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Abstract

Background Primary lateral sclerosis is a progressive upper-motor-neuron disorder associated with markedly longer survival
than ALS. In contrast to ALS, the genetic susceptibility, histopathological profile and imaging signature of PLS are poorly
characterised. Suspected PLS patients often face considerable diagnostic delay and prognostic uncertainty.

Objective To characterise the distinguishing clinical, genetic and imaging features of PLS in contrast to ALS and healthy
controls.

Methods A prospective population-based study was conducted with 49 PLS patients, 100 ALS patients and 100 healthy
controls using genetic profiling, standardised clinical assessments and neuroimaging. Whole-brain and region-of-interest
analyses were undertaken to evaluate patterns of grey and white matter degeneration.

Results In PLS, disease burden in the motor cortex is more medial than in ALS consistent with its lower limb symptom-
predominance. PLS is associated with considerable cerebellar white and grey matter degeneration and the extra-motor
profile of PLS includes marked insular, inferior frontal and left pars opercularis pathology. Contrary to ALS, PLS spares
the postcentral gyrus. The body and splenium of the corpus callosum are preferentially affected in PLS, in contrast to the
genu involvement observed in ALS. Clinical measures show anatomically meaningful correlations with imaging metrics in a
somatotopic distribution. PLS patients tested negative for C9orf72 repeat expansions, known ALS and HSP-associated genes.
Conclusions Multiparametric imaging in PLS highlights disease-specific motor and extra-motor involvement distinct from
ALS. In a condition where limited post-mortem data are available, imaging offers invaluable pathological insights. Anatomi-
cal correlations with clinical metrics confirm the biomarker potential of quantitative neuroimaging in PLS.
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RD Radial diffusivity

SC Spinal cord

TBSS Tract-based spatial statistics

TE Echo time

TFCE Threshold-free cluster enhancement
TR Repetition time

UMN Upper motor neuron

VBM Voxel-based morphometry

WM White matter

Introduction

Primary lateral sclerosis (PLS) is an uncommon neurode-
generative motor neuron disease of unknown aetiology [1].
The clinical profile of PLS entails progressive symmetric
spinobulbar spasticity in the absence of muscle atrophy
[2]. The distinction between PLS and ALS is not merely
of academic interest, as PLS is associated with markedly
longer survival [3]. As ALS patients may initially present
with UMN-predominant symptoms, current diagnostic cri-
teria for PLS require a period of 4 years with isolated upper
motor neuron involvement and the absence of LMN signs
[4]. This long observation period typically coincides with a
phase of significant functional decline in PLS [5]. Beyond
the psychological burden of diagnostic uncertainty, this is
potentially a valuable period for neuroprotective interven-
tion and enrolment to clinical trials. Currently, suspected
PLS patients are excluded from ALS trials and even once
diagnostic criteria are met, very few PLS-specific trials are
conducted [6].

While PLS imaging studies often suffer from consider-
able sample size limitations [6], they invariably demonstrate
significant corticospinal tract [7, 8], corpus callosum [9, 10],
and precentral gyrus atrophy [11, 12] similar to the imaging
signature of ALS. PLS imaging studies often include ALS
cohorts [13], but symptom duration differences are seldom
accounted for [14]. With few exceptions [15], the majority
of PLS studies describe overlapping anatomical patterns of
pathology in ALS and PLS without identifying distinguish-
ing features [8, 16]. Disease burden distribution within the
motor cortex, segmental corpus callosum vulnerability, and
somatotopic correlations with motor disability have not been
characterised in PLS to date [17]. As the diagnosis of PLS
requires 4-year symptom duration, the reliable identification
of distinguishing imaging characteristics between PLS and
ALS would require robust corrections for symptom duration,
rigorous adjustments for demographic factors [18], and tar-
geted region-of-interest analyses. Furthermore, PLS imaging
studies are strikingly inconsistent regarding extra-motor and
cerebellar involvement [19-23]. The relevance of large, sin-
gle-centre prospective PLS studies is not merely academic,
they may capture distinguishing imaging features between

ALS and PLS and lead to the identification of early PLS-
associated changes before current diagnostic criteria are met
[15]. Accurate diagnostic biomarkers in PLS would not only
reduce diagnostic uncertainty but would enable early patient
stratification in clinical trials [24]. The establishment and
validation of PLS-specific imaging signatures may also help
to assess the risk of conversion to ALS in suspected cases.
Moreover, exceptionally few autopsy reports are available in
PLS and systematic comparisons with ALS cases are lack-
ing [25, 26]. Accordingly, the objective of this study is the
comprehensive and comparative characterisation of PLS-
associated pathology in vivo. Additional objectives include
the evaluation of extra-motor and cerebellar involvement in
PLS, assessment of focal motor cortex alterations, corre-
lations with motor disability, and comprehensive genetic,
clinical and cognitive profiling.

Our hypothesis is that distinguishing imaging traits can be
identified between ALS and PLS using a dedicated imaging
protocol. Given the lack of lower motor neuron involvement
in PLS, we hypothesise that focal somatotopic clinico-corti-
cal correlations can be captured.

Methods
Participants

Forty-nine patients with PLS, 100 patients with ALS and
100 healthy controls (HC) were included in a prospective
clinical, genetic and multiparametric neuroimaging study
(Fig. 1). The study was approved by the Ethics (Medical
Research) Committee—Beaumont Hospital, Dublin, Ire-
land, and all participants provided informed consent prior
to inclusion. Participating ALS patients had ‘probable’ or
‘definite’ ALS according to the El Escorial criteria [27] and
PLS patients were diagnosed according to the Gordon cri-
teria [4]. Inclusion criteria in the imaging component of the
study included the ability to lie supine in the scanner for the
duration of data acquisition. The healthy control cohort had
no known neurological or psychiatric conditions, previous
head injuries or established vascular risk factors.

Clinical assessments

PLS patients underwent standardised clinical evaluation
including the Penn UMN burden score which provides a
composite score of pathologically-increased reflexes for
each limb and bulbar region, and limb spasticity meas-
ured on the modified-Ashworth scale [28, 29]. Finger-tap-
ping (index finger-to-thumb) and foot-tapping rates were
recorded over 20 s, with three repetitions for each limb. The
best performance was used to calculate tapping-rate. Cog-
nition was evaluated using the Edinburgh Cognitive ALS
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Fig.1 a Flow diagram of patient recruitment and participation in
the imaging, clinical and genetic aspects of the study. Reasons for
exclusion are shown where applicable. b Venn diagram highlighting

Screen (ECAS). This instrument has been validated in an
Irish cohort and age and education-based normative values
are available to detect impairments in language, verbal flu-
ency, executive, memory and visuospatial domains [30]. The
revised ALS functional rating scale (ALSFRS-r) was used
to establish the severity and pattern of functional disability
in the PLS and ALS groups [31].

Genetic testing

Exome sequencing was performed for 45 PLS patients
(Fig. 1) to a mean target coverage of 35X on an Illumina
NovaSeq with 2x 150 bp sequencing. Sequence data were
assessed for quality, aligned to the GRCh37 reference
genome and variants were called, annotated and analysed
using cutadapt V.1.9.1 [32], SAMtools V1.7 [33], Picard
V.2.15.0 (https://picard.sourceforge.net/), Plink V.1.9 [34],
R V.3.2.3 (https://www.r-project.org/), SnpEff V.4.3 [35] and
Gemini V.0.20.1 [36]. Samples were compared to 135 Irish
controls sequenced as described previously [37]. One sam-
ple failed quality control. Putative variants were defined as
protein altering variants in the exons and splice sites of 33
genes linked to ALS on the ALS online database [38] and
70 genes linked to HSP in the literature [39]. Samples were
screened for heterozygous variants absent in controls and
with a minor allele frequency (MAF) below 0.01 in popula-
tion reference datasets [40, 41] or homozygous variants with
a MAF below 0.05 in controls or reference datasets. Puta-
tive variants were cross-referenced with the Human Gene
Mutation Database [42] and an internal literature review to
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identify variants previously linked to ALS or HSP. The pres-
ence of the C90rf72 hexanucleotide repeat expansion was
determined using repeat-primed polymerase chain reaction
(PCR) as described previously [43]. CAG repeats in ATXN2
were detected by PCR in 35 PLS patients and compared with
1011 ALS patients and 593 controls. Intermediate length
repeats (24—34 repeats) in ATXN?2 are associated with ALS
risk and expanded repeats (>40) cause spinocerebellar
ataxia 2 (SCA2). Of the 100 ALS patients enrolled in neuro-
imaging, whole-genome sequence data was available for 44
patients [37] and targeted DNA sequence data for a further
27 [44]. Patients were screened for previously reported ALS
variants. C9orf72 repeat expansion status was determined
in 97 patients.

Neuroimaging methods

Magnetic Resonance (MR) data were acquired on a 3 Tesla
Philips Achieva system using an 8-channel receive-only
head coil. T;-weighted images were acquired using a 3D
Inversion Recovery prepared Spoiled Gradient Recalled
echo (IR-SPGR) sequence, with a field-of-view (FOV)
of 256 X256 X 160 mm, spatial resolution of 1 mm?, TR/
TE =8.5/3.9 ms, TI=1060 ms, flip angle =8°, SENSE fac-
tor=1.5, and an acquisition time of 7 min 30 s. DTI images
were acquired using a spin-echo echo planar imaging (SE-
EPI) sequence with a 32-direction Stejskal-Tanner diffusion
encoding scheme. FOV =245 x 245 x 150 mm, spatial reso-
lution=2.5 mm?, 60 slices were acquired with no interslice
gap, TR/TE=7639/59 ms, SENSE factor=2.5, b values =0,
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1100 s/mm?, with SPIR fat suppression, dynamic stabili-
sation and a total acquisition time of 5 min 41 s. A dual
approach was undertaken to evaluate anatomical patterns
of pathology in PLS. First, standard whole brain analyses
were performed to assess grey and white matter alterations.
Subsequently, additional region-of-interest (ROI) analyses
were undertaken to assess the integrity of specific anatomi-
cal regions. Following whole-brain and region-of-interest
analyses, anatomical correlations were explored with clinical
measures.

Whole-brain imaging analyses

Grey matter pathology in PLS was evaluated by voxel-based
morphometry (VBM) and cortical thickness analyses. VBM
analyses were carried out using the FMRIB’s FSL suite [45,
46]. Standard pre-processing steps were used, including
skull-removal (BET), motion-corrections and tissue-type
segmentation. Grey-matter partial volume data were aligned
to the MNI152 standard space using affine registration.
Subsequently, a study-specific GM template was created to
which the grey matter images from each subject were non-
linearly co-registered. For group comparisons, permutation
based non-parametric inference was used with the thresh-
old-free cluster enhancement (TFCE) method. Comparisons
of patient groups and controls were corrected for age and
gender and the comparison of the ALS and PLS cohorts
was additionally corrected for symptom duration. The Free-
Surfer image analysis suite was used for cortical thickness
measurements [47]. Pre-processing included the removal of
non-brain tissue, segmentation of the subcortical white mat-
ter and deep grey matter structures, intensity normalization,
tessellation of the grey matter-white matter boundary, and
automated topology correction [48]. Study groups were first
compared at a “whole brain” level using FreeSurfer’s Query,
Design, Estimate, Contrast (QDEC) application. A general
linear model (GLM) was used with age and gender as covari-
ates and False Discovery Rate (FDR) corrections applied.

Region of interest analyses

To illustrate the unique distribution profile of grey matter
pathology in ALS and PLS in the motor cortex, additional
morphometric analyses were carried out restricting the anal-
yses to the precentral gyrus. The precentral gyrus label of
the Harvard—Oxford probability atlas [49] and the design
matrices including group membership, age and gender were
used for ROI morphometry. PLS-specific, ALS-specific and
overlapping grey matter involvement in the precentral gyrus
was visualised with respect to controls at p <0.01 TFCE
FWE. Supplementary region-of-interest cortical thickness
analyses were carried out on cortical measures from atlas-
defined regions. The Desikan—Killiany Atlas was used to

define the following cortical regions in each hemisphere;
precentral gyrus, paracentral gyrus, post-central gyrus, left
pars triangularis and left pars opercularis regions. Aver-
age cortical thickness values were retrieved from the above
regions and boxplots of raw values were generated to high-
light differences between the study groups. Subsequently,
assumptions of normality, linearity and homogeneity of vari-
ances were verified and analyses of covariance (ANCOVAs)
were performed with ROI values included as dependent vari-
ables, study group membership (PLS, ALS or HC) as the
independent variable. A p value of <0.05 was considered
significant. Results are summarised in Table 2, including
the estimated marginal means of ROI values, standard error,
between-group ANCOVA significance and post hoc group
comparisons. The comparisons of PLS and ALS cohorts
were corrected for symptom duration in addition to age and
gender.

White matter analyses

Following eddy current corrections and skull removal a
tensor model was fitted to the raw diffusion data to gen-
erate maps of fractional anisotropy (FA), axial diffusivity
(AD), and radial diffusivity (RD). The tract-based statistics
(TBSS) pipeline of the FSL image analysis suite was uti-
lised for non-linear registration and skeletonisation of each
subject’s images. FA, AD and RD images were merged into
a single 4D image file and a mean FA mask was created.
Similarly to the VBM analyses, permutation-based non-
parametric inference was used for the voxelwise compari-
son of diffusivity parameters between PLS and ALS using
design matrix-defined contrasts which included age, gender
and symptom duration as covariates. Comparisons between
PLS and healthy controls were adjusted for age and gender.
The threshold-free cluster enhancement (TFCE) method
was applied and results considered significant at a p <0.05
TFCE family-wise error (FWE). Following standard tract-
based spatial statistics, supplementary ROI white matter
analyses were also carried out. The study specific white
matter skeleton was masked by atlas-defined labels for the
corticospinal tracts, body of the corpus callosum, forceps
minor (genu), forceps major (splenium) and cerebellum
to generate study specific ROIs. The MNI atlas was used
to define the cerebellar hemispheres and the labels of the
Jilich histological atlas [50] was used to define the CST
and segments of the corpus callosum. Diffusivity metrics;
axial diffusivity, fractional anisotropy and radial diffusivity
were retrieved from the above ROIs and study group differ-
ences were evaluated in analyses of covariance, accounting
for age, gender and in the PLS versus ALS contrast also
for symptom duration. For illustrative purposes raw values
from individual subjects were also plotted in boxplots. The
imaging correlates of basic clinical measures were explored
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using permutation-based non-parametric statistics on skel-
etonised FA data in FSL. The following clinical measures
were included in ‘whole-brain’ tract-based analyses; bul-
bar ALSFRS-r subscores, lower limb ALSFRS-r subscores,
upper limb ALSFRS-r subscores and tapping rates in the
four limbs. Clinical measures were demeaned and incorpo-
rated in design matrices including age, gender and symptom
duration as covariates. The resulting statistical maps were
thresholded at p <0.05 FWE TFCE.

Results
Clinical characteristics

The demographic profile of study participants is summa-
rised in Table 1. Standardised clinical assessments were
performed on 36 of the 49 PLS (73%) subjects (Fig. 1). The
mean age of this subgroup was 62.1 years (SD 10.8). The
mean age of symptom onset was 51.5 years (SD 8.7) and
the mean symptom duration was 120.8 months (SD 20.6).
Site of symptom onset was in the lower limbs in 35 of
36 (97%) PLS patients assessed. Only one patient presented
with dysarthria and signs of pseudobulbar palsy prior to the
development of lower limb symptoms. No PLS patient expe-
rienced their initial symptom in the upper limbs, although
at the time of study evaluation, 94% had functional upper
limb impairment. All 36 individuals had clinical signs of
UMN dysfunction in the upper limbs. Most PLS patients
(91%) required some form of walking aid and 78% had expe-
rienced at least one fall during the preceding 12-months.
The comparison of lower and upper limb disability based
on ALSFRS-r sub-scores indicated that lower limb func-
tion (M =5.39, SD 1.57) was significantly more affected

than upper limb function (M =8.64, SD 2.00); p <0.001.
No individual within the PLS group had a lower upper limb
sub-score than their lower limb ALSFRS sub-score, high-
lighting striking clinical homogeneity in regional involve-
ment. Pseudobulbar motor impairment was reported in 78%,
as indicated by ALSFRS-r bulbar sub-scores (M =9.19, SD
2.18), while pseudobulbar UMN signs (jaw-jerk, pout/facial,
palmomental reflex) were detected in 80%. Individually
these signs were present in 50%, 50% and 34% of patients,
respectively. None of the PLS patients required gastrostomy
and respiratory function was well-preserved across the group
(M=11.14, SD 1.33). Neurological examination demon-
strated widespread spasticity and pathologically increased
reflexes, without significant weakness in all PLS patients.
A markedly symmetrical pattern of spasticity was observed
with no significant within-subjects difference between the
left and right spasticity scores; p=0.10. Consistent with
the observed lower-limb symptom predominance, spastic-
ity was significantly greater in the lower limbs (Mean=3.53,
SD 0.77) than in the upper limbs (Mean=2.88, SD 0.97);
p<0.001. UMN-burden limb sub-scores negatively cor-
related with finger tapping rates in the upper limbs (Right
upper limb r=-0.67, n=32 p<0.001; Left upper limb
r=-0.66, n=32, p<0.001). A significant association
was also identified between left lower limb UMN-burden
sub-scores and left foot-tapping rates (r=—0.44, n=31,
p=0.013). A similar trend was also observed between
UMN-burden and tapping rates in the right lower limb
(r=-0.32, n=31, p=0.075). Lower foot-tapping rates
were associated with reduced lower limb functional scores;
(r=0.57, n=31, p=0.001) and lower finger-tapping rates
correlated with reduced upper limb functional sub-scores
(r=0.44, n=33, p=0.001). Cognitive impairment was
detected in at least one domain of the ECAS in 36% of the

Table 1 (A) The demographic profile of all study participants. (B) The demographic and clinical profiles of PLS subjects participating in both
standardised imaging and clinical assessments, in comparison with ALS subjects and healthy control (HC) group

(A) All study participants

PLS ALS HC p value
n=49 n=100 n=100
Gender (male (%)) 29 (59%) 61 (61%) 48 (48%) 0.15
Age—years (mean +SD) 62.72+10.17 60.73+9.73 58.79+11.53 0.10
(B) Imaging study participants
PLS ALS HC p value
n=33 n=100 n=100
Gender (male (%)) 19 (57%) 61 (61%) 48 (48%) 0.17
Age—years (mean + SD) 60.48 +£10.48 60.73+£9.73 58.79+£11.53 0.41
Handedness (right (%)) 29 (87%) 91 91%) 89 (89%) 0.83
Education (years) 12.88 +3.38 12.8+2.92 13.62+2.78 0.121
ALSFRS-r 34.36+5.33 36.62+7.47 N/A 0.11
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PLS cohort. The most commonly observed deficits were in
language (22%) and verbal fluency (17%) domains. Memory
impairment was present in 11%, while executive impairment
(6%) and visuospatial impairment (3%) were less prevalent.

Genetic analysis

The 45 PLS subjects who underwent genetic analysis
were demographically representative of the total group of
49; 26 males (58%), mean age of 62.6 years (SD 9.22).
All PLS patients tested negative for the C9orf72 repeat
expansions (<30 repeats). In ATXN2, the frequency of
intermediate length repeats in PLS patients 2.86% [95%
CI 0.35-9.94%] cannot be statistically distinguished from
the frequency in controls (2.95% [95% CI 2.00-3.99%];
pPLS-control =1, Fisher’s exact test) or the frequency in
ALS cases (4.21% [95% CI 3.38-5.18%]; pPLS-ALS =1,
Fisher’s exact test). After filtering, 48 putative single
nucleotide variants or indels were identified in 33 HSP or
ALS genes. Five of these were previously reported variants
(LYST:c.11086G>A[p.V3691]; SPG7:¢.1727C>G[S576W];
SQSTM1:¢.328C>T[p.R110C]; TAF15:c.1222C>T[p.
R408C]; TAF15:c.1163G>A[p.R388H]), however all
lacked segregation evidence and statistical support in
the literature. Eleven of 97 ALS patients carried the
C9orf72 repeat expansion. Additionally, eight previously
reported variants were identified in seven ALS patients
(ALS2:c2566A>G[p.T856A]; ALS2:c.4119A>G|[p.
11373M]; CHMP2B:c.618A>C[p.Q206H];
SETX:c.820A>G[p.M274V]; SPAST:c.131C>T[p.S44L];
SPG11c¢.7069C>T[p.L2355F]; TAF15:c.1163G>A[p.
R388H]; TARDBP:c.859G>A[p.G287S]).

Imaging results

Thirty-three PLS subjects, 100 ALS subjects and 100
healthy control subjects underwent standardised neuroim-
aging (Fig. 1). All imaged patients also completed the stand-
ardised clinical assessment on the day of their scan. The
demographic and basic clinical details of the imaged sub-
group of PLS patients, in comparison with ALS and healthy
controls are presented in Table 1B. The imaged sub-group
is representative of the total group of clinically-assessed
subjects in terms of ALSFRS sub-scores, disability profile,
UMN-burden, tapping rates and cognition. The disability
profile of imaged patients based on ALSFRS-r sub-scores:
bulbar M =9.24, SD 2.14; upper limb M=8.61, SD 2.09;
lower limb 5.39, SD 1.62; respiratory M=11.12; SD 1.36.

Grey matter findings

Standard VBM revealed considerable grey matter atrophy
in the bilateral insula, right cerebellar hemisphere, left pars

opercularis region, left frontal pole, bilateral temporal poles,
and the motor cortex in PLS cohort with reference to healthy
controls p <0.005 FWE TFCE. Figure 2a. The comparison
of ALS and PLS patients revealed more cerebellar, precen-
tral gyrus, thalamic and right dorsolateral prefrontal cor-
tex pathology in PLS than in ALS at p <0.05 TFCE FWE
accounting for age, gender and symptom duration. Fig-
ure 2b. Cortical thickness and cortical volume analyses in
QDEC did not reach significance following FDR corrections
over the entire brain.

Tract-based spatial statistics

TBSS detected decreased FA and increased RD in the body
of the corpus callosum, cerebellum, and corticospinal tracts
in the brainstem, posterior limbs of the internal capsule,
corona radiata and centrum semiovale at p <0.017 FWE in
PLS compared to healthy controls. At the same statistical
threshold axial diffusivity maps only highlighted increased
AD in the CST bilaterally. In comparison to ALS patients,
the PLS cohort exhibited decreased FA in the body of the
corpus callosum and increased cerebellar RD accounting for
symptom duration (Fig. 3).

Region of interest analyses (GM and WM)

Region of interest morphometry in the precentral gyrus
suggest that PLS-associated pathology is primarily medial,
localising to the lower limb representation of the motor cor-
tex, whereas in the ALS cohort the lateral aspect of the PMC
is also involved. Figure 2c. Raw values retrieved from grey
and white matter ROIs also confirm disease-specific patho-
logical patterns (Fig. 4).

Region of interest grey matter analyses confirmed corti-
cal thinning in the pre- and para-central gyri and left pars
opercularis region in the PLS cohort. PLS patients do not
exhibit postcentral gyrus atrophy, which differentiates them
from the cortical thickness profile of ALS. Statistically sig-
nificant differences have been detected between the post-
central gyrus thickness profiles of the two patient groups
bilaterally. (Table 2).

PLS patients exhibit reduced FA and increased RD in the
bilateral corticospinal tracts, cerebellar hemispheres, body
of corpus callosum and forceps major (splenium) compared
to healthy controls. Increased corticospinal tract and cer-
ebellar AD can also be readily detected in PLS compared to
controls. Cerebellar FA and RD alterations in PLS are more
marked than in PLS even when accounting for differences
in symptom duration. The body of the corpus callosum is
more affected in PLS than ALS based on regional FA values,
but the genu of the corpus callosum is more affected in ALS
based on AD. (Table 3).
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Fig.2 PLS-associated morphometric changes. a Regions of grey mat-
ter atrophy in PLS compared to controls at p <0.005 TFCE FWE cor-
rected for age and gender. b Comparison of PLS and ALS cohorts.
Blue clusters indicate pathology in PLS patients compared to ALS at
p<0.05 TFCE FWE corrected for age and gender. ¢ Region of inter-
est morphometry restricted to the precentral gyrus (white mask). Blue

Correlations

Significant voxelwise anatomical correlations were iden-
tified for all three diffusivity metrics in association with
ALSFRS-r subscores and tapping rates in a somatotopic
distribution. Figure 5. Both tapping rates and ALSFRS-r
subscores show correlations within motor tracts subjacent to
the somatotopic representation of functional cortical regions
in the motor homunculus. Lower limb functional scores and
tapping rates correlate with corticospinal fibre integrity sub-
jacent to the medial motor cortex. Upper limb functional
scores and tapping rates correlate with FA values under the
hand representation of the motor cortex. Clinical correla-
tions with cortical grey matter metrics did not reach statisti-
cal significance setting significance at p < 0.05 TFCE FWE.

Discussion

Our imaging analyses indicate that PLS has a restrictive
imaging signature compared to ALS. PLS exhibits consider-
able cerebellar, preferential medial motor cortex, and selec-
tive corpus callosum involvement with the relative sparing

@ Springer

colour indicates ALS-associated pathology, red colour indicates PLS-
associated pathology and green colour the overlap where both ALS
and PLS patients exhibit cortical changes in the precentral gyrus with
reference to controls at p <0.01 TFCE FWE. Radiological convention
is used: R right, L Left

of the postcentral gyrus and genu of the corpus callosum.
The lack of lower motor neuron involvement in PLS ena-
bles precision clinico-cortical correlations. Our findings also
confirm extra-motor involvement in PLS. The distribution of
disease burden within the motor cortex is different between
PLS and ALS. The marked medial motor cortex atrophy
detected on VBM, and the considerable paracentral gyrus
thinning on cortical thickness analyses are consistent with
the lower limb predominant disability profile of PLS. The
somatotopic distribution of motor cortex pathology is also
consistent with symptom onset in the lower limbs in the
majority of our patients. Contrary to ALS [17], where motor
disability is confounded by lower motor neuron degenera-
tion and functional rating scales may be disproportionately
influenced by LMN degeneration, PLS is a template condi-
tion to observe cerebral somatotopic patterns due to isolated
UMN degeneration. This is supported by our whole brain
correlation analyses where out of the entire cerebral white
matter skeleton strikingly focal and anatomically meaningful
correlations were observed in the fibres of the corticospinal
tracts subjacent to the functional representations of specific
motor functions. Lower limb tapping rates correlate with
motor fibre integrity projecting to the medial paracentral
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Fig.3 White matter altera-

tions in PLS in comparison to PLS vs. Hea Ithy Co ntrOIS

controls and ALS patients. Top 0.01
section: Regions of reduced

fractional anisotropy (FA)
(yellow-red), increased axial \ % /
diffusivity (AD) (blue) and B U \
increased radial diffusivity (AD) i .
(yellow) in contrasts to healthy
controls at p <0.017 TFCE
FWE corrected for age and gen-
der. Bottom section: regions of
decreased FA and increased RD
compared to ALS at p <0.05
TFCE FWE corrected for age,
gender and symptom duration.
Radiological convention is used

PLS vs. ALS

sections of the motor homunculus. Upper limb tapping rates  also exhibit similar somatotopic correlations. Bulbar sub-
correlate better with more lateral projections. Similarly to scores in PLS correlate with white matter integrity subja-
the imaging correlates of tapping rates, functional subscores ~ cent to the bulbar representation of the motor homunculus,
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Fig.4 Box plots of region-of-interest (ROI) grey and white mat-
ter measures in the three study groups; healthy controls (green),
ALS patients (red), and PLS (orange). Cortical thickness values are
provided for grey matter ROIs and fractional anisotropy values are

lower limb functional scores show medial and upper limb
scores more lateral associations. The relevance of sensitive
clinico-anatomical correlations is twofold. On the one hand
they indicate that simple, cheap clinical measures, such as
tapping rates are valid proxies of white matter degeneration
in disease-associated regions and may have a role in clinical
trials as monitoring markers. On the other hand they confirm
that clinical disability in PLS stems from relatively focal
pyramidal tract degeneration, which is relatively segmental
and predominantly linked to superior CST segments in the
corona radiata, as opposed to the preferential pathology seen
in the posterior limb of the internal capsule in ALS [51, 52].

The extra-motor clinical profile of PLS is relatively
poorly characterised as cerebellar, extrapyramidal behav-
ioural and neuropsychological deficits are rarely studied
systematically. Despite sporadic reports [53], a prior study of
cognition in PLS found a relatively low prevalence of FTD
[54]. The PLS cohort in our study showed neuropsycho-
logical deficits particularly in language and verbal fluency
domains. Given the strikingly limited post-mortem literature
of PLS [6], computational imaging is uniquely positioned

@ Springer

shown as white matter integrity measures. Estimated marginal means
adjusted for age and gender, standard error and post hoc p values are
presented in dedicated tables

to appraise extra-motor involvement in PLS. Our findings
indicate bi-insular, pars opercularis and pars triangularis
atrophy, and dorsolateral prefrontal cortex pathology. The
direct comparison of the ALS and PLS cohorts suggests
that cerebellar pathology is an important feature of PLS.
Extra-motor white matter pathology is less widespread in
PLS and includes cerebellar and occipital white matter areas
including the association fibres of the forceps major cross-
ing through the splenium (Fig. 3). At a statistical threshold
of p<0.017 TFCE FWE, FA detected the most widespread
alterations of any diffusion metric. FA analyses revealed
occipital and inferior frontal white matter degeneration in
addition to the bi-cerebellar, bilateral corticospinal tract,
brainstem and corpus callosum changes which were also
detected by AD and RD. Region of interest WM analyses
suggest that PLS is primarily associated with white matter
changes in the body and splenium of the corpus callosum,
whereas ALS also exhibits considerable changes in the asso-
ciation fibres of the forceps minor (Table 3) passing through
the genu of the corpus callosum. Not only do different dif-
fusivity parameters have differing detection sensitivities,
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Table 2 Regional cortical thickness values in healthy controls (HC), ALS and PLS

Region of interest

Study group Estimated marginal mean

(adjusted for age and
gender)

Standard error  ANCOVA Sig. (p) Post-hoc comparisons significant

inter-group differences (Bonferroni-
corrected)

Regional cortical thickness

Left precentral gyrus HC 2.543458
ALS 2.405877
PLS 2.308378
Right precentral gyrus HC 2.510695
ALS 2.376670
PLS 2.299137
Left paracentral gyrus HC 2.399955
ALS 2.330755
PLS 2.250849
Right paracentral gyrus HC 2.390999
ALS 2.309546
PLS 2.268528
Left postcentral gyrus ~ HC 2.030785
ALS 1.986822
PLS 2.047767
Right postcentral gyrus HC 2.009476
ALS 1.966862
PLS 2.038370
Left pars triangularis HC 2.402892
ALS 2.310594
PLS 2.333436
Left pars opercularis HC 2.524520
ALS 2.441884
PLS 2.445018

0.016621 1.068E—12 ALS vs HC p=5.6935E — 8*
0.016595 PLS vs HC p=5.7942E—11*
0.028775 ALS vs PLS p=0.853508*
0.016309 1.4802E—11 ALS vs HC p=7.0732E - 8*
0.016282 PLS vs HC p=0.000012*
0.028233 ALS vs PLS p=0.753316*
0.015743 0.000008 ALS vs HC p=0.006642*
0.015718 PLS vs HC p=0.000012*
0.027254 ALS vs PLS p 20248056a
0.016011 0.000062 ALS vs HC p=0.001250 *
0.015986 PLS vs HC p=0.000514*
0.027718 ALS vs PLS p=0.554827%
0.011406 0.005237 ALS vs HC p=0.021473*
0.011388 PLS vs HC p=1.0

0.019746 ALS vs PLS p=0.008029"*
0.011214 0.001836 ALS vs HC p=0.023985*
0.011196 PLS vs HC p=0.598028
0.019413 ALS vs PLS p=0.030047%*
0.016117 0.000297 ALS vs HC p=0.000226*
0.016091 PLS vs HC p=0.097161
0.027900 ALS vs PLS p=0.098970%
0.015812 0.000647 ALS vs HC p=0.000874*
0.015787 PLS vs HC p=0.038135*
0.027373 ALS vs PLS p=0.138752%

Estimated marginal means and standard error are adjusted for age and gender (age=59.863, gender=1.45)

*Significant intergroup differences are flagged with asterisks

®The ALS versus PLS post-hoc comparisons are corrected for age, gender and symptom duration. ALS vs HC and PLS vs HC comparisons are
corrected for age and gender

they are thought to reflect different aspects of white matter
integrity. FA and MD are composite measures of white mat-
ter integrity incorporating all three Eigen values. AD altera-
tions are often regarded as a marker of axonal degeneration
[55, 56], and RD as an indicator of myelin pathology [57,
58]. However, few histologically validated diffusion imag-
ing studies exist in ALS and PLS and this is likely to be a
simplistic interpretation [14]. Reduced primary motor cortex
thickness and altered corticospinal tract diffusion metrics
have been previously described in PLS compared to healthy
controls [59]. The majority of previous PLS studies however
have not corrected for symptom duration when comparing
PLS and ALS cohorts [12]. In agreement with recent studies
[8, 60], corticospinal tract FA and RD were not significantly
different between ALS and PLS taking symptom duration
into consideration. In this present study we identified signifi-
cantly reduced post-central gyrus cortical thickness in ALS
compared to PLS, but no differences were observed between

PLS and controls indicating the sparing of the somatosen-
sory cortex in PLS. A key finding of this present study is
the significant cerebellar grey and white matter pathology
in PLS compared with ALS, which is not accounted for by
symptom duration. One of the rationales to describe dis-
tinguishing imaging signatures between MND phenotypes
is to aid earlier diagnosis and develop precision prognostic
indicators [61-63]. While TDP-43 pathology is a recognised
feature of PLS [25, 64], pathological staging systems have
not been specifically evaluated in PLS to date [65]. As the
post mortem literature of PLS is particularly sparse [6],
imaging studies offer unique opportunities to evaluate the
distribution of disease burden in vivo [66, 67].

While we have identified widespread cerebellar pathol-
ogy on imaging, subtle cerebellar signs may be difficult to
detect clinically due to co-existing spasticity. It is conceiv-
able that cerebellar dysfunction in PLS contributes to gait
impairment, falls and to some extent dysarthria, which are
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Table 3 Regional white matter
diffusivity values in healthy
controls (HC), ALS and PLS

@ Springer

Fractional anisotropy (FA)
Left corticospinal tract ~ HC
ALS
PLS
Right corticospinal tract HC
ALS
PLS
Left cerebellum HC
ALS
PLS
Right cerebellum HC
ALS
PLS
Corpus callosum (body) HC
ALS
PLS
Forceps major HC
ALS
PLS
Forceps minor HC
ALS
PLS
Axial diffusivity (AD)
Left corticospinal tract HC
ALS
PLS
Right corticospinal tract HC
ALS
PLS
Left cerebellum HC
ALS
PLS
Right cerebellum HC
ALS
PLS
Corpus callosum (body) HC
ALS
PLS
Forceps major HC
ALS
PLS
Forceps minor HC
ALS
PLS
Radial diffusivity (RD)
Left corticospinal tract ~ HC
ALS
PLS
Right corticospinal tract HC
ALS
PLS

0.515160
0.491795
0.489734
0.523691
0.498719
0.503271
0.382212
0.377595
0.367777
0.387413
0.382585
0.373088
0.640897
0.611173
0.586518
0.724757
0.713636
0.711810
0.653542
0.632347
0.646150

0.001135
0.001140
0.001164
0.001109
0.001115
0.001136
0.000941
0.000937
0.000966
0.000949
0.000947
0.000971
0.001567
0.001589
0.001569
0.001552
0.001549
0.001563
0.001586
0.001624
0.001604

0.000475
0.000503
0.000513
0.000453
0.000483
0.000485

0.002242
0.002239
0.003882
0.002492
0.002488
0.004314
0.382212
0.001363
0.002363
0.001438
0.001436
0.002489
0.003796
0.003790
0.006572
0.002499
0.002495
0.004326
0.003620
0.003614
0.006267

0.000003
0.000003
0.000006
0.000004
0.000004
0.000006
0.000003
0.000003
0.000005
0.000003
0.000003
0.000005
0.000006
0.000006
0.000010
0.000006
0.000006
0.000011
0.000008
0.000008
0.000014

0.000003
0.000003
0.000005
0.000003
0.000003
0.000005

4.8482E—13

5.3165E—11

0.000002

0.000007

1.7196E—12

0.002529

0.000246

0.000104

0.002162

0.000005

0.000444

0.031909

0.526556

0.005896

3.4456E—15

1.786E—11

ALS vs HC p=1.1405E—11*
PLS vs HC p=1.3278E-7*
ALS vs PLS p=0.467469*

ALS vs HC p=6.1224E—11*
PLS vs HC p=0.000177*
ALS vs PLS p=0.970165*

ALS vs HC p=0.054100
PLS vs HC p=8.8768E —7*
ALS vs PLS p=0.001126*

ALS vs HC p=0.056736
PLS vs HC p=0.000004*
ALS vs PLS p=0.000990*

ALS vs HC p=2.8583E—-7*
PLS vs HC p=3.3978E—-11*
ALS vs PLS p=0.044785%*

ALS vs HC p=0.005861*
PLS vs HC p=0.030813*
ALS vs PLS p=0.246497*

ALS vs HC p=0.000157*
PLS vs HC p=0.926466
ALS vs PLS p=0.315438*

ALS vs HC p=0.895070
PLS vs HC p=0.000066*
ALS vs PLS p=0.367058*

ALS vs HC p=0.949760
PLS vs HC p=0.001457*
ALS vs PLS p=0.577055%

ALS vs HC p=0.890456
PLS vs HC p=0.000094*
ALS vs PLS p=0.073363*"

ALSvs HC p=1.0
PLS vs HC p=0.001637*
ALS vs PLS p=0.381128*

ALS vs HC p=0.037213*
PLS vs HCp=1.0
ALS vs PLS p=0.002532%*

ALS vs HC p=1.0
PLSvs HC p=1.0
ALS vs PLS p=0.603960?

ALS vs HC p=0.004135*
PLS vs HC p=0.861954
ALS vs PLS p=0.079298*"

ALS vs HC p=9.798E — 12*
PLS vs HC p=3.8913E—11*
ALS vs PLS p=0.404932%

ALS vs HC p=2.5516E - 10*
PLS vs HC p=0.000001*
ALS vs PLS p=0.919832?%
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Table3 (continued) Left cerebellum HC

ALS

PLS
Right cerebellum HC
ALS
PLS
Corpus callosum (body) HC
ALS
PLS
Forceps major HC
ALS
PLS
Forceps minor HC
ALS
PLS

0.000509  0.000002 2.3291E—8  ALS vs HC p=0.316724
PLS vs HC p=1.1252E — 8*
0.000514  0.000002 ALS vs PLS p=0.018773%
0.000537  0.000004
0.000504  0.000002 2.0637E—8  ALS vs HC p=0.291522
0.000509  0.000002 PLS vs HC p=9.7631E—9*
— ax
0.000531  0.000004 ALS vs PLS p=0.023847
0.000475  0.000006 3.9569E—12  ALS vs HC p=3.4659E — 8*
0.000525  0.000006 PLS vs HC p=4.9875E —10*
0.000554  0.000010 ALS vs PLS p=0497227
0.000363  0.000004 0.013056 ALS vs HC p=0.039319*
0.000377  0.000004 PLS vs HC p=0.051631t
0.000382  0.000007 ALS vs PLS p=0.246497
0.000466  0.000007  0.000091 ALS vs HC p=0.000057*
0.000508  0.000007 PLS vs HC p=0.868722
0.000480  0.000012 ALS vs PLS p=0.315438

Estimated marginal means and standard error are adjusted for age and gender (Age=59.863, Gen-

der=1.45)

*Significant intergroup differences are flagged with asterisks

*ALS versus PLS post-hoc comparisons are corrected for age, gender and symptom duration. ALS vs HC
and PLS vs HC comparisons are corrected for age and gender

t indicates statistical trends of 0.05 <p <0.08

classically attributed to UMN dysfunction alone. Cerebellar
dysfunction may not only be masked by UMN signs but is
also likely to be under-evaluated on routine clinical assess-
ment. There is also growing evidence that cerebellar pathol-
ogy may contribute to pseudobulbar affect (pathological cry-
ing and laughing) [19, 68-70].

Forty-five PLS patients and the majority of ALS patients
underwent genetic testing. Eleven ALS patients detected
positive for the c9orf72 hexanucleotide repeat expansion
which may account for some of the extra-motor changes seen
in the ALS cohort [71]. Nonetheless, these ALS patients
were included in our imaging analyses as their inclusion
represents the clinico-genetic heterogeneity of ALS, and this
study is primarily aimed at the characterisation of the PLS
cohort. While the C90rf72 repeat expansions have been pre-
viously identified in association with PLS [72], no patient in
this study tested positive for the C9orf72 repeat expansion.
The genetic risks for PLS are not well established. Suspected
PLS patients are often screened for HSP mutations but the
co-existing pyramidal and cerebellar degeneration in our
PLS cohort raises questions about the rationale to screen
for the ever-increasing spectrum SCA genes.

This study is not without limitations. The study has a
cross-sectional prospective study design which allows
descriptive analyses but the interpretation of dynamic lon-
gitudinal changes is not possible [73, 74]. Additional wet
biomarker testing, such as the evaluation of neurofilament
levels in our cohorts, would have complemented our genetic
and imaging analyses [75]. Our findings may shape future

research directions, which include robust longitudinal study
designs, the recruitment of ‘pre-PLS’ patients who do not
meet diagnostic criteria based on symptom duration and the
inclusion of a disease control group with UMN-predominant
ALS. The inclusion of pre-PLS patients [15] is particularly
important as it would help to establish if imaging analyses
can be used to predict risk of conversion to ALS and also to
confirm early PLS signatures.

Conclusions

PLS and ALS have both overlapping and distinguishing
pathoanatomical signatures, the characterisation of which
is relevant to development of diagnostic and prognostic
biomarkers. PLS is associated with considerable cerebel-
lar pathology which is difficult to ascertain clinically as
it is confounded by concomitant pyramidal degeneration.
The extra-motor profile of PLS includes left pars opercu-
laris atrophy which is consistent with the language deficits
observed in this cohort. The corpus callosum profile of PLS
exhibits selective involvement of the body and splenium.
The detailed, multifaceted characterisation of PLS pathology
in vivo contributes to the development of phenotype-specific
diagnostic protocols, has the potential to shorten the diag-
nostic journey of individual patients and risk stratification
for conversion to ALS. Ultimately, the region of interest
analysis of PLS-associated changes in individual patients
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Fig.5 White matter regions
where fractional anisotropy cor-
relates with clinical measures at
p<0.05 TFCE FWE adjusting
for age and gender. Radiological
convention is used
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paves the way for the selection of candidate monitoring
markers which may be used in future clinical trials.
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