron dis-
ease without pyramidal tract involvement conventional MRI
studies have commonly reported atrophic changes in the
anterior cervical cord [10], consistent with neuropathology
findings showing a loss of anterior horn cells without signif-
icant gliosis in this area [37]. Additionally, hyperintense
signal alterations on T2-weighted images have been demon-
strated in the anterior horns in HirD patients [7, 38].

However, the actual development of motor neuron
lesioning leading to a characteristic phenotype in HirD is
unidentified. The distribution of muscle atrophy does not
perfectly match microcirculatory disturbances in the ante-
rior spinal artery territory, thus alternative explanations for
the focal cervical poliomyelopathy have to be considered.
Assuming cord compression as a possible underlying
cause, the organization of motoneuron groups and motor
columns within the human cervical cord has to be con-
sidered [39]. At the cervical level, the ventral horn consists
of lateral and dorsolateral subcolumns that innervate the
dorsal and ventral parts of the limbs. Within these sub-
columns, grouped motoneurons, so-called motor pools, are
connected to individual muscles [40]. Thus, selected motor
pools might be particularly vulnerable to repeated or sus-
tained cervical cord compression. A selective degeneration
within the columnar organization could also be caused by
an intrinsic motoneuron disease. For instance, columnar
degeneration is a typical scenario in poliomyelitis [41] and
has also been postulated in patients with benign monomelic
amyotrophy of the lower limb [42].

In summary, combined structural and functional mea-
sures imply normal integrity of the supraspinal CST in
HirD patients supporting the notion that HirD is a pure
spinal motor neuron disorder.
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