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ABSTRACT

BACKGROUND AND PURPOSE: Spinal cord damage is a hallmark of hereditary spastic paraplegias, but it is still not clear whether
specific subtypes of the disease have distinctive patterns of spinal cord gray (GM) and white (WM) matter involvement. We com-
pared cervical cross-sectional GM and WM areas in patients with distinct hereditary spastic paraplegia subtypes. We also assessed
whether these metrics correlated with clinical parameters.

MATERIALS AND METHODS: We analyzed 37 patients (I7 men; mean age, 47.3 [SD, 16.5] years) and 21 healthy controls (7 men; mean
age, 423 [SD, 13.2] years). There were 7 patients with spastic paraplegia type 3A (SPG3A), 12 with SPG4, 10 with SPG7, and 8 with
SPGIL. Image acquisition was performed on a 3T MR imaging scanner, and T2*-weighted 2D images were assessed by the Spinal Cord
Toolbox. Statistical analyses were performed in SPSS using nonparametric tests and false discovery rate—corrected P values < .05.

RESULTS: The mean disease duration for the hereditary spastic paraplegia group was 22.4 [SD, 13.8] years and the mean Spastic
Paraplegia Rating Scale score was 22.8 [SD, 11.0]. We failed to identify spinal cord atrophy in SPG3A and SPG7. In contrast, we found
abnormalities in patients with SPG4 and SPGIl. Both subtypes had spinal cord GM and WM atrophy. SPG4 showed a strong inverse
correlation between GM area and disease duration (p = —0.903, P <.001).

CONCLUSIONS: Cervical spinal cord atrophy is found in some but not all hereditary spastic paraplegia subtypes. Spinal cord dam-
age in SPG4 and 11 involves both GM and WM.

ABBREVIATIONS: CSA = cross sectional area; HSP = hereditary spastic paraplegia; SC = spinal cord; SCT = Spinal Cord Toolbox; SPG = spastic paraplegia;

SPRS-BR = Brazilian version of the Spastic Paraplegia Rating Scale

H ereditary spastic paraplegia (HSP) consists of a heterogene-
ous group of inherited neurodegenerative disorders in which
the longest descending fibers of the spinal cord (SC) are the main
target of damage.'” Clinically, patients present with spastic gait
that can be associated with variable degrees of lower limb weak-
ness as well as sensory deficits and bladder or bowel dysfunction.
HSP can be inherited in every possible way, but autosomal domi-
nant and recessive are the most common patterns of inheritance.*
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So far, >70 loci and 60 genes are linked to HSP, and the different
genetic subtypes of the disease are spastic paraplegia (SPG)1 to
SPG80, corresponding to the chronologic order of gene
description.*

Since the first postmortem descriptions in subjects with HSP,>”
the corticospinal tract and the SC have been indicated as the key
targets of damage in the disease.>” Studies using MR imaging have
already shown atrophy of the SC in these patients.”"'" However,
these studies had some important limitations. First, the sample
sizes were small; thus, the authors lumped different HSP subtypes
into a single group to compare with healthy controls.”"" Second,
MR imaging analyses failed to separate SC white (WM) and gray
(GM) matter for individualized analyses.g’11

In this scenario, novel MR imaging acquisition protocols that
allow quantifying GM and WM separately have been developed
in the past decade.'” The Spinal Cord Toolbox (SCT; https://
spinalcordtoolbox.com/en/stable/), a robust tool capable of isolat-
ing GM and WM automatically, is a comprehensive and open-
source software specifically designed to process SC MR imaging
data and perform cord-specific quantification of cross-
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sectional areas across vertebral levels.'> This pipeline has
high segmentation accuracy and acceptable intra- and inter-
scanner reliability.'>'* The measurement of these segmented struc-
tures can contribute to identifying potential biomarkers for HSPs
through understanding the pattern of SC damage. This might be
helpful for diagnostic purposes and also to assess disease
progression.

As far as we know, no studies approaching GM and WM sep-
arately in HSP have been performed. Therefore, this study used
the SCT in a representative sample of genotype-specific HSP sub-
types, aiming to compare cross-sectional cervical SC, GM, and
WM areas. Furthermore, we verified whether these metrics corre-
lated with clinical aspects such as age at onset, disease, and dis-
ease severity.

MATERIALS AND METHODS

Subject Selection

We initially recruited and scanned 55 patients and 23 healthy
controls from 2018 to 2019. We excluded 13 patients (4 with
SPG15, 1 with SPG6, 3 with SPG72, 3 with SPG8, and 2 with
SPG33) because these genotypes did not have large-enough
sample sizes to enable comparisons. Furthermore, we
excluded images from 5 patients (3 with SPG4, 1 with SPG11,
and 1 with SPG3A) and 2 controls due to motion artifacts
and poor segmentation. In the end, 37 patients with HSP (7
with SPG3A, 12 with SPG4, 10 with SPG7, and 8 with SPG11)
with a mean age of 47.3 [SD, 16.5] years and 21 healthy con-
trols with a mean age of 42.3 [SD, 13.2] years took part in the
study. None of these remaining subjects had relevant disc dis-
ease or cord compression. All patients were followed at our
neurogenetics outpatient clinic.

All patients were older than 18 years of age and had genotypes
confirmed by molecular testing. This study was approved by the
ethics committee of UNICAMP (CAAE 83241318.3.1001.5404)
and have been performed in accordance with the ethical stand-
ards laid down in the 1964 Declaration of Helsinki and its later
amendments. All subjects agreed to participate and signed an
informed consent form before any study-related procedure.

Clinical Parameters

We recorded the age at onset of the first symptom and disease
duration for all patients. Phenotypes were classified into pure and
complicated. We used 3 clinical scales to quantify disease severity:
the Brazilian version of the Spastic Paraplegia Rating Scale
(SPRS-BR), the Ashworth scale, and the Medical Research
Council Scale for Muscle Strength.'>'” The last 2 scales were
applied only to the lower limb muscles. Clinical evaluations were
performed by a specialized researcher on the same day that MR
images were obtained.

MRI Acquisition

All images were acquired in an Achieva 3T scanner (Philips
Healthcare) using a standard 16-channel neurovascular head coil.
We obtained sagittal and axial standard T1 and T2 scans of the
cervical SC to rule out incidental findings (eg, degenerative disc
disease, cord compression). Routine brain MR images were also
obtained to rule out incidental findings.

To locate the ROI within the cervical SC, we obtained sagittal
T2-weighted images with the following parameters: FOV = 220 x
220 x 36 mm>; voxel size= 0.7 x 0.7 X 3 mm>; 11 slices; gap=
0.3 mmy; flip angle = 90" TR/TE = 1075/120 ms.

For quantitative analyses, we used the T2*-weighted 3D slab-
selective fast-field echo images acquired in the axial plane from
C2 to C4 with an acquisition time of 4minutes 30 seconds
(FOV = 200 x 153 x 49 mm?; voxel size= 0.8 x 0.8 X 3 mm?;
matrix= 252 x 191; 15 slices; gap= 0.3mm; 4 echoes; flip
angle = 28" TR/TE = 700/6.7 ms).

MRI Analysis

We used the SCT pipeline, Version 4.0.1, to obtain SC metrics."
In brief, we followed some processing steps. Initially, we obtained
the automatic segmentation of the cross-sectional total SC and
GM areas using deep learning algorithms, followed by manual
correction of the segmentation if necessary. This initial step
enabled the generation of the WM area as the difference between
cross sectional area (CSA)-GM areas. Next, the vertebral levels
C2, C3, and C4 were automatically identified. Afterward, we pro-
ceeded to the registering of the T2* images to the PAMS50
Template (https://spinalcordtoolbox.com/en/stable/overview/
concepts/pam50.html) by means of linear and/or nonlinear
algorithms. Last, this template was warped to match the subject
imaging, so that the mean total CSA and GM area for C2, C3,
and C4 vertebrae can be computed. These measures are corrected
for the curvature of the spine using the angle of the section with
the SC centerline. Fifteen slices for each SC level were considered,
and a mean value was estimated. Figure 1 shows examples of SC
segmentation obtained using the SCT.

Statistical Analysis

We compared the entire HSP group as well as the subgroups
defined according to the genetic test (SPG3A, SPG4, SPG7, and
SPG11) against the entire control group (n = 21). Considering the
relatively small sample size of each HSP subgroup, we used a
nonparametric test (Mann-Whitney) to perform between-group
comparisons of the CSA, GM, and WM areas at each spinal level.
We applied the Benjamini-Hochberg correction to control for the
false discovery rate in these analyses.

Correlation analyses were assessed separately within each
HSP subtype using Spearman coefficients (p). Again, we investi-
gated whether CSA, GM, and WM measures correlated with clin-
ical parameters, such as age at onset, disease severity, and disease
duration. Because this investigation was exploratory, we decided
not to correct for multiple correlations. Although we have an
apriori hypotheses for each correlation, we accepted a more con-
servative 2-tailed P value. We set P < .05 for all analyses.

RESULTS

There were 17 men in the patient group (45.9%) and 7 men
(33.3%) in the control group. There was no significant difference
regarding age between groups (patients versus healthy controls).
Patients had a mean disease duration of 22.4 [SD, 13.8] years, and
the mean SPRS-BR score was 22.8 [SD, 11.0]. There were 17
patients with complicated HSP (8 with SPG11 and 9 with SPG7)
and 20 with pure HSP (7 with SPG3A, 12 with SPG4, and 1 with
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SPG7). When we considered those with complicated phenotypes,
all subjects with SPG11 had neurophysiologic signs of chronic
lower motor neuron involvement (including the arms), and all
except one had cognitive decline. The 9 patients with SPG7 had
cerebellar ataxia. The patients with pure HSP only had lower-
limb pyramidal and sensory manifestations. Ten patients were
wheelchair-bound, 12 used canes, and 3 needed some assistance

to walk. Demographic data of each HSP subtype are presented in
the Table.

HEALTHY CONTROLS

HSP-SPG3A

HSP-SPG4

HSP-SPG7

HSP-SPG11

FIG 1. Axial T2* slices of the cervical spinal cord in a healthy control
(upper row) and patients with HSP-SPG3A, HSP-SPG4, HSP-SPG7, and
HSP-SPGTI (lower rows). In each case, the original image is shown in
the left column, whereas the segmented white (dark gray) as well as
the gray matter (light gray) cross-sectional areas are shown in the
right column.

Demographic and clinical data from genotype-specific patients with HSP included in

this study?®

MRI Group Comparison (Patients versus Healthy
Controls)
Considering the entire HSP group, all measures (CSA, GM, and
WM) at all levels were significantly smaller than in the control
group (Online Supplemental Data). There was a significant differ-
ence in terms of CSA only for HSP-SPG4 and HSP-SPGI1
(Online Supplemental Data and Fig 2). All 3 evaluated slices pre-
sented significant area reduction for both genetic subtypes. The
pattern of GM and WM damage was also similar in HSP-SPG4
and HSP-SPG11 (Online Supplemental Data and Fig 2). In both
groups, we found GM as well as WM area reduction in compari-
son with healthy controls.

CSA, GM, and WM areas were not different between controls
and the HSP-SPG3A and SPG7 groups at any spinal level.

Correlations (Clinical Parameters versus SC Areas)

We assessed correlations using the Spearman rank correlation
coefficient. Considering that only HSP-SPG4 and SPG11 had sig-
nificant SC morphometric changes, we decided to explore poten-
tial clinical correlates (age at onset, disease duration, and disease
severity) for only those 2 subgroups. None of these parameters
correlated with imaging findings in the HSP-SPG11 group. In
contrast, we found significant correlations in the HSP-SPG4
group: 1) CSA at C4 had a direct correlation with the age at onset
(p = 0.753, P=.005); 2) the GM area at C3 had a direct correla-
tion with age at onset (p = 0.706, P=.01) and a negative correla-
tion with disease severity, expressed by SPRS-BR scores (p = -
0.630, P=.03); and 3) GM area at C4 had a positive correlation
with age at onset (p = 0.754, P=.01), but a negative correlation
with disease duration (p = -0.903, P <.001) and disease severity
(p =-0.866, P=.001).

As a second step, for each HSP group, we performed correla-
tion analyses of SC areas and disease severity, controlling for age,
sex, and disease duration as covariates, but none of the results
reached the significance threshold (P < .05).

DISCUSSION

This study focused on the comparison of cervical SC, GM, and
WM areas in 4 genotype-specific HSP groups and healthy con-
trols. Currently, there are some pipelines available for SC seg-
mentation,'®'® but we chose the SCT because it is highly
reproducible and less affected by artifacts.'>* Then, we were
able to show, for the first time, that cervical SC atrophy is found
in some but not all HSP subtypes.
Moreover, SC morphometric changes in
HSP-SPG4 and SPG11 extend to both GM

Parameter SPG3A SPG4 SPG7 SPGTI and WM. SC WM involvement in HSP-
Sample (No.) 7 12 10 8 SPG4 and SPG11 is expected because of the
iex ((Mg F) . 02(]52 o - 06(?2 5 6 05650 0 2 gé 0 involvement of the corticospinal tract,

ge (yr .0 (12. .0 (10. .0 (6. . . . )
Age at onset (yr) 0(3.5) 37.5(8.5) 35.0 (10.0) 17.5 (3.5) Wh?Ch has beer'l shown m. P reV102101:521p ath(?
Disease duration (yr) 33.0 (10.2) 210 (13.0) 27.0 (24.0) 100(60)  logic reports in both diseases.™ " It is
SPRS-BR 21.0 (18.0) 18.5 (9.0) 22.5(23.0) 24.0 (9.5) rather probable that corticospinal tract axo-
Leg spasticity 1(0-2) 1(0-2) 1(0-2) 1(0-2) nal loss and gliosis are the pathologic corre-
Leg muscle strength 4 (3-5) 4 (4-5) 5 (4-5) 4 (4-5)

lates of the atrophy we found using MR

* Parameters are expressed using median (interquartile range). Muscle spasticity and strength were assessed in
the following lower limb muscles: thigh adductors and abductors, quadriceps, hamstrings, ankle plantar flex-
ors and dorsal flexors using the Ashworth scale and the Medical Research Council Scale for Muscle Strength,
respectively. Results shown in the table represent an average value from all muscles tested in each patient.
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imaging. In addition to upper motor neu-
ron damage, HSP-SPG11 is also character-
ized by lower motor neuron dysfunction.
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FIG 2. Box-and-whisker plots showing the distribution of the SC (upper row), GM (middle row), and WM (lower row) areas of patients with
HSP-SPG4 versus healthy controls (left side) and patients with HSP-SPGI1 versus healthy controls (right side) along cervical levels C2, C3, and C4.

Some patients actually present with a phenotype resembling juve-
nile amyotrophic lateral sclerosis.>!?? Faber et al,”? found almost
universal lower motor neuron disease in a cohort of 25 subjects
with HSP-SPG11. All patients with SPGI11 herein included
indeed had signs of anterior horn damage (including the arms).
In this scenario, we hypothesize that reduced GM area in this
genetic subtype could be related to the loss of motor neurons in
the ventral horns of the SC.** The explanation for SC GM atro-
phy in subjects with HSP-SPG4 must not be the same because
these patients do not have lower motor neuron disease in gen-
eral.” In our cohort of HSP-SPG4, none of the subjects had clini-
cal lower motor neuron signs, but only a few of them underwent
nerve conduction studies and electromyography. Then, it is pos-
sible that we may have missed subclinical lower motoneuronal
involvement. Nevertheless, we believe that loss of other neuronal
populations within SC GM, such as those located in the sensory
lamina of Rexed, is a more reasonable explanation for GM

atrophy. This last hypothesis deserves further investigation in
pathologic studies.

Another interesting finding in this study was the striking cor-
relation between SC metrics and clinical disability in SPG4. In
this subgroup, SC GM but not WM area at C4 had an extremely
high and statistically significant association with both disease du-
ration and severity. This was somewhat unexpected but indicates
that damage to neuronal circuits within the SC GM is relevant to
the disease. In the face of these findings, one should no longer
consider this HSP subtype as a “pure” distal motor axonopathy.
In addition, our results highlight the importance of pursuing SC
segmentation into GM and WM in the context of HSPs. Separate
analyses of GM and WM, rather than just looking at the entire
SC area, might provide more interesting insights, not only into
the biology of these diseases but also into potential biomarkers
for clinical use. Some previous studies indeed failed to identify
the clinical correlates of SC damage, possibly because they used
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this whole SC measurement approach.”'® In the near future with
technical MR imaging advancements, it is possible that deeper
segmentation of the SC, for instance, determining the area of the
anterior and posterior horns as well the dorsal columns, will help
us even more in the understanding of HSP.>*** Other metabolic
and genetic SC disorders may also benefit from a similar
approach using quantitative GM and WM evaluation.*®

We failed to show the same relevant associations for subtypes
HSP-SPG7 and SPG11. This could be due to a ceiling effect of
SPRS-BR for these 2 subtypes. Indeed, patients with SPG7 and
SPGI11 were the most disabled (many of them already wheel-
chair-bound). In late disease stages, the scale fails to capture clini-
cal deterioration (even though neurodegeneration was still taking
place), and this may have interfered with the correlation analy-
ses.”’” The assessment of cohorts in the early stages of SPG7 and
SPG11 would help to clarify this point.

We were not able to find SC atrophy in the HSP-SPG3A and
SPG7 groups. This may indicate that SC involvement in these
subtypes does not lead to macroscopic abnormalities. Only
microstructural abnormalities would be present and could
only be uncovered with other imaging techniques, such as
DTL* An alternative explanation is that SC volumetric
reduction actually takes place but is mild. In this scenario,
our sample size could have been underpowered to detect such
small differences. This is sometimes an issue in single-center
studies dealing with rare diseases such as HSP. To overcome
these limitations, multicentric studies using a multimodal SC
MR imaging approach in a longitudinal setting would be im-
portant to enable the recruitment of more patients, including
HSP subtypes not explored here. Additional levels of the SC,
such as the thoracic region, were not evaluated in our study
and should be assessed in these future studies as well.

CONCLUSIONS

We were able to show that HSP types 4 and 11 have SC atrophy
involving both GM and WM. GM SC morphometry corre-
lated with clinical parameters in HSP-SPG4 and might be a
useful biomarker to track disease progression in this condi-
tion, but longitudinal studies should now be performed to
validate these findings.
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