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Abstract

Introduction Extrapyramidal deficits are poorly characterised in amyotrophic lateral sclerosis (ALS) despite their contribu-
tion to functional disability, increased fall risk and their quality-of-life implications. Given the concomitant pyramidal and
cerebellar degeneration in ALS, the clinical assessment of extrapyramidal features is particularly challenging.

Objective The comprehensive characterisation of postural instability in ALS using standardised clinical assessments, gait
analyses and computational neuroimaging tools in a prospective study design.

Methods Parameters of gait initiation in the anticipatory postural adjustment phase (APA) and execution phase (EP) were
evaluated in ALS patients with and without postural instability and healthy controls. Clinical and gait analysis parameters
were interpreted in the context of brain imaging findings.

Results ALS patients with postural instability exhibit impaired gait initiation with an altered APA phase, poor dynamic
postural control and significantly decreased braking index. Consistent with their clinical profile, “unsteady” ALS patients
have reduced caudate and brain stem volumes compared to “steady” ALS patients.

Interpretation Our findings highlight that the ALS functional rating scale (ALSFRS-r) does not account for extrapyramidal
deficits, which are major contributors to gait impairment in a subset of ALS patients. Basal ganglia degeneration in ALS
does not only contribute to cognitive and behavioural deficits, but also adds to the heterogeneity of motor disability.

Keywords Amyotrophic lateral sclerosis - Gait impairment - Postural instability - Magnetic resonance imaging - Basal
ganglia

Introduction lower motor neuron degeneration. ALS, however, is now
widely recognised as a multisystem condition affecting
extra-motor frontotemporal regions [5], cerebellar [6] and

subcortical grey matter regions [7]. Backward falls, impaired

Amyotrophic lateral sclerosis (ALS) is a relentlessly pro-
gressive neurodegenerative disorder with no effective dis-

ease-modifying therapies at present [1]. Functional rating
scales [2], electrophysiology studies [3] and neuroimaging
studies of ALS [4] overwhelmingly focus on upper and
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postural reflexes, retropulsion, bradykinesia, and decreased
arm swing in ALS have all been reported in early-stage ALS
and are often linked to basal ganglia alterations [8]. While
extrapyramidal deficits are relatively often observed in ALS
[9], they are difficult to appraise clinically due to concomi-
tant pyramidal weakness, lower motor neuron involvement,
vestibular [10] and cerebellar deficits [11]. Gait impairment
in ALS [12], especially if coupled with cognitive deficits
presents a considerable risk for falls and fractures [13—15].
Postural instability contributes significantly to the het-
erogeneity of clinical disability in ALS, requiring specific
rehabilitation and physiotherapy strategies [16] and careful
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appraisal of fall risk [17]. Despite its considerable clini-
cal ramifications, the pathophysiology of gait impairment
in ALS remains poorly characterised. The coexistence of
cerebellar, vestibular, pyramidal and extra-pyramidal pro-
cesses precludes the accurate clinical evaluation of gait
impairment in ALS and requires quantitative gait assessment
approaches. Computational gait analyses have contributed to
the characterisation of gait pathology in Parkinson’s disease
(PD) [18], and gait rhythm alterations and stride length fluc-
tuations have also been described in ALS [19]. The methods
for evaluating anticipatory postural adjustments [20, 21] are
well established and have been applied to a variety of neu-
rological conditions [22, 23].

Given the striking paucity of gait analysis studies in
ALS, our objective is to evaluate gait impairment in ALS
using a multimodal approach, including standardised clini-
cal assessments, kinematic recordings of gait initiation and
brain imaging. Based on the available literature, our hypoth-
esis is that ALS patients with postural instability (PI-ALS)
exhibit altered gait initiation and have distinctive imaging
signatures compared to ALS patients without gait impair-
ment (NPI-ALS).

Materials and methods
Participants

Thirty-one ALS patients and 14 age-matched healthy con-
trols were recruited in a prospective gait analysis and neu-
roimaging study. All participants provided informed written
consent in accordance with the Declaration of Helsinki and
the study was approved by the local ethics committee (CPP
Ile-de-France Paris VI; INSERM promotion RBM C12-13).

Patients underwent standardised clinical assessments,
gait analyses, neuropsychological testing and neuroimag-
ing. The demographic and clinical details of study partici-
pants, including site-of-onset, cognitive performance, func-
tional rating scale scores, handedness, age, and gender are
presented in Table 1. Inclusion criteria included definite or
probable ALS according to the revised El Escorial crite-
ria [24], age between 18 and 70 years, right-handedness,
ability to walk at least 10 m without assistance, and ability
to tolerate MR scanning in a supine position for the dura-
tion of the T1-weighted structural MR sequence. Exclusion
criteria included frontotemporal dementia based on current
diagnostic criteria [25], coexisting musculoskeletal condi-
tions that interfere with functional evaluation, patients on
medications that would potentially affect gait analyses such
as dopamine antagonist, benzodiazepines, opiates and tricy-
clic antidepressants.

Amyotrophic lateral sclerosis patients were stratified in
PI-ALS and NPI-ALS groups, based on the pull test [26]
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during a standardised neurological assessment by an expe-
rienced neurologist. The patient’s shoulders were pulled
abruptly while standing in an upright position with eyes
open and feet slightly apart. The observed response was
scored from O to 4 points (0: normal response; 1: retropul-
sion, but unaided recovery; 2: absence of postural response
and would fall if not caught by the examiner; 3: very unsta-
ble, tends to lose balance spontaneously; 4: unable to stand
without assistance). A score of 1 or more was considered
abnormal and ALS patients were then classified as having
postural instability (PI-ALS) clinically.

Clinical evaluation

Each subject was administered the revised ALS Functional
Rating Scale (ALSFRS-R) as a measure of their overall
motor disability [2]. Progression rates were calculated using
the following formula: disease progression rate = (48 — ALS-
FRS-R score)/(disease duration in months).

Lower limb muscle strength was tested manually using
the MRC muscle scale in the hip flexors, knee extensors,
hip abductors, knee flexors, ankle plantar flexors, ankle
dorsiflexors, and extensor hallucis longus. Stiffness during
passive leg, arm and neck flexion—extension was evaluated
using the Ashworth scale [27]. Balance impairment was
assessed using the Berg Balance Scale [28].

All participants underwent a comprehensive neuropsy-
chological assessment using the California verbal learning
test (CVLT II), the Stroop test, verbal fluency tests (both
categorical and phonemic), the Wisconsin card sorting test,
and the forward and backward digit span.

Gait initiation test

Biomechanical parameters of gait initiation were recorded
using a force platform (0.9x 1.8 m, AMTI, Advanced
Mechanical Technology Inc. Watertown, MA, USA) with
analogue signals digitized at 1000 Hz. Subjects, who were
barefoot and standing upright, were instructed to start
walking for 5 metres following a visual cue projected onto
a screen in front of them at a distance of 6 metres at eye
level. Twenty consecutive trials were recorded for each sub-
ject. Assessment took place under standardised conditions,
using the same equipment, supervised by the same clinical
staff. The high respiratory ALSFRS-r subscores in both ALS
group indicate that fatigue secondary to hypoxia was not a
major confounder.

The accelerations and velocities of the centre of mass
(CoM) and centre of foot pressure (CoP) displacement of
the first two steps were calculated offline (Fig. 1). Data
were processed using in-house software running under
MATLAB (The MathWorks, Inc., Natick, MA, USA). Two
phases of gait initiation were analysed: the anticipatory
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I;';::C‘teﬁ]ﬁg’i?gl‘zudy Controls (n=14) NPL-ALS (1=17) PLALS (n=14)  p values
participants Age (years) 63.00 (57-66) 58 (50-64) 59 (57-62) 0.55
Gender (female/male) 5/9 6/11 3/11 0.40
Height (cm) 170 (168-175) 171 (165-178) 170 (161-176) 0.51
Weight (kg) 74.50 (66.0-83.7) 72.00 (56.0-80.0) 67.25 (64.2-85.7) 0.79
Onset disease
Lower limb NA 2 3 0.47
Upper limb 10 6 0.38
Bulbar 5 5 0.71
ALSFRS-R (max 48) NA 41.0(38.0-43.0) 37.5(35.2-41.0) 0.09
ALSFRS-R1 bulbar (max 12) 12.0(07.0-12.0) 11.0(10.2-12.0) 0.55
ALSFRS-R2 upper Limb (max 12) 08.0 (05.0-11.0) 10.0 (07.0-11.0)  0.53
ALSFRS-R3 low Limb (max 12) 11.0 (09.0-12.0) 07.0 (05.2-07.7)  0.70
ALSFRS-R4 respiration (max 12) 12.0 (12.0-12.0) 12.0 (12.0-12.0) 0.64
Disease duration (months) NA 17.00 (12.0-27.0) 23.5(14.7-37.2) 0.20
Disease progression (months) NA 0.42 (0.32-0.05) 0.44 (0.19-0.78) 0.92
Cognitive assessments
California verbal learning test I1
CVLTII
Immediate recall NA 07.0 (06.0-09.0) 07.0 (05.0-08.0) 0.79
Total trials recall (1-5) 57.0(51.0-63.0)  53.5(51.2-58.7) 087
Short delay free recall 12.0 (11.0-14.0) 13.0 (11.2-13.7) 8;3
Short delay cued recall 02.0 (01.0-04.0) 01.5(01.0-12.0) (gg
Long delay free recall 14.0 (13.0-15.0) 14.0 (13.0-14.7)  0.68
Long delay cued recall 01.0 (00.0-02.0)  01.5(01.0-12.7) 041
Total recognition discrimination 16.0 (15.0-16.0) 16.0 (16.0-16.0) 0.30
Stroop test
Reading NA 98.0 (87.0-109.0)  99.0 (87.0-103.0) 0.82
Naming 70.0 (59.2-074.75) 72.0 (63.0-077.0) 0.90
Double task 37.5(34.0-043.7)  38.0(31.0-042.0) 0.56
Verbal fluency test
Phonemic NA 20.0 (17.0-31.0) 22.0 (17.2-27.0) 0.85
Semantic 35.0 (22.0-42.0) 31.0 (26.0-32.0) 0.6
Wisconsin card sorting test
Categories achieved (/6) errors NA 06.0 (05.5-06.0) 06.0 (04.0-06.0) 0.35
Perseverative errors 07.0 (05.0-10.5) 09.5 (07.0-11.7)  0.10
03.0 (01.0-04.0) 03.5 (01.2-06.7) 0.21
Digit span
Forward NA 09.0 (07.0-12.0) 08.0 (07.0-09.0) 0.08
Backwards 06.0 (04.0-08.0) 04.5 (04.0-07.0) 0.38

Values presented are medians (range) for each characteristic. *p <0.05 between PI-ALS and NPI-LAS
patients. Disease progression = (48 — ALSFRS-R score/disease duration)

postural adjustment phase (APA) and the execution phase
(EP). The anticipatory postural adjustment phase (APA) is
the period between the first biomechanical event [t0] and
the foot-off of the swing leg [FO]. The execution phase
(EP) is defined as the period between the foot-off of the
swing leg and the foot-off of the stance leg [FO2].
During APA, anteroposterior and lateral displacements
of the CoP were measured, as well as the duration of this

phase. During EP, the length (L) and velocity (V,,) at the
end of the first step were recorded.
The measurement of vertical CoM velocity allows the

calculation of the braking index, which reflects the dynamic
balance control during step execution and is, therefore, a
proxy of postural instability. During the swing phase, the
vertical CoM velocity, measured in m/s, follows a V shape
with a fall (V) and a reduction of this fall before the foot
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Fig. 1 Gait initiation process in a representative control subject and
an ALS patient with postural instability. The traces represent, from
top to bottom: VZg (m s™"): vertical velocity of the centre of mass (CoM);
VX, (m s™Y): anterior—posterior velocity of the CoM; X, (m): ante-
rior—posterior displacement of the CoM; Y, (mm): medial-lateral
displacement of the centre of foot pressure (CP); X, (mm): anterior—
posterior displacement of the CP. T, (s): time of the onset of the first

touches the ground (V,). The braking index is calculated as
follows: (V,—V,)/V;x100 (Fig. 1). A braking index less
than 25% is considered abnormal, reflecting impaired active
postural control during gait initiation.

Magnetic resonance imaging data acquisition
Magnetic resonance imaging data were acquired on a 3.0 T
Siemens platform, using a 32-channel head coil. Each exam-

ination included the acquisition of sagittal 3D T-weighted
anatomical images using a magnetization-prepared rapid
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mechanical phenomena; T (s): time of toe-off of the swing leg;
Tro, (8): time of toe-off of the standing leg; APA duration (s): time

between Tro and Ty; Min X, (y,): peak magnitude of the backward

displacement of the CP; L (m): step length; V,, (m s~1): peak pro-
gression velocity of the CoM; V| (m s™1: minimum negative vertical
velocity of the CoM; V, (m s~'): vertical velocity of the CoM at time
of foot contact Tg (s); PI-ALS: ALS patients with postural instability

acquisition with gradient echo (MP-RAGE) sequence (repeti-
tion time/echo time =2300/4.2 ms, inversion time =900 ms,
flip angle =9°, averages =1, field of view =256 X248 x 176,
isotropic 1 X 1x 1 mm voxel size).

Statistical analysis
Kinematics parameters of gait initiation

The average values of the gait initiation parameters were cal-
culated for each subject based on 20 trials, and the median
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values and interquartile for ALS patients with and without
postural instability, and controls were then calculated. Gait
initiation parameters were compared between controls, ALS
patients with postural instability (PI-ALS) and ALS patients
without postural instability (No PI-ALS) using the nonpara-
metric Kruskall-Wallis test. Pairs of means were compared
using the Mann—Whitney test where significant effects were
identified. Post hoc Bonferroni corrections were used for
each pairwise comparison to adjust for the family-wise error
(FWE). Statistical threshold was set at p < 0.05. Analyses of
gait parameters were performed with the Statistica® software
(StatSoft, Inc).

Magnetic resonance imaging
Basal ganglia volumetric analyses

Volumes of subcortical structures were estimated using the
subcortical segmentation and registration tool FIRST [29]
of the FMRIB’s Software Library (FSL) as described pre-
viously [7]. Seven subcortical grey matter structures were
evaluated: the thalamus, caudate nucleus, hippocampus,
amygdala, nucleus accumbens, putamen, and pallidum. Seg-
mentation and volumetric estimation were also performed
for the brain stem. A two-stage affine registration approach
was used to register raw T1 data to the Montreal Neurologi-
cal Institute standard space (MNI152) and a model-based
approach was then utilised for the segmentation of subcor-
tical structures. Subcortical mesh and volumetric outputs
were generated following automatic boundary corrections.
Comparative statistics were carried out with IBM SPSS Sta-
tistics Version 22. Analyses of covariance (ANCOVA) were
used to compare volumes of subcortical structures between
study groups. Group membership was used as the categori-
cal independent variable, volumes of subcortical grey matter
structures were included as dependent variables, and age at
the time of MRI scan, and gender were used as covariates.
Boxplots of volumes and plots of estimated marginal means
of volumes were generated to illustrate intergroup volumet-
ric differences. For subcortical structures with significant
intergroup differences, pairwise Sidak corrected post hoc
comparisons were performed. A p value <0.05 was consid-
ered significant.

Morphometric analyses

Voxel-based morphometry analyses were carried out to
compare grey matter density patterns between the study
groups using FSL [30]. Following brain extraction and tis-
sue-type segmentation, grey matter partial-volume images
were aligned to the MNI152 standard space using affine
registration. The grey matter partial-volume estimates were
subsequently non-linearly co-registered to a study-specific

template, modulated by a Jacobian field warp and smoothed
with an isotropic Gaussian kernel with a sigma of 3 mm.
The threshold-free cluster-enhancement (TFCE) method
[31] and permutation-based nonparametric inference were
used for group comparisons controlling for age and gender
[32, 33]. The FWE-corrected statistical significance was set
at p<0.05.

Results
Clinical features

Key clinical, demographic and neuropsychological variables
are presented in Table 1. Based on the standardised clinical
examination, 14 ALS patients had postural instability (PI-
ALS) and 17 showed no clinical signs of postural instabil-
ity (NPI-ALS). No significant differences were identified
between the two groups in age, functional disability, ALS-
FRS-R subscores, disease duration, progression rates, lower
limb muscle strength and cognitive performance. The modi-
fied Ashworth scale of the lower limbs was significantly
higher and the Berg Balance scale significantly lower in PI-
ALS patients than in NPI-ALS patients (Table 2).

Gait initiation recordings

During the APA, the posterior displacement of the CoP
was significantly lower and the duration of this phase sig-
nificantly longer in PI-ALS patients than in both NPI-ALS
patients and healthy controls (Table 3). There was no sig-
nificant difference in these parameters between NPI-ALS
patients and controls.

During the EP, the velocity and length of the first step
were significantly reduced in PI-ALS patients compared to
both NPI-ALS patients and controls (Table 3). Similarly to
the observations in APA, the parameters of EP were not sig-
nificantly different between NPI-ALS patients and healthy
controls.

In 4 out of 14 PI-ALS patients, the stride length was less
than 35 cm with no change in CoM, and thus no detectable
active braking. In the ten remaining PI-ALS patients, the
mean braking index was significantly reduced with a braking
index close to zero in all patients. In NPI-ALS patients, the
mean braking index was also reduced compared to healthy
controls (Table 3).

The volumetric profile of subcortical regions
PI-ALS patients exhibited significant reductions in brain
stem volume compared to NPI-ALS patients (p =0.049)

as illustrated in Fig. 2. Interestingly, NPI-ALS patients had
significantly increased caudate nucleus volumes compared
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Table 2 Clinical characteristics

. Manual muscle testing (MMT)
of ALS patients

ALS without postural instability ALS with postural instability

(n=17) (n=14)
Right Left Right Left
Extension of the big toe 5.0 (4.0-5.0) 5.0 (4.0-5.0) 4.0 (4.0-5.0) 4.5(3.2-5.0)
Plantar flexion of the foot 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0)
Dorsal flexion of the foot 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (4.3-5.0) 5.0 (4.0-5.0)
Flexing the leg on the thigh 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0)
Leg Extension on the thigh 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0)
Thigh bending over the pelvis 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (4.0-5.0) 5.0 (5.0-5.0)
Thigh abduction 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0) 5.0 (5.0-5.0)
Modified Ashworth Scale (/5)
Right upper limb 0.0 0.0 (0.0-1.0)
Left upper limb 0.0 0.0 (0.0-1.0)
Right lower limb 0.0 2.0 (1.0-3.7)*
Left lower limb 0.0 2.0 (1.0-3.0)*
Berg Balance Scale (max 4)
Sitting to standing 4.0 3.0 (3.04.0)*
Standing to sitting 4.0 4.0 (3.0-4.0)
Standing position in tandem 4.0 2.0 (1.0-2.0)*
Unipodal station 4.0 1.0%*

Values are median (interquartile); values within parentheses indicate the range for each clinical feature.
*p <0.05 between PI-ALS and no PI-ALS patients

Table 3 Biomechanical parameters of gait initiation in ALS patients and controls

Controls (n=14)

no PI-ALS patients (n=17) PI-ALS patients (n=14)

Anticipation phase

APA amplitude (posterior displacement of the CP, 48 (42 to 53) 48 (30 to 55) 21%8 (17 to 36)
Min Xp, mm)
APA duration (s) 0.56 (0.49 to 0.59) 0.55 (0.52 t0 0.57) 0.64*% (0.58 to 0.69)
Execution phase
Maximal velocity of the CoM (V,,, m s7h 1.12 (1.00 to 1.28) 1.04 (0.95 to 1.16) 0.61%% (0.46 t0 0.73)
Step length (L, m) 0.62 (0.55 to 0.66) 0.61(0.59 to 0.71) 0.44*% (0.37 t0 0.53)

Fall in the CoM (V|, m s~ D)
CoM vertical velocity at foot contact (V,, m s~")

Braking of the CoM fall (%) 52 (42 to 70)

—0.17 (=0.19 t0 0.13)
—0.08 (=0.10 to —0.04)

—0.11#% (= 0.14 t0 0.09)
—0.10% (=0.12 t0 0.08)
545 (1t07)

—0.14(=0.15 to —0.14)
—0.07(=0.11 to —0.05)
42%(31 to 61)

Values are medians (range) for each parameter. *p <0.01, comparison between ALS patients and controls; 3p <0.01, comparison between PI-

ALS and no PI-ALS patients

APA anticipatory postural adjustments, ALS amyotrophic lateral sclerosis, CoM centre of mass, CP centre of foot pressure

to controls (p=0.031 left, p =0.04 right) which may be
interpreted as a compensatory or adaptive mechanism as
PI-ALS patients also exhibited caudate hypertrophy com-
pared to controls, but to a lesser extent. Figure 2. Intergroup
differences in the volumes of other subcortical structures
did not reach statistical significance. Raw volumetric data
are presented in Table 4.

Standard, voxel-based morphometry analyses did not
identify cortical density reductions in either ALS group
compared to healthy controls. The direct comparison of the
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two ALS groups did not identify cortical grey matter differ-
ences either.

Discussion

Postural instability and gait impairment is one of the
least characterised aspects of ALS which is difficult to
appraise by clinical examination alone due to concomitant
pyramidal degeneration. Despite sporadic reports [8, 9],
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Brain stem p=0.039

Left caudate nucleus p=0.033

HC noPI PI HC noPI PI HC noPI PI

Fig.2 Volumetric differences in the brain stem and caudate nuclei
between study groups. Boxplots of volumes (left) and plots of esti-
mated marginal means adjusted for age (right) are shown to illus-
trate intergroup differences. Green colour represents healthy controls

extra-pyramidal features of ALS are understudied and for-
mal gait analyses are hardly ever carried out. As per best
practice recommendations, ALS is diagnosed and man-
aged by specialist multidisciplinary teams focussing on the
motor, nutritional, respiratory and cognitive aspects of the
condition and a movement disorder perspective is seldom
adopted. Our study demonstrates that ALS patients with
postural instability have an abnormal preparatory phase to
gait initiation with reduced stride length and velocity, and
impaired balance control during the execution phase. Based
on quantitative MRI metrics brain stem and caudate vol-
ume reductions distinguish PI-ALS patients from NPI-ALS
patients. We did not identify any cortical changes in the cer-
ebellum, motor cortex or supplementary motor cortex, sug-
gesting that the extrapyramidal deficits observed clinically
are not confounded by cerebellar or motor cortex pathology.

Our findings highlight considerable functional and struc-
tural extrapyramidal involvement in ALS. The systematic
clinical and instrumental evaluation of gait impairment in
ALS is not only relevant for fall prevention and individual-
ised rehabilitation, but potentially signals alternative thera-
peutic strategies. There are anecdotal accounts of initiating
DOPA agonists and MAO inhibitors in ALS patients with
Parkinsonian features, but no established evidence exists for
effective pharmacological fall prevention or gait improve-
ment. Additionally, while DAT scans are routinely used in
atypical Parkinson presentations, they are seldom considered
in ALS. Overlap syndromes of ALS-like and PD features
are not infrequent and encompass a variety of manifesta-
tions [30]. Specific phenotypes such as the lytico-bodig syn-
drome have been linked to reduced striatal 18F-6-fluorodopa
uptake [31]. Dopaminergic deficits, however, have been
consistently shown in ALS beyond what would be expected

Right caudate nucleus p=0.005

HC noPI PI

HC noPI PI HC noPl PI

(HC), blue colour shows no PI-ALS patients and orange colour shows
PI-ALS patients with. P value indicates intergroup ANCOVA out-
come correcting for age and gender

by the incidence profile of the two neurogenerative condi-
tion [32, 33]. A few number of non-PET imaging studies
have looked specifically into basal ganglia degeneration in
ALS to explore the underpinnings of extrapyramidal fea-
tures. Among these, a pioneering magnetic resonance spec-
troscopy (MRS) study captured reduced N-acetylaspartate
(Naa)/choline (Ch) ratio in the caudate, lentiform nucleus
and thalamus and associations with clinical measures [34].
Subsequent large whole-brain MRS studies confirmed
reduced Naa/Cr ratios in the caudate nucleus [35]. Alter-
native imaging approaches such as transcranial B-mode
sonography have also been used to explore extra-pyramidal
degeneration in ALS and substantia nigra hyperechogenicity
was reported by multiple studies [36, 37]. Substantia nigra
degeneration is a relatively established pathological feature
of ALS and has been linked to fast progression rates [38].
The pars compacta of the substantia nigra and the caudate
nuclei are recognised sites to pTDP-43 pathology in ALS
[39].

The notion of shared genetic susceptibility between PD
and ALS has been proposed by family aggregation studies
[40, 41] and more recently has been also linked to Ataxin-2
mutations [42]. From an evolutionary perspective, shared
phylogenetic factors have been proposed for the aetiology of
both ALS and PD, implicating the vulnerability of recently
developed brain structures [43, 44].

We observed altered gait initiation in ALS patients with
postural instability similar to those observed in Parkin-
son disease [45]. The strikingly reduced stride length and
CoM velocity could stem from reduced lower limb mus-
cle strength during the execution of the first step. However,
manual muscle testing revealed no significant difference
between the two ALS groups. While the two ALS groups
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Table 4 Volumes of subcortical structures in healthy controls, ALS patients with and without postural instability

Subcortical structure  Study groups ~ Estimated marginal mean vol- Standard error  ANCOVA  Post hoc comparisons significant
ume adjusted for age and gender Sig. (p) intergroup differences (Sidak-
corrected)
Lt thalamus HC 7628.315% 194.842
No PI-ALS 7782.236% 177.324 0.405
PI-ALS 7550.185% 192.059
Rt thalamus HC 7435.249% 166.326
No PI-ALS 7510.858* 151.372 0.168
PI-ALS 7381.638* 163.950
Lt caudate HC 2762.139% 128.110 Controls vs. stable ALS p=0.031
No PI-ALS 3235.692% 116.592 0.033 Controls vs. unstable p=0.710
PI-ALS 2936.592% 126.280 Stable vs. unstable p=0.251
Rt caudate HC 3170.754* 78.842 Controls vs. stable ALS p=0.004
No PI-ALS 3549.156* 71.753 0.005 Controls vs. unstable p=0.304
PI-ALS 3349.699* 77.716 Stable vs. unstable p=0.192
Lt putamen HC 3628.534* 215.590 Controls vs. stable ALS p=0.107
No PI-ALS 4269.188* 196.207 0.082 Controls vs. unstable p=0.204
PI-ALS 4185.023* 212,511 Stable vs. unstable p=0.988
Rt putamen HC 4333.598* 149.985
No PI-ALS 4496.516" 136.500 0.529
PI-ALS 4274.489% 147.843
Lt hippocampus HC 3833.074% 105.030
No PI-ALS 3986.981% 95.587 0.241
PI-ALS 3747.092% 103.530
Rt hippocampus HC 3950.844% 137.388
No PI-ALS 3790.643* 125.036 0.397
PI-ALS 3910.376* 135.426
Lt accumbens HC 511.879* 33.553
No PI-ALS 503.316* 30.536 0.666
PI-ALS 471.809* 33.074
Rt accumbens HC 392.885% 27.860
No PI-ALS 418.632% 25.355 0.291
PI-ALS 358.705* 27.462
Lt pallidum HC 1738.590* 98.759
No PI-ALS 1756.617* 89.880 0.818
PI-ALS 1675.089* 97.348
Rt pallidum HC 1816.070% 78.789
No PI-ALS 1850.093* 71.706 0.342
PI-ALS 1698.103* 77.664
Lt amygdala HC 1321.581* 56.694
No PI-ALS 1253.498* 51.597 0.122
PI-ALS 1414.600* 55.885
Rt amygdala HC 1338.238% 69.767
No PI-ALS 1288.969% 63.494 0.605
PI-ALS 1239.443% 68.771
HC 19775.537* 516.656 Controls vs. stable ALS p=0.160
Brain stem No PI-ALS 21174.025% 470.205 0.039 Controls vs. unstable p=0.952
PI-ALS 19429.933% 509.277 Stable vs. unstable p=0.049

Subcortical structures with significant intergroup differences or statistical trends are highlighted in green, and for those structures, Sidak-cor-
rected post hoc comparisons are shown. Covariates used for estimated marginal means: age 58.33; gender 1.31

Rt right, Lt left
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were comparable in their overall functional disability as
reflected by ALSFRS-R, patients with postural impair-
ment exhibited increased tone, which may contribute to the
observed gait impairment. Increased muscle tone in ALS
patients with postural instability may impede propelling the
body forward and supporting the leg during gait initiation.
ALS patients with postural instability also exhibited reduced
dynamic postural control, with an absence of active braking.
Similarly to patients with axial rigidity, such as progressive
supranuclear palsy, the fall of the CoM during the execution
phase of gait initiation is mechanically stopped when the
foot hits the ground without active control [46, 47]. Passive
braking of the CoM before foot contact could be interpreted
as a feature of balance impairment in our ALS group.

Considerable APA abnormalities were detected in PI-
ALS patients despite comparable functional disability
(ALSFRS-R), cognitive performance, disease duration, and
muscle strength to the NPI-ALS group. This observation
confirms that APA parameters are not solely driven by motor
impairments. APA impairment may be linked to increased
tone in the lower limbs as it is responsible for moving the
CoM both to the side to transfer the body weight to the sup-
porting leg and forward to start walking [47]. The prolonged
anticipation phase and the reduction of APA magnitude may
also reflect an adaptive strategy allowing superior gait con-
trol to avoid falling. The adaptation of a stooped posture
during gait initiation could also contribute to our findings,
as similarly to PD patients, PI-ALS patients were inclined
forward and were more likely to stand on their toes than no
PI-ALS patients.

Interestingly, we identified increased caudate nucleus
(CN) volume in no PI-ALS ALS patients compared with
both PI-ALS patients and controls and PI-ALS patients did
not differ significantly from controls. The CN is heavily
involved in balance control [48] and gait initiation [49] in
humans, in particular for shifting the CoM forward [50].
The caudate nucleus also relays high cortical processes such
as integrating sensory information with appropriate behav-
ioural responses. A recent magnetoencephalography (MEG)
study has shown that the caudate nucleus is involved in
anticipatory postural adjustments, limbs posture and speed
of target-oriented movements [51]. Data from both func-
tional MRI and MEG studies confirm the integrative role
of the CN in movement preparation and lesion studies also
highlight the role of the caudate nucleus in posture control
[52].

Our findings suggest that the higher CN volume in no PI-
ALS patients compared to PI-ALS patients is likely to con-
tribute to superior APA performance. While the increased
GM volume in the no-PI group compared to controls should
only be cautiously interpreted as a compensatory mecha-
nism, it is likely that the low caudate volumes in the PI group
can be linked to poorer APA performance. Our findings also

showcase that PI-ALS patients not only exhibit APA deficits,
but also a decreased CoM velocity, shorter first step and poor
dynamic postural control.

Basal ganglia degeneration in ALS has been linked to
cognitive deficits [53], C9orf72 hexanucleotide repeats [7],
motor disability [54], but has not been specifically linked to
extrapyramidal deficits to date. Our two ALS groups, which
are matched for motor disability and cognitive performance,
and have no evidence of motor cortex, supplementary motor
cortex or cerebellar involvement, exhibit distinctly differ-
ent basal ganglia profiles which are likely to explain the
observed extrapyramidal deficits.

This study is not without limitations. Patient stratifica-
tion was based on clinical evaluation, which is a common
approach in PD studies, but alternative approaches such as
cluster analysis of patients based on gait parameters could
have been also considered. While the interrater reliability
of the pull test is often regarded as suboptimal [55], in our
study the same neurologist (PFP) assessed all the patients
ensuring standardised assessments. Additional clinical tests
such as the push and release test may have been desirable
[56]. PI-ALS patients exhibited impaired braking, and while
the breaking index of NPI-ALS patients was in the normal
range, it was significantly lower than the breaking index of
healthy controls. These findings suggest that our patients
were appropriately classified, and homogeneous groups
were defined on clinical grounds. The inclusion of ALS
patients who could tolerate MR scanning led to the selec-
tion of patients with no significant respiratory insufficiency.
(Table 1.) This is a common selection bias of all ALS imag-
ing studies, where patients without orthopnoea tend to be
overrepresented [S7].

Supplementary imaging analyses would have been of
interest, but the main focus and novelty of this paper was to
present detailed gait analyses in clinically well-characterised
patients to draw attention to extrapyramidal deficits in ALS.
Another obvious limitation of this study is the sample size,
which despite its relatively small size confirms consider-
able extrapyramidal deficits. Based on our proof of concept
study, future directions can be outlined to assess the extrapy-
ramidal profile of ALS in more detail. Future research strat-
egies would include the targeted genetic screening of ALS
patients with gait impairment, combined PET-MR studies,
connectivity-based segmentation of basal ganglia structures,
[58] inclusion of disease controls [57] such as PD patients
without ALS and longitudinal study designs [54, 59].

Conclusions
We demonstrate considerable extrapyramidal deficits in a

small group of clinically well-characterised ALS patients
using standardised clinical, gait and imaging assessments.
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Extrapyramidal deficits in ALS are important contributors of
disease heterogeneity and have considerable impact on fall
risk, rehabilitation efforts, individualised pharmacological
treatment and quality of life. The comprehensive assessment
of extrapyramidal deficits should be incorporated in routine
clinical evaluation and also included in future clinical trials
of ALS.
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Glossary

ALS
APA

Amyotrophic lateral sclerosis
Anticipatory postural adjustment

@ Springer

CoM Centre of mass

CoP Centre of foot pressure

EP Execution phase

FO Foot-off of the swing leg
FO2 Foot-off of the stance leg
GM Grey matter

HC Healthy control

MRI Magnetic resonance imaging
CN Caudate nucleus

L Stride length

NPI-ALS ALS patients without postural instability
PI-ALS ALS patients with postural instability

PD Parkinson’s disease

PU Putamen

VBM Voxel-based morphometry

Vi Minimum vertical velocity of the CoM

V, CoM vertical velocity of the CoM at time of foot
contact

Vi Maximum anteroposterior velocity of the CoM
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