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Abstract

Background. Research on amyotrophic lateral sclerosis (ALS) reveals that the disorder is not restricted
to motor neurons.

Objectives. This neuroimaging study aimed to investigate the presence of cerebellar damage in adult ALS
patients.

Materials and methods. The study retrospectively analyzed magnetic resonance imaging (MRI) examina-
tions performed on a 1.5T MR unit of 33 patients (17 men and 16 women with a mean age of 59.3 years)
diagnosed with ALS. Cerebellar and posterior fossa dimensions were calculated using plain MRimages. In ad-
dition, diffusion tensor imaging (DTI) was used to obtain white matter integrity measurements, represented
as fractional anisotropy (FA) values, in the posterior limbs of internal capsules (PLIC) and middle cerebellar
peduncles (MCPs). These measurements were compared to 36 healthy volunteers (11 men and 25 women
with a mean age of 55.3 years). The study also assessed clinical data for correlations with cerebellarimaging
findings.

Results. The linear measurements of the cerebellum did not differ between groups. However, the transverse
cerebellar dimension (TCD) ratio to the maximum length of the posterior fossa (0.973 compared to 0.982,
t=—276,p < 0.01) and FA value in both MCPs (0.67 compared to 0.65 and 0.69 compared to 0.67, p < 0.05)
were significantly lower in ALS patients. No significant differences were found in FA value in the PLIC, and
no significant correlations were observed between patient clinical characteristics and cerebellar damage.

Conclusions. This study provides evidence of cerebellar damage in adult ALS patients. These findings contrib-
ute to ALS understanding and highlight the importance of considering cerebellar involvement in the disease
process. The results suggest that measuring the TCD ratio and FA value in both MCPs could be potential
biomarkers for cerebellar damage in ALS patients.
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Background

Amyotrophic lateral sclerosis (ALS) affects both upper and
lower motor neurons. Some non-motor symptoms may also
be present, including extrapyramidal symptoms,! cerebel-
lar signs? and dementia.>* This condition is characterized
by the loss of cortical motor neurons and cortical atrophy
of the motor cortex,” leading to motor preparation and initia-
tion difficulties. Compensation mechanisms are then acti-
vated in the premotor area, cerebellum and basal ganglia.®-8

The cerebellum plays a crucial role in ALS, extending
beyond motor control to various cognitive processes such
as working memory, verbal fluency and emotion-affect con-
trol.”1° Imaging studies have shown inconsistent data on cer-
ebellar changes in ALS, with atrophy of the whole cerebellum,
focal changes in specific lobules, changes in the integrity
of cerebellar peduncles, and increased metabolism in various
cerebellar regions being reported.>!-!> Advanced magnetic
resonance imaging (MRI) techniques, such as diffusion ten-
sor imaging (DTI), enable the measurement of anisotropic
diffusion of water molecules within tissue. By calculating
the fractional anisotropy (FA) parameter, characteristic
changes in brain tissues at the level of cellular microarchi-
tecture can be depicted, as well as changes in apparently nor-
mal white matter that are not visible on conventional MRI.!¢

Objectives

The objective of this investigation was to ascertain the lin-
ear dimensions of the cerebellum and the posterior cranial
fossa, and assess the association between these parameters
and white matter integrity, gender, disease duration, and
age in patients with ALS compared to healthy controls.

Materials and methods

This investigation employed a retrospective case-control
design, utilizing standard diagnostic data documented
in all patients diagnosed with ALS at the Department
of Neurology of the University Clinical Hospital (Wroctaw,
Poland). The MRI examinations were conducted at the De-
partment of Radiology of the same hospital. All partici-
pants provided informed consent. The approval of the local
Bioethics Committee of Wroclaw Medical University was
obtained (approval No. 885/2022).

The study group

The study group consisted of 33 subsequent patients
(16 women and 17 men with a mean age of 59.3 years,
standard deviation (SD) +11.2 years) from the Department
of Neurology, diagnosed with ALS between 2017 and 2018
based on the El Escorial criteria.l” Disease-related vari-
ables (type and duration of the disease and first symptoms)
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were established based on medical records. The mean time
of disease duration until the MRI examination was noted
as 1.43 years (median: 1 year, range: 0.5—4 years).
Exclusion criteria included cerebrovascular events, neo-
plasm or paraneoplastic syndromes in a patient’s medical
history, present overt dementia, or extrapyramidal and
cerebellar signs in the neurological examination.

Magnetic resonance imaging protocol

The MRI examinations for ALS patients and controls
were conducted using a Signa HDx 1.5 Tesla MRI unit
(GE Medical Systems, Chicago, USA) and a 16-channel
head and spine (HNS) coil. A conventional brain MRI pro-
tocol was initially performed with the following sequences:
sagittal and coronal T2 fast recovery spin echo (FRFSE),
axial T1 spin echo (SE), axial T2 fast spin-echo (FSE), axial
fluid-attenuated inversion recovery (FLAIR), axial diffu-
sion-weighted imaging (DWI) SE-echo-planar imaging
(EPI) sequences, and a gadolinium-enhanced three-dimen-
sional-fast spoiled gradient-echo (3D-FSPGR) T1 sequence.
Subsequently, linear measurements of the cerebellum were
obtained from axial and sagittal T2-FSE sequences (Fig. 1).
The transverse cerebellar diameter (TCD) and the maxi-
mum length of the posterior fossa were measured twice.
To standardize the TCD to the head size, the ratio between
2 parameters (TCD and the maximum width of the poste-
rior cranial fossa) was calculated and used as the funda-
mental parameter for further analyses.

Diffusion tensor imaging

Diffusion tensor imaging (DTI) examinations were per-
formed using a single-shot (SS) EPI sequence in 25 dif-
ferent diffusion-encoding directions, with the following
parameters: b-values = 0 and 1000 s/mm?, transfer ratio
(TR) = 8500 ms, time to echo (TE) = 100 ms, field of view
(FOV) = 24 x 24 cm, and a matrix = 128 x 128 mm, with
2.5 mm-thick axial slices obtained parallel to the an-
terior and posterior commissures. The DTI data were
post-processed on the Advantage Workstation 4.6 (GE
Medical Systems) using Ready View software provided
by the manufacturer. The FA values were evaluated bi-
laterally in the following white matter tracts: posterior
limbs of internal capsules (PLIC) and middle cerebellar
peduncles (MCP) in small, fixed-in-size and circular re-
gions of interest (ROIs; size 25-30 mm?) were assessed
by means of color-coded maps. The mean FA values out
of 3 measurements were calculated.

The control group

Thirty-six healthy age-matched controls (25 women and
11 men with a mean age of 55.4+15.9 years) were recruited
(volunteers, mainly hospital staff members) to obtain nor-
mal values for neuroimaging measurements.
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Fig. 1. Cerebellum linear measurements on T2-weighted sagittal and axial plains
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cerebellum height (1 — orange arrow), cerebellum width (2 - red arrow) and transverse cerebellar diameter (3 — green arrow).

Clinical-neuroimaging correlations

Measurements of the cerebellum and posterior fossa and
DTI parameters were compared between patient and con-
trol groups. The ALS characteristics (onset of symptoms
and disease duration) and the abovementioned variables
were analyzed to identify potential correlations with cer-
ebellar dimensions.

Statistical analyses

Statistical analyses employed STATISTICA PL v. 8 soft-
ware (StatSoft Polska, Cracow, Poland). A p-value <0.05
was considered statistically significant. The normality
of distribution for all continuous variables was verified
with a Shapiro—Wilk test to select appropriate statistical
methods. Comparisons between 2 independent groups
were performed using Student’s t-test and the Mann—
Whitney U test (Supplementary Table 1). A Kruskal-Wallis

analysis of variance (ANOVA) rank test compared cat-
egorical independent variables. Pearson’s correlation was
used to assess clinical-radiological correlations.

Results

The measurements of the cerebellum in both groups
are presented in Table 1. Although the posterior fossa
dimension and transcerebellar diameter did not differ
statistically, the calculated ratio (TCD/posterior fossa di-
mension) revealed a significant difference between ALS
patients and controls (median: 0.978 compared to 0.984,
U = 845.0, p = 0.002). The dimensions of the poste-
rior fossa and TCD differed between male and female
patients (107.7 mm compared to 103.3 mm, p < 0.005,
and 104.5 mm compared to 100.8 mm, p < 0.01, respec-
tively). The TCD showed a significant correlation with
age (r = —0.38, p < 0.05). The ratio of the TCD/posterior

Table 1. Basic characteristics of the cerebellar linear measurements in patient and control groups

Patients (n = 33)

Controls (n = 36)

p-value (used test)

median

[mm] 95% Cl/Q1-Q3

Parameter nE:ndrina]n 95% Cl/Q1-Q3
Posterior fossa dimension 105.5 105.3 103.99; 107.07
Transcerebellar diameter (TCD) 102.7 103.0 101.3;104.2
Cerebellar width 464 47.0 452:47.2
Cerebellar height 258 251 23.9-269

106.5 105.5 105.1; 108.0 0.33 (Student’s t)
1044 104.8 103.0;105.8 0.1 (Student’s t)
464 46.7 455;473 0.95 (Student’s t)
26.0 26.2 23.9-279 0.42 (Mann-Whitney U)

95% Cl - 95% confidence interval; Q1 - 15t quartile; Q3 - 3™ quartile; TCD - transverse cerebellar dimension.
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Fig. 2. Correlation of the ratio of transverse cerebellar dimension (TCD)
measurements to the posterior fossa dimension in relation to age
in amyotrophic lateral sclerosis (ALS) patients

fossa dimension significantly correlated with the age
of the patients (S = -0.370, p < 0.05) (Fig. 2). Analysis
of the correlation between age and TCD/posterior fossa
ratio was significant only in the ALS group. As the ratio
of the TCD/posterior fossa dimension did not have a nor-
mal distribution in either group, a Spearman’s rank cor-
relation test was used. In the control group, the rho value
was —0.324, corresponding to a p-value of 0.053, slightly
above the assumed significance level of 0.05. In the ALS
group, Spearman’s rank correlation rho was —0.370, cor-
responding to a p-value of 0.034. A series of fitting several
polynomial regression models, from 1 up to 5 degrees,
were conducted to assess the nature of the relationship.
The calculated adjusted R? of each model was the high-
est for the second-degree polynomial, which had an ad-
justed R? of 0.132. The p-value for the selected model
as a whole was 0.046. The coefficient estimates and 95%
confidence intervals (95% Cls) are presented in Supple-
mentary Table 2. No other correlations for cerebellar lin-
ear measurements and sex, age or duration of the disease
and its first symptoms were found.

The FA values were significantly different between
controls and patients in both MCPs but not at the level
of the internal capsules (Table 2). Strong correlations were
found between FA values in the PLIC on both sides (S = 0.49,
p < 0.005 (Spearman’s correlation)) and FA in MCP on both
sides. No correlation was found between linear cerebellum
measurements and FA values in ALS patients.

M. Nowakowska-Kotas et al. Cerebellar damage in adult ALS patients

Discussion

The method used in this study (i.e., linear measurements
were easily performed on axial and sagittal T2-FSE) proved
simple, effective and feasible for all subjects. The TCD
alone showed sexual dimorphism, a typical observa-
tion during the developmental period but not uniformly
found in mature brains.!®!° In turn, the TCD/posterior
fossa dimension ratio had a nonlinear correlation with
age in healthy and patient groups. Since TCD correlated
significantly with age, a change in the ratio occurred due
to atrophy of the cerebellum, which has also been de-
scribed by other authors using both linear and volumetric
measurements.20-23

The TCD/posterior fossa ratio decreased with age sig-
nificantly faster in patients than in controls, which would
be consistent with observations of most authors describing
the decrease in the cerebellum or individual cerebellar
lobes and brainstem size or volume, with the degree of at-
rophy varying according to the form of motor neuron dis-
ease, the severity of motor disturbances, and the presence
of behavioral and cognitive dysfunctions.?*-?” In contrast,
some authors report no significant abnormalities in cer-
ebellar volumetric measurements.?®?° Several factors con-
tribute to the variability of our findings, with emerging evi-
dence that genetic and sporadic ALS differ in their imaging
signature.?!3 There is a significant association between
cerebellar atrophy in ALS combined with frontotemporal
dementia (FTD) or carrying C9orf72 hexanucleotide repeat
expansion in patients who already show some cognitive
impairment (ALSci), as opposed to patients presenting
with more behavioral abnormalities (ALSbi).'33%3! Patients
with ALS-ataxia continuum symptoms do not display such
abnormalities.!?

The various patterns of white matter integrity change
observed using DTT in ALS patients need to be empha-
sized because they may offer unique insights into the neu-
rodegeneration processes and ALS pathophysiology.
The measurements of FA values in the PLIC and MCP,
which include the corticopontocerebellar pathway, showed
significant differences between patients and healthy con-
trols in the MCP but not at the level of the PLIC. Other au-
thors have demonstrated a significantly decreased FA value
at the pyramidal pathways and, in some cases, at the MCP

Table 2. Diffusion tensor imaging (DTI) measurements of fractional anisotropy (FA) on both sides of posterior limbs of internal capsules (PLIC) and middle

cerebellar peduncles (MCP) in patients and controls

Patients (n = 33)

Controls (n =36)

p-value (used test)

mean FA median 95% CI/Q1-Q3 mean FA median 95% Cl/Q1-Q3

MCP right 0.67 0.68 0.66; 0.69 0.65 0.64 0.64; 0.66 <0.001 (Student't)
MCP left 0.69 0.69 0.67;0.71 067 0.67 0.66;0.68 0.052 (Welch's t)
PLIC right 0.62 0.62 0.61;0.63 0.63 0.63 0.62;0.64 0.23 (Student’s t)
PLIC left 0.64 0.63 0.62; 0.65 0.64 0.64 0.62;0.66 0.29 (Mann-Whitney U)

95% Cl - 95% confidence interval; Q1 - 15t quartile; Q3 - 3" quartile.
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level.32-38 Our findings, together with the atrophy phe-
nomenon discussed earlier, suggest the simultaneous
occurrence of cerebellar degeneration and loss of the in-
tegrity of pathways connecting this structure with other
brain regions. Our study also indicates that this process
occurs at a different rate and somewhat independently
of pyramidal tract degeneration, consistent with coexist-
ing degenerative and compensatory processes postulated
in other papers.®®% This alternation of cerebrocerebellar
connectivity®2?83640-42 ynderscores the importance of un-
derstanding the complex and multifactorial nature of ALS
pathology.

Limitations

Although our results are easily accessible and encourag-
ing, the study had some limitations. First, the retrospective
design and relatively small number of patients included
in our study limited the number of examination tech-
niques. Second, the patients could have diverse clinical
phenotypes and severity levels of the disease, which may
have resulted in various predispositions to cerebellar ab-
normalities.!®#344 Third, the measurements were done us-
ing certified software provided by the MRI manufacturer,
reducing the potential number of measurements to those
that are relatively simple. Despite these limitations, our
study provides important insights into the specific pat-
terns of cerebellar damage in ALS patients. Our method
was simple and can be improved in further longitudinal
projects.

Conclusions

This study shows that a simple MRI measurement
might reveal accelerated cerebellar atrophy in ALS pa-
tients, which correlates with reduced white matter in-
tegrity in the cerebellar afferent pathways. Our results
highlight the importance of cerebellar pathology in these
patients.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.8321084. The package consists
of the following files:

Supplementary Table 1. Normality and variance tests.

Supplementary Table 2. Coefficient estimates together
with 95% CI for polynomial regression models of corre-
lation of the age and ratio of the TCD to the dimension
of the posterior fossa.
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