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Background: Recent evidence highlights the potential predictive value of para-
spinal muscle degeneration in amyotrophic lateral sclerosis (ALS). However, the
magnetic resonance imaging (MRI) characteristics of degeneration in lumbar
paraspinal muscles in ALS and lumbosacral radiculopathy (LR) remain unclear.
Methods: Comparison of fatty infiltration (FI) and relative cross-sectional area
(rCSA) of the paraspinal muscles was conducted between 38 ALS patients and
32 LR patients.

Results: The mean rCSA of the multifidus (MF), erector spinae (ES), and psoas
major (PM) muscles was lower on the symptomatic onset side compared to the
contralateral side at the L3—-L5 segments in patients with ALS. On the symp-
tomatic onset side, the Fl of the ES (L1-L4 segments), MF (L4 segment), and PM
muscles (L1, L2, and L4 segments) was significantly higher in ALS patients who
had pathological spontaneous activity (PSA) than in those without PSA. At the
L3-L5 segments on the symptomatic onset side, the mean rCSA of the MF, ES,
and PM muscles was significantly higher in LR patients compared to ALS patients
(o < 0.01). Similar differences in the rCSA of the MF, ES, and PM muscles were
observed between lower limb-onset ALS patients and LR patients (p < 0.05). In
addition, mild associations were observed between declines in the ALS func-
tional rating scale (ALSFRS)-lower score and decreases in the rCSA of MF and PM
muscles, as well as increased Fl of the MF and ES muscles.

Conclusion: The decrease in the rCSA of the paraspinal muscles on the symp-
tomatic onset side suggests progressive involvement of muscle fibers in ALS
patients. The presence of PSA in the paraspinal muscles appears to be more
valuable and sensitive for evaluating fatty substitution than muscle atrophy in ALS.
MRI parameters of the paraspinal muscles may be useful for monitoring disease
progression in ALS and distinguishing ALS, especially lower limb-onset cases,
from pauci-symptomatic LR.

KEYWORDS

amyotrophic lateral sclerosis, fatty infiltration, lumbosacral radiculopathy, magnetic
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegen-
erative disease characterized by degeneration of upper and lower
motor neurons, leading to weakness of the bulbar, thoracic, and limb
muscles. Muscle denervation is a major clinical feature of ALS and
enables the investigation of patterns of disease spread in vivo (1).
Several studies have examined the involvement of motor neuron
groups innervating the paraspinal muscles in ALS (2-5); however,
only a few studies have investigated paraspinal muscle magnetic reso-
nance imaging (MRI) in ALS, and these have produced inconsistent
conclusions (1, 6, 7). Jenkins et al. (1) reported that patients with
motor neuron disease (MND) had higher relative T2 muscle signal
than controls at baseline and higher T2 signal was associated with
greater overall disability and clinical weakness. The Diamanti group
confirmed that atrophy was more frequent on T1-weighted muscle
MRI in ALS patients than in HCs and observed a trend toward agree-
ment between MRI and clinic-EMG data for the paraspinal muscles
(6). The same research team later verified that paraspinal T1-weighted
MRI could help distinguish spinal ALS patients from both healthy and
pathological controls (7). However, whether the degenerative changes
are related to disease severity remains unclear. In this context, this
study aimed to assess MRI-derived heterogeneity in ALS patients and
pauci-symptomatic lumbosacral radiculopathy (LR) patients by com-
paring the patterns and severity of the involved paraspinal muscles.

Methods
Participants

In this cross-sectional pilot study, we enrolled 38 newly diag-
nosed probable or definite ALS patients, according to the El Escorial
criteria (8), between 1 August 2020 and 31 June 2024, at the
Department of Neurology, Beijing Tiantan Hospital. The onset site
was classified as spinal in 35 patients (92.1%) and bulbar in three
patients (7.9%). Disability was assessed using the ALS functional
rating scale-revised (ALSFRS-R; 0-48), a validated 12-item instru-
ment for monitoring disease progression in ALS patients (9). Each
item was rated from 0 to 4 (4 indicating fully intact function and 0
indicating complete loss), with higher scores indicating better func-
tional retention. The ALSFRS-R scores for the lower limbs, corre-
sponding to items 7-9 (ALSFRS-lower, 0-12), were also recorded.
The exclusion criteria were inability to provide informed consent,
contraindications to MRI, ankylosing spondylitis, scoliosis, symp-
tomatic lumbar spondylosis, lumbar spinal tumor, previous lumbar
spine trauma or surgery, pregnancy, or respiratory failure impairing
the ability to lie supine in the MRI scanner.

A total of 32 pauci-symptomatic LR patients were also recruited
for MRI analysis. Pauci-symptomatic LR patients are defined as those
with pathological evidence of compression or inflammation of the
lumbosacral nerve roots, presenting only with motor symptoms such
as muscle weakness, muscle atrophy, and diminished or absent tendon
reflexes (10-13), while lacking classic features such as severe radiating
pain, sensory changes, bowel or bladder dysfunction, gait disorders,
and other functional impairment (14). Compression or inflammation
of the lumbosacral nerve roots was identified based on MRI findings,
lumbar puncture results, and EMG findings. Simultaneously, no
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progression of motor symptoms was observed in all LR patients, and
no evidence of bulbar or upper limb involvement was found through-
out the 2-year follow-up period. Demographic and clinical features of
LR patients are summarized in Supplementary Table 1. Among the
ALS and LR groups, the symptomatic onset side was defined as the
side initially affected by motor deficits, as confirmed by EMG abnor-
malities. This study was approved by the medical ethics committee of
Beijing Tiantan Hospital, and all participants provided written
informed consent in accordance with the Declaration of Helsinki.

Standard electrodiagnostic examination

Electromyography was performed using concentric needle elec-
trodes, and a Medtronic Keypoint Net EMG system was employed in
this investigation. Filter, gain, and sweep speed were set to
5 Hz-10KHz, 100 pV/div, and 20 ms/div, respectively. Skin tempera-
ture was monitored and maintained above 32 °C. Patients were exam-
ined at rest in a comfortable prone position. The posterior superior
iliac spine line was used as a reference to identify the spinous process
of the L5 segment. The levels of the T10-T12 and L4-S1 segments were
then determined by palpation, moving cephalad and caudad from L5,
respectively. Superficial and deep muscle regions were examined at the
T10-T12 and L4-S1 thoracic and lumbar segment levels. Needles were
inserted 1-2 cm lateral to the spinous process of these segments, at a
right angle to the skin surface.

In each paraspinal muscle, spontaneous activity was assessed at
four different sites, with three needle insertions performed in each of
the standard four quadrants. Fibrillations (fibs) and positive sharp
waves (PSWs) were considered present if reproducible trains lasting
at least 1 s were observed following needle insertion in at least two
different sites within a muscle or in a single site when confirmed on
two additional repeat tests (15). A numeric grading system was used
to semi-quantitate each of these spontaneous activities: +1, rare spon-
taneous potentials, recordable at one or two sites only after some
searching, including insertional positive discharges induced by
moving the needle electrode; +2, occasional spontaneous potentials,
easily recorded at two or more sites; +3, frequent spontaneous poten-
tials, recordable regardless of the position of the needle electrode; and
+4, abundant spontaneous potentials, nearly filling the screen of the
oscilloscope (16). Paraspinal muscle motor unit potential morphology
and recruitment patterns were not considered in this study. The asso-
ciations between active denervation in paraspinal muscle and clinical
indicators were evaluated. All ALS and LR patients underwent nerve
conduction and needle electromyography studies performed by the
same neurophysiologist.

Magnetic resonance imaging

Patients underwent a 3 T MRI (GE Medical Systems, USA)
lumbar spine examination that included an axial TSE T2 sequence
(slice thickness =3 mm; TR/TE, 2132/120.20 ms; FoV = 200 mm;
matrix = 512 x 512; bandwidth 25) centered on the spine, extending
from the lumbar to the sacral region.

MRI data from all participants were collected and analyzed using
a picture archiving and communication system (PACS). Muscle
parameters were measured on the middle layer of the MRI at each
segment (17). The psoas major (PM) muscle was also included in the
evaluation; although it is not classified as a paraspinal muscle, it has
similar features and functions.
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Image analysis and MRI data acquisition

The threshold method was used to measure the degree of fatty
infiltration (FI) in paraspinal muscles. To improve the efficiency of
data processing, a Python script was developed to calculate FI auto-
matically. First, MRI images from the two groups (ALS and LR) were
uniformly named using the format XX_N_L.png, where XX is the
group code (ALS or LR), N is the index number of the images from
the same patient within a group, and L is the lumbar segment
number. In this study, five images were taken from the L1-L5 seg-
ments, so N& [1,5]. Then, the contours of the multifidus muscle
(ME), erector spinae (ES), PM, and intervertebral disc (IVD) were
labeled using LabelMe (Figure 1), an annotation software used for
constructing artificial intelligence (AI) segmentation model datas-
ets. The contour of each muscle of interest was stored as a series of
points in a JSON file, which could be loaded by the Python script.
The Python Imaging Library (PIL) module was imported in the
Python script to draw masks of the muscles of interest based on the
contour points from the JSON file.

MRI images were loaded as matrices of pixel grayscale values. A
threshold was carefully selected to differentiate pixels representing
normal muscle from those representing fatty tissue. In this study, a
threshold value of 50 was selected to identify fatty tissue, meaning that
any pixel with a grayscale value greater than 50 was considered to
represent fatty tissue. This threshold was determined by manually
checking and comparing subcutaneous fat on the images by imaging
experts (X.C. and X.H.) who were blinded to the clinical status of each
participant.

Paraspinal muscle cross-sectional areas (CSAs) were measured
using the grayscale discrimination method described by Ranson et
al (18). CSAs were calculated by defining the region of interest
(ROI) according to the boundaries of each paraspinal muscle in the
cross-sectional images. The relative cross-sectional area (rCSA) is
the ratio of the paraspinal muscle CSA to the CSA of the vertebrae
of the same segment. This measure was adopted to eliminate indi-
vidual differences in muscle volume that could affect the results (19).
Using the muscle mask as a reference, the total number of pixels
belonging to a specific muscle of interest was considered its
CSA. Meanwhile, the number of pixels representing fatty tissue was
counted and divided by the total number of pixels in the muscle to
calculate the FI ratio. Image processing steps were performed as

10.3389/fneur.2026.1751139

outlined in Figure 2. All parameters were validated independently
by two neurologists specializing in neuromuscular disease
(Z.Q.Z. and H.P.). The mean value of the two measurements was
used for analysis.

Statistical analysis

Statistical analyses were performed using SPSS Statistics (version
27; IBM Corp., Armonk, NY, USA). The normality of data was
assessed using the Kolmogorov-Smirnov test. The independent-sam-
ples t-test and the Mann—-Whitney U test were used to assess differ-
ences in numerical data, and a chi-squared test was used to compare
categorical data between the two groups. Partial correlation analysis
was used to explore the correlations between FI and rCSA with clinical
variables, controlling for age and body mass index (BMI). Statistical
significance was set at a p-value of < 0.05.

To evaluate the consistency and reproducibility of our data, the intra-
class correlation coefficient (ICC) was used to assess inter-rater agreement.
Intra-rater and inter-rater reproducibility of < 5% were first achieved before
measurements were performed for the entire muscle.

Results
Participants

The ALS group included 16 female and 22 male participants, with
a mean age of 55.4 £ 11.7 (30-77) years and an average BMI of
24.3 2.9 (19.3-30.6). The LR group included 14 female and 18 male
participants, with a median age of 61 years (interquartile range (IQR)
12) and an average BMI of 23.2 £ 4.1 (15.6-31.9). Age (p = 0.122), sex
(p =0.890), and BMI (p = 0.202) did not differ significantly between
the ALS and LR groups. Clinical and demographic data are summa-
rized in Table 1.

Intra-group differences in Fl and rCSA
In ALS patients, the mean rCSA of the MFE, ES, and PM was smaller on

the symptomatic onset side than on the contralateral side at the L3-L5 seg-
ments (L3 segment: 0.22 (0.17) vs. 0.41 £ 0.10; 0.27 (0.14) vs. 1.09 + 0.26;

FIGURE 1
Contours of the muscles of interest, labeled using the LabelMe software.
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FIGURE 2

Image processing workflow. LabelMe is an open-source software commonly used as an annotation tool for Al segmentation model dataset
construction. Steps highlighted in the grey area were performed using Python scripts.

TABLE 1 Demographic and clinical features of patients with ALS and control subjects.

Item ALS (n = 38) LR (n = 32) p value
Gender (M/F) 22/16 18/14 0.890
Age 55.4+11.7 61.0 (12.0) 0.122
Disease duration 10.0 (11.3) 9.0 (20.3) 0.243
Age of onset 54.1+11.8 57.1+135 0.331
BMI 243+29 23.2+4.1 0.202
ALSFRS-R (0-48) 422+26 - -
ALSFRS-R-lower (0-12) 8 (4) - -
PSA (+/-) 27/11 20/12 0.071

ALS, amyotrophic lateral sclerosis; LR, lumbosacral radiculopathy.
Means + standard deviation for normal distribution data.
Medians and interquartile ranges in brackets for abnormal distribution data.

p values indicate differences between patients and healthy control subjects calculated by using the Mann-Whitney U or Fisher exact test, as appropriate.

0.26 (0.25) vs. 0.51 (0.29); 14 segment: 0.28 £0.16 vs. 0.58 +0.16;
0.37+£0.20 vs. 0.94 (0.28); 0.35+0.19 vs. 0.77+0.21; L5 segment:
0.34+0.13 vs. 0.64+0.19; 0.48 £0.19 vs. 0.69 +0.28; 0.46£0.17 vs.
0.80 £ 0.27; all p < 0.01) (Figure 3). No differences were observed at the
L1-L2 segments. In contrast, no significant differences were found in the
LR group at the L1-L5 segments (Table 2).

All 38 ALS patients were divided into two groups based on the
presence of pathological spontaneous activity (PSA) in paraspinal
muscles. On the symptomatic onset side, the FI of the ES (L1-L4 seg-
ments), MF (L4 segment), and PM (L1, L2, L4 segments) was signifi-
cantly higher in patients with PSA (PSA+) than in those without PSA
(PSA-) (Figure 4). Interestingly, no significant differences in the FI of
the ES, ME and PM in LR patients were found between the two groups
at the L1-L5 segments (p > 0.05).

Inter-group differences in Fl and rCSA

At the L3-L5 segments, the mean rCSA of the ME ES, and PM on the
symptomatic onset side was significantly higher in LR patients compared
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to ALS patients (p < 0.01). Further comparisons revealed significant differ-
ences in the rCSA of the ME, ES, and PM between lower limb-onset ALS
patients and LR patients. Overall, significant differences among patients
with ALS, lower limb-onset ALS, and LR were observed on the symptom-
atic onset side at the L3-L5 segments (Table 3; Figure 5). When the discrep-
ancy reached a critical threshold, significant bilateral differences in the
rCSA of the MF (L3) and PM (L3-L4) were observed among ALS, lower
limb-onset ALS, and LR patients (Table 3). However, no differences were
observed in the FI of the ME ES, and PM between the ALS and LR groups.
Interestingly, when these data were normalized by dividing the value of
BM], the symptomatic onset side of ALS patients showed significantly
higher FI of the PM compared to LR patients at the L4-L5 segments (L4
segment: 50.00 vs. 44.34, p = 0.012; L5 segment: 52.92 vs. 43.13, p = 0.042).

Correlations of Fl and rCSA with clinical
variables

Partial correlation analysis was used to assess the correlations
between disease severity and paraspinal muscle MRI parameters in

frontiersin.org
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FIGURE 3
Box-and-whisker plots showing comparative analysis of the rCSA of the MF (A,D,Q), ES (B,E,H), and PM (C,F,l) on the symptomatic onset and
contralateral sides at the L3 (A—C), L4 (D-F), and L5 (G-I) segments in patients with ALS. The horizontal line within the box represents the median. The
bottom and top edges of the box represent the 25th and 75th percentiles, respectively. The whiskers (error bars) represent the full range. Statistical
significance was set at a p-value of < 0.05 for all analyses.

ALS patients, controlling for age and BMI. Mild associations were
observed between the ALSFRS-lower score and the rCSA of the MF
(L1 segment: r = 0.415, p = 0.015) and PM (L1 segment: r = 0.410,
p =0.016; L2 segment: r = 0.353, p = 0.038), as well as the FI of the MF
(L1 segment: r = —0.393, p = 0.021; L2 segment: r = —0.366, p = 0.031;
L3 segment: r = —0.346, p = 0.041; L4 segment: r = —0.380, p = 0.024)
and ES (L1 segment: r = —0.347, p = 0.044; L2 segment: r = —0.425,
p=0.011) (Table 4).

Consistency and reproducibility of MRI
parameter measurements

Intra-observer coeflicients of variability for rCSA were <5% for all
regions of interest: MF (ICC = 0.986), ES (ICC = 0.968), and PM
(ICC = 0.980). Inter-observer reliability was also high for rCSA mea-
surements of the MF (ICC =0.970), ES (ICC =0.900), and PM
(ICC = 0.905).
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Discussion

In our exploratory study, the rCSA and FI of lumbar paraspinal
muscles on T2 MRI were compared between ALS patients and LR
patients. We selected lumbar paraspinal muscles because they are
responsible for controlling inter-segmental movements and have
unique architecture and features (20-22). The MF and ES, two major
paraspinal muscle groups, play key roles in lumbar stabilization and
mobilization (20, 21, 23). The PM is appropriately positioned to help
stabilize the lumbar cylinder, which is critically important for spinal
health and contributes to maintaining anterior pelvic tilt balance (24,
25). Importantly, lumbar spine MRI allows for a comprehensive evalu-
ation, including analysis of individual paraspinal muscles at different
segments, as well as assessment of deep muscles (7).

Previous studies have investigated changes in the paraspinal
muscles of patients with ALS, including fat-fibrotic infiltration,
muscle atrophy, alterations in muscle appearance, changes in fiber
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TABLE 2 MRI data (Fl and rCSA) of L1-L5 segments for ALS and LR patients.

ALS (n = 38)

10.3389/fneur.2026.1751139

LR (n = 32) Plvalue P?value

L1

MF FI 0.37 £0.19 0.40 +£0.18 0.39+0.16 0.41£0.16 0.492 0.502
MF rCSA 0.29(0.12) 0.29(0.10) 0.26 £0.11 0.25+0.11 0.494 0.466
ES FI 0.16 (0.16) 0.17 (0.15) 0.14 (0.14) 0.15(0.17) 0.199 0.354
ES rCSA 1.25+0.29 1.25+0.34 1.32+0.37 1.29+0.34 0.971 0.750
PM FI 0.17 £0.21 0.19(0.22) 0.27 +£0.13 0.25+0.16 0.429 0.719
PM rCSA 0.19 +£0.07 0.19 +£0.08 0.19 +0.07 0.19 £0.07 0.874 0.968
L2

ME FI 0.38 £0.19 0.40 +£0.19 0.36 £0.17 0.38 £0.17 0.703 0.682
MF rCSA 0.36 £0.13 0.35 (0.15) 0.31£0.09 0.32 £ 0.09 0.332 0.746
ESFI 0.17 (0.22) 0.19 (0.21) 0.14 (0.15) 0.20 +£0.14 0.349 0.343
ES rCSA 1.26 £0.33 1.23+0.33 1.27 £0.41 1.23 £0.40 0.615 0.704
PM FI 0.16 £0.11 0.15+0.10 0.15+0.09 0.15+0.10 0.495 0.932
PM rCSA 0.37£0.14 0.40 £ 0.15 0.37 +£0.13 0.38 £0.13 0.460 0.804
L3

ME FI 0.40 £0.19 0.34 (0.24) 0.37 £0.16 0.39£0.17 0.446 0.659
MF rCSA 0.22(0.17) 0.41£0.10 0.45+0.10 0.48 +£0.10 <0.01 0.239
ES FI 0.22 (0.13) 0.22(0.20) 0.24 +£0.16 0.24+0.13 0.311 0.894
ES rCSA 0.27 (0.14) 1.09 +0.26 1.13+0.29 1.13+£0.31 <0.01 0.984
PM FI 0.12 (0.14) 0.09 (0.14) 0.12 +£0.06 0.12 +0.08 0.312 0.899
PM rCSA 0.26 (0.25) 0.51 (0.29) 0.60 +0.15 0.60 £ 0.15 <0.01 0.921
L4

MF FI 0.37(0.28) 0.35(0.19) 0.39+0.19 0.39 +£0.18 0.405 0.990
MF rCSA 0.28 £0.16 0.58 £0.16 0.61+0.15 0.63 +0.13 <0.01 0.749
ES FI 0.34+0.21 0.26 (0.21) 0.28 (0.26) 0.29 (0.22) 0.225 0.386
ESrCSA 0.37 £0.20 0.94 (0.28) 0.96 +0.24 0.89 (0.21) <0.01 0.396
PM FI 0.10 (0.13) 0.10 (0.12) 0.08 (0.09) 0.10 £ 0.07 0.315 0.317
PM rCSA 0.35+0.19 0.77 £0.21 0.80+0.19 0.83 +£0.19 <0.01 0.615
L5

MF FI 0.46 +£0.18 0.41 (0.26) 0.45+0.19 0.45+0.18 0.301 0.968
MF rCSA 0.34+0.13 0.64 +£0.19 0.69 +£0.16 0.69 £ 0.15 <0.01 0.975
ES FI 0.51+0.20 0.47 £0.20 0.55+0.20 0.51+0.21 0.319 0.485
ES rCSA 0.48 £0.19 0.69 +0.28 0.64 +0.32 0.57 (0.54) <0.01 0.444
PM FI 0.09 (0.11) 0.09 (0.09) 0.08 (0.07) 0.06 (0.08) 0.395 0.184
PM rCSA 0.46 +£0.17 0.80 +0.27 0.84 +0.29 0.84 +£0.29 <0.01 0.989

ALS, amyotrophic lateral sclerosis; LR, lumbosacral radiculopathy; HC, healthy controls; FI, fatty infiltration; rCSA, relative cross-sectional area; MF, multifidus muscle; ES, erector spinae; PM,

psoas major; S, symptomatic onset; C, contralateral.

P', p value of comparisons between symptomatic onset and contralateral sides in ALS patients.
P?, p value of comparisons between symptomatic onset and contralateral sides in LR patients.
Bold type indicates statistically significant data.

type composition, and evidence of active or chronic denervation
on electrodiagnostic testing (6, 7, 21, 26-30). However, no studies
have compared paraspinal muscle changes between lower limb-
onset ALS patients and pauci-symptomatic LR patients. In addi-
tion, literature on paraspinal muscle MRI in ALS remains scarce
(6, 7). Diamanti et al. reported that the median rates of fatty
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substitution in thoracic paraspinal muscles were not statistically
significant on T1-weighted muscle MRI among ALS subgroups
and HCs (6). Another MRI study showed a significant difference
in the appearance of the PM between ALS patients and LR patients,
indicating that T1-weighted MRI of the paraspinal muscles could
help distinguish spinal ALS patients from both healthy and
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FIGURE 4

Detailed comparative analysis of the Fl of the MF (A), ES (B), and PM (C) in ALS patients with pathological spontaneous activity (PSA+) versus those

without (PSA-) at the L1-L5 segments.

pathological controls (7). Recently, Liang et al. (31) evaluated
axonal degeneration and muscle changes in the brachial plexus
and limb-girdle muscles (LGM) using quantitative MRI in ALS
patients with upper extremity onset. Their findings suggested that
T1-weighted muscle MRI, while requiring fewer technical
resources and capable of providing significant data, is less ame-
nable to routine clinical and EMG assessment (6, 31).

In our study, we demonstrated that the mean rCSA of the MF,
ES, and PM was smaller on the symptomatic onset side than on the
contralateral side at the L3-L5 segments in ALS patients. However,
no differences were observed for the FI of the ME ES, and
PM. Diamanti et al. (6) reported that there was no specific pattern
of muscle involvement, and no statistical differences in median FI
rates—whether analyzed by region and individually—were found
between the left and right sides in ALS patients, rather than
between symptomatic and asymptomatic sides. Meanwhile, the
same research team reported no significant differences in muscle
appearance between the right and left sides in patients with ALS,
inflammatory myopathy, and radiculopathy (7). They also found
that ALS patients showed less fatty replacement/FI of the PM com-
pared to patients with radiculopathy (7). In contrast to their find-
ings, we found that LR patients had a significantly higher rCSA of
the ME, ES, and PM compared to ALS patients at the L3-L5 seg-
ments on the symptomatic onset side. However, no differences in
the FI of the MF, ES, and PM were observed between the ALS and
LR groups. Furthermore, concerning the effect of BMI, imaging
data were normalized by dividing the BMI value, and the results
showed significantly higher FI of the PM in patients with ALS com-
pared to LR patients at the L4-L5 segments on the symptomatic
onset side. This suggests heterogeneity in paraspinal muscle
involvement between patients with ALS and those with LR.

In clinical practice, although the diagnosis of ALS may seem
straightforward, early differential diagnosis between lower limb-onset
ALS patients and pauci-symptomatic LR patients can be challenging.
In our cohort, the rCSA of the MFE, ES, and PM in lower limb-onset
ALS patients was significantly lower compared to LR patients on the
symptomatic side at the L3-L5 segments. This suggests that ALS
lesions may increase L3-L5 segmental vulnerability compared to other
lumbar segments. A possible explanation is that daily repetitive move-
ments of the lumbar spine place greater biomechanical stress on the
L3-L5 segments, possibly inducing more chronic impairment of the
nerve roots or motor neurons, which is consistent with previous
reports (32). On the other hand, ALS patients exhibit lumbar spondy-
losis more frequently than the general population at comparable ages
(33). L3-L5 segmental involvement is consistent with the contiguous
distribution along the spinal cord observed in the early stage of the
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disease, including mechanisms such as ‘prion-like propagation, simple
diffusion of soluble toxic factors, and cell-to-cell transmission from
the onset site (34). Based on these findings, the rCSA emerged as a key
indicator for differentiating lower limb-onset ALS patients from LR
patients.

Interestingly, differences in the FI of the ME, ES, and PM between the
ALS and LR group were not observed in the statistical analysis. The rea-
sons for this are unclear, but it is well documented that variations in
muscle fiber type proportions and the lengths of their innervating motor
axons may contribute to discrepancies among the involved paraspinal
muscles (32). In a previous study, muscle fiber types were analyzed in
biopsied specimens using the histochemical method, which showed that
Type 2C fibers appear to be more prominent in ALS (35). However, in LR
patients, damage to one or more dorsal nerve roots before the fibers con-
verge can cause paresthesia, hypoesthesia, numbness, weakness, and atro-
phy (36). Muscle atrophy are more susceptible to motor neuron
degeneration in ALS than in LR, which could reflect a major contribution
of motor neuron degeneration than nerve roots involvement. (II) Muscle
volume loss may precede fatty replacement, which can be more sensitively
detected by MRI in the lumbar paraspinal muscles. (III) Regarding com-
parison between the symptomatic and contralateral sides in ALS patients,
we found that the symptomatic side had a significantly smaller rCSA of
the ME ES, and PM at the L3-L5 segments, suggesting that muscle atro-
phy occurs earlier on the symptomatic onset side. Therefore, MRI param-
eters combined with histomorphometric alterations could be used to
investigate pathophysiological mechanisms in vivo and to determine
whether muscle volume abnormalities are anatomically consistent and
sensitive markers in ALS.

Our recent electrophysiological studies demonstrated that PSA
(fibrillations and positive sharp waves) in paraspinal muscles cor-
relates with clinical disability in ALS. By stratifying ALS patients
according to the presence of PSA in paraspinal muscles, we found
that the FI of the ES (L1-L4 segments), MF (L4 segment), and PM
(L1, L2, and L4 segments) was significantly higher in patients with
PSA than in those without on the symptomatic side, while no dif-
ferences in the rCSA were observed. In addition, on the symptom-
atic side, no significant differences in the FI of the ES, MF, and PM
were observed between LR patients with PSA and those without at
the L1-L5 segments. The divergence in fatty infiltration between
ALS patients and LR patients is notable and may be attributable to
the distinct disease characteristics and patterns of muscle involve-
ment. Thus, we speculate that higher fatty infiltration in paraspinal
muscles with PSA is more specific to ALS. Meanwhile, PSA might
be a valuable and sensitive marker for evaluating fatty substitution
rather than muscle atrophy in the paraspinal muscles of patients
with ALS.
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TABLE 3 Comparisons of symptomatic onset side and bilateral for MRI data (Fl and rCSA) in ALS and LR patients.

ALS (n = 38) ALS-lower (n = 26) LR (n = 32) Plvalue P?value
S B S B B S B S B

L1

MF FI 0.3740.19 0.39+0.18 0.39+0.17 042 +0.14 0.40 +0.18 0.40 +0.15 0.49 0.81 0.83 0.60
MF rCSA 0.29 (0.12) 0.59 (0.23) 0.28 (0.12) 0.58 (0.19) 0.29 (0.10) 0.50 (0.25) 0.48 0.08 0.19 027
ESFI 0.16 (0.16) 0.17 (0.16) 0.18 (0.15) 0.18 (0.17) 0.17 (0.15) 0.14 (0.13) 043 0.44 025 0.12
ES rCSA 1.25+0.30 2.50 +0.62 1.29(0.43) 2.55 +0.55 1.25+0.34 2.61 £0.69 0.98 0.51 030 0.72
PM FI 0.17 (0.21) 0.18 (0.19) 023 +0.15 0.23 +0.14 0.19 (0.22) 0.26 +0.14 0.29 0.12 036 0.47
PM rCSA 0.19 +0.07 0.38 +0.14 0.18 +0.06 0.36 +0.11 0.19 +0.08 0.38+0.13 0.88 0.98 0.60 0.54
L2

MF FI 0.3740.19 0.38+0.18 0.37+0.16 0.39+0.14 0.40 +0.19 0.37£0.16 0.55 0.72 0.61 0.60
MEF rCSA 0.35+0.14 0.72+0.28 0.35+0.15 0.73 £0.30 0.35 (0.15) 0.62£0.18 027 0.09 033 0.10
ESFI 0.17 (0.22) 0.20 (0.18) 0.18 (0.19) 0.20 (0.16) 0.19 (0.21) 0.15 (0.15) 027 0.10 0.40 0.06
ES rCSA 1.27 +0.34 251 +0.66 1324034 2.59 + 0.66 1.23+033 251 +0.80 0.62 0.99 033 0.66
PM FI 0.17 £0.11 0.14 (0.14) 0.18 £0.12 0.18 +0.11 0.15+0.10 0.15 +0.09 0.50 0.41 021 0.30
PM rCSA 0.37 +0.14 0.77 £0.28 036 £0.15 0.75 +0.27 0.40 +0.15 0.76 +0.26 0.46 0.88 037 0.90
L3

MEF FI 0.40 £0.19 0.40 £0.18 041 +0.14 0.41+0.15 0.34(0.24) 038 £0.16 047 0.53 033 0.40
MF rCSA 0.22 (0.18) 0.81+0.19 029 £0.15 0.82+£0.21 0.41 +0.10 0.93 +0.19 <0.01 0.02 <0.01 0.04
ESFI 0.22 (0.13) 0.22 (0.18) 0.23 (0.13) 0.22(0.17) 0.22 (0.20) 0.21 (0.20) 0.28 0.30 0.16 0.22
ES rCSA 0.27(0.15) 2.18 +0.54 0.27(0.14) 2.18 +0.49 1.09 +0.26 2.26 +0.60 <0.01 057 <0.01 0.59
PM FI 0.12 (0.14) 0.11 (0.13) 0.15 (0.16) 0.13 (0.16) 0.09 (0.14) 0.12 +0.07 031 0.42 0.11 0.13
PM rCSA 0.26(0.26) 0.99(0.52) 0.26(0.25) 1.04 +0.26 0.51(0.29) 1.19+0.28 <0.01 0.03 <0.01 0.03
L4

MEF FI 0.37 (0.26) 0.42 +0.21 045 £0.18 043 £0.17 0.35 (0.19) 039 £0.18 041 0.46 0.20 0.36
MF rCSA 0.28+0.16 1.15+0.31 0.26 (0.19) 114033 058 +0.16 1344028 <0.01 020 <0.01 0.22
ESFI 0.34+0.21 0.32+0.19 0.34+0.18 0.32+0.17 0.26(0.21) 0.30 0.17 0.23 0.66 0.12 0.64
ES rCSA 0.3740.20 1.89+0.53 0.37 £0.17 1.86 + 0.44 0.94 +0.28 1.89 +0.46 <0.01 0.96 <0.01 0.75
PM FI 0.11 (0.15) 0.10 (0.12) 0.15 (0.15) 0.14 (0.14) 0.10 (0.12) 0.10 +0.06 0.20 0.30 0.12 0.10
PM rCSA 0.35+0.19 1.53+0.41 036 +0.17 1.44+0.33 0.77 +0.21 1.63+0.37 <0.01 027 <0.01 0.04
L5

MEF FI 0.46 +0.18 0.45+0.18 0.46 +0.14 0.45+0.15 0.41 (0.26) 0.45+0.18 0.32 0.80 0.20 0.77
MF rCSA 0.34+0.13 1.30 +0.37 0.36 +0.11 1.24+0.38 0.64 +0.19 1.38+0.29 <0.01 037 <0.01 0.12
ESFI 0.51+0.20 0.41 (0.31) 0.52+0.16 0.43 (0.29) 0.47 +0.20 0.53 +0.19 0.40 0.19 0.25 0.35
ES rCSA 0.47+0.19 1.41+0.56 047 £0.15 1.36 + 0.56 0.69 +0.28 1.25+0.68 <0.01 027 <0.01 051
PM FI 0.09 (0.11) 0.09 (0.10) 0.10 (0.11) 0.10 (0.11) 0.09 (0.09) 0.06 (0.06) 0.40 0.05 0.29 0.04
PM rCSA 0.46+0.17 1.59 +0.53 0.47+0.14 1.42 +0.40 0.80 027 1.65 % 0.59 <0.01 0.63 <0.01 0.11

ALS, amyotrophic lateral sclerosis; LR, lumbosacral radiculopathy; FI, fatty infiltration; rCSA, relative cross-sectional area; MF, multifidus muscle; ES, erector spinae; PM, psoas major; S,

symptomatic onset; B, bilateral.

P!, p value of comparisons between ALS and LR patients.

P2, p value of comparisons between ALS with lower limbs onset and LR patients.
Bold type indicates statistically significant data.

Finally, correlations were observed between disease severity
and muscle MRI parameters in ALS patients. Mild associations
were found between declines in ALSFRS-lower scores and decreases
in the rCSA of the MF and PM. In addition, lower ALSFRS-lower
scores were associated with greater FI of the MF and ES. These
findings suggest that lumbar spine MRI parameters may serve as a
promising tool for the assessment of lower limb involve-
ment in ALS.

Frontiers in Neurology

Limitations and future directions

Limitations of this pilot study include the small number of partici-
pants and potential influences from premorbid factors such as muscle
efficiency. These complexities may not be fully captured by the current
MRI assessments. Moreover, the Dixon approach with high-resolution,
volumetric acquisitions is needed to investigate more sensitive method-
ologies for detecting early pathophysiological changes in ALS.
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Box-and-whisker plots showing comparative analysis of the rCSA of the MF (A,D,G), ES (B,E,H), and PM (C,F,]) on the symptomatic onset side in ALS,
lower limb-onset ALS, and LR patients at the L3 (A=C), L4 (D-F), and L5 (G-I) segments. **p < 0.01. The horizontal line in the box represents the
median. The bottom and top edges of the box represent the 25th and 75th percentiles, respectively. The whiskers (error bars) represent the full range.
ALS, amyotrophic lateral sclerosis; Fl, fatty infiltration; MF, multifidus muscle; ES, erector spinae; PM, psoas major; Fl, fatty infiltration; rCSA, relative
cross-sectional area; PSA, pathological spontaneous activity; L, left; R, right.

Conclusion

In summary, muscle atrophy occurs earlier on the symptomatic
onset side during disease progression in ALS, and the presence of
PSA in paraspinal muscles is a valuable and sensitive marker for
evaluating fatty substitution. MRI parameters of paraspinal muscles
may be useful for monitoring disease progression in ALS and distin-
guishing ALS, especially lower limb-onset cases, from pauci-symp-
tomatic LR.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the medical
ethics committee of Beijing Tiantan Hospital. The studies were con-
ducted in accordance with the local legislation and institutional

Frontiers in Neurology

requirements. The participants provided their written informed con-
sent to participate in this study.

Author contributions

YR: Formal analysis, Methodology, Writing - original draft,
Conceptualization. XH: Writing - original draft, Methodology, Data
curation. KZ: Writing — original draft, Methodology, Data curation. SN:
Data curation, Writing — original draft. BC: Writing — original draft,
Data curation, Methodology. XW: Writing - original draft, Data cura-
tion. FJ: Methodology, Writing — original draft, Resources. HP: Data
curation, Methodology, Writing — original draft. ZZ: Writing - review &
editing, Methodology, Conceptualization. XC: Writing — review & edit-
ing, Supervision, Methodology, Conceptualization, Software.

Funding

The author(s) declared that financial support was received for this work
and/or its publication. This study was supported by the grants from the
National Natural Science Foundation of China (Grant No. 82072090).

09 frontiersin.org


https://doi.org/10.3389/fneur.2026.1751139
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Ren et al.

TABLE 4 Correlations between ALSFRS-r items for lower limbs and MRI data (FI and rCSA).

ALSFRS-lower

L1

10.3389/fneur.2026.1751139

MF

r=-—0.393, p=0.021

r=0.415,p =0.015

ES

r=—0.347, p = 0.044

r=0.261,p=0.136

PM

r=—0.088, p = 0.620

r=0.410,p =0.016

L2

MF

r=—0.366, p=0.031

r=0.188,p=0.279

ES

r=-—0.425,p=0.011

r=0.110, p = 0.528

PM

r=-0.082, p = 0.640

r=10.353,p=0.038

L3

ME

r=—0.346, p = 0.041

r=0.243, p = 0.160

ES

r=-0.260, p = 0.132

r=0.257,p=0.136

PM

r=-0.106, p = 0.544

r=0.247,p=0.153

L4

ME

r=—0.380, p=0.024

r=10.238,p=0.168

ES

r=-0.178, p = 0.308

r=0.188,p = 0.279

PM

r=-0.106, p = 0.546

r=0.266,p=0.123

L5

MF

r=—0.294, p = 0.086

r=0.337,p=0.147

ES

r=-0291, p = 0.090

r=0.257,p=0.136

PM

r=-0.101, p = 0.562

r=0.389, p = 0.201

ALS-FRS-lower, Amyotrophic Lateral Sclerosis Functional Rating Scale revised items for lower limbs; ME, multifidus muscle; ES, erector spinae; PM, psoas major; FI, fatty infiltration; rCSA,

relative cross-sectional area.
Bold type indicates statistically significant data.

Acknowledgments

We would like to thank all participants in the study, particularly
the patients.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Correction note

This article has been corrected with minor changes. These changes
do not impact the scientific content of the article.

Generative Al statement

The author(s) declared that Generative AI was not used in the
creation of this manuscript.

Frontiers in Neurology

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fneur.2026.1751139/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fneur.2026.1751139
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2026.1751139/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2026.1751139/full#supplementary-material

Ren et al.

References

1. Jenkins TM, Alix JJP, David C, Pearson E, Rao DG, Hoggard N, et al. Imaging muscle
as a potential biomarker of denervation in motor neuron disease. ] Neurol Neurosurg
Psychiatry. (2018) 89:248-55. doi: 10.1136/jnnp-2017-316744

2. Cappellari A, Brioschi A, Barbieri S, Braga M, Scarlato G, Silani V. A tentative inter-
pretation of electromyographic regional differences in bulbar- and limb-onset ALS.
Neurology. (1999) 52:644-6. doi: 10.1212/WNL.52.3.644

3. de Carvalho M, Pinto S, Swash M. Motor unit changes in thoracic paraspinal muscles
in amyotrophic lateral sclerosis. Muscle Nerve. (2009) 39:83-6. doi: 10.1002/mus.21202

4. de Carvalho M, Pinto S, Swash M. Association of paraspinal and diaphragm denerva-
tion in ALS. Amyotroph Lateral Scler. (2010) 11:63-6. doi: 10.3109/17482960902730080

5. Kiernan MC. Paraspinal muscles and amyotrophic lateral sclerosis—getting to the
core? Clin Neurophysiol. (2008) 119:1457-8. doi: 10.1016/j.clinph.2008.03.013

6. Diamanti L, Alfonsi E, Ferraro OE, Cereda C, Pansarasa O, Bastianello S, et al. A pilot
study assessing T'1-weighted muscle MRI in amyotrophic lateral sclerosis (ALS). Skeletal
Radiol. (2019) 48:569-75. doi: 10.1007/s00256-018-3073-7

7. Diamanti L, Paoletti M, Vita UD, Muzic SI, Cereda C, Ballante E, et al. MRI study of
paraspinal muscles in patients with amyotrophic lateral sclerosis (ALS). J Clin Med. (2020)
9:934. doi: 10.3390/jcm9040934

8. Brooks BR, Miller RG, Swash M, Munsat TL. World Federation of Neurology Research
Group on motor neuron D. El Escorial revisited: revised criteria for the diagnosis of
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord. (2000)
1:293-9. doi: 10.1080/146608200300079536

9. Cedarbaum JM, Stambler N, Malta E, Fuller C, Hilt D, Thurmond B, et al. The
ALSFRS-R: a revised ALS functional rating scale that incorporates assessments of respira-
tory function. BDNF ALS study group (phase III). ] Neurol Sci. (1999) 169:13-21. doi:
10.1016/50022-510X(99)00210-5

10. Alexander CE, Weisbrod LJ, Varacallo MA. "Lumbosacral radiculopathy”. In:
StatPearls. Treasure Island (FL): StatPearls Publishing. (2025).

11. Bateman EA, Fortin CD, Guo M. Musculoskeletal mimics of lumbosacral radiculopa-
thy. Muscle Nerve. (2025) 71:816-32. doi: 10.1002/mus.28106

12. Tamarkin RG, Isaacson AC. "Electrodiagnostic evaluation of lumbosacral radiculopa-
thy". In: StatPearls. Treasure Island (FL): StatPearls Publishing. (2025).

13. Sharma H, Lee SW, Cole AA. The management of weakness caused by lumbar and
lumbosacral nerve root compression. | Bone Joint Surg Br. (2012) 94:1442-7. doi:
10.1302/0301-620X.94B11.29148

14. Deyo RA, Weinstein JN. Low back pain. N Engl ] Med. (2001) 344:363-70. doi:
10.1056/NEJM200102013440508

15. Kimura J. "Chapter 35—nerve conduction and needle electromyography". In:
Peripheral Neuropathy, Philadelphia and Saunders. (2005). 1:899-969.

16. Daube JR, Rubin DI. Needle electromyography. Muscle Nerve. (2009) 39:244-70. doi:
10.1002/mus.21180

17. DingJZ, Kong C, Li XY, Sun XY, Lu SB, Zhao GG. Different degeneration patterns of
paraspinal muscles in degenerative lumbar diseases: a MRI analysis of 154 patients. Eur
Spine J. (2022) 31:764-73. doi: 10.1007/s00586-021-07053-2

18. Ranson CA, Burnett AF, Kerslake R, Batt ME, O'Sullivan PB. An investigation into
the use of MR imaging to determine the functional cross sectional area of lumbar para-
spinal muscles. Eur Spine J. (2006) 15:764-73. doi: 10.1007/s00586-005-0909-3

19. Urrutia J, Besa P, Lobos D, Campos M, Arrieta C, Andia M, et al. Lumbar paraspinal
muscle fat infiltration is independently associated with sex, age, and inter-vertebral disc
degeneration in symptomatic patients. Skeletal Radiol. (2018) 47:955-61. doi: 10.1007/
500256-018-2880-1

Frontiers in Neurology

11

10.3389/fneur.2026.1751139

20. Fortin M, Gibbons LE, Videman T, Battie MC. Do variations in paraspinal muscle
morphology and composition predict low back pain in men? Scand ] Med Sci Sports.
(2015) 25:880-7. doi: 10.1111/sms.12301

21. Yazici A, Yerlikaya T. The relationship between the degeneration and asymmetry of
the lumbar multifidus and erector spinae muscles in patients with lumbar disc herniation
with and without root compression. J Orthop Surg Res. (2022) 17:541. doi: 10.1186/
s13018-022-03444-3

22. Rosatelli AL, Ravichandiran K, Agur AM. Three-dimensional study of the musculo-
tendinous architecture of lumbar multifidus and its functional implications. Clin Anat.
(2008) 21:539-46. doi: 10.1002/ca.20659

23. Comerford MJ, Mottram SL. Movement and stability dysfunction--contemporary
developments. Man Ther. (2001) 6:15-26. doi: 10.1054/math.2000.0388

24. Ozcan-Eksi EE, Eksi MS, Turgut VU, Canbolat C, Pamir MN. Reciprocal relationship
between multifidus and psoas at L4-L5 level in women with low back pain. Br ] Neurosurg.
(2021) 35:220-8. doi: 10.1080/02688697.2020.1783434

25. Brinjikji W, Diehn FE, Jarvik JG, Carr CM, Kallmes DF, Murad MH, et al. MRI find-
ings of disc degeneration are more prevalent in adults with low Back pain than in asymp-
tomatic controls: a systematic review and Meta-analysis. AJNR Am J Neuroradiol. (2015)
36:2394-9. doi: 10.3174/ajnr.A4498

26. Sanghani N, Claytor B, Li Y. Electrodiagnostic findings in amyotrophic lateral sclero-
sis: variation with region of onset and utility of thoracic paraspinal muscle examination.
Muscle Nerve. (2024) 69:172-8. doi: 10.1002/mus.28012

27. Dillingham TR, Annaswamy TM, Plastaras CT. Evaluation of persons with suspected
lumbosacral and cervical radiculopathy: electrodiagnostic assessment and implica-
tions for treatment and outcomes (part IT). Muscle Nerve. (2020) 62:474-84. doi: 10.1002/
mus.27008

28. Park MS, Moon SH, Kim TH, Oh J, Lee SJ, Chang HG, et al. Paraspinal muscles of
patients with lumbar diseases. ] Neurol Surg A Cent Eur Neurosurg. (2018) 79:323-9. doi:
10.1055/s-0038-1639332

29. Lee ET, Lee SA, Soh Y, Yoo MC, Lee JH, Chon J. Association of lumbar paraspinal
muscle morphometry with degenerative spondylolisthesis. Int ] Environ Res Public Health.
(2021) 18:4037. doi: 10.3390/ijerph18084037

30. Vacchiano V, Di Stasi V, Bruni S, Rizzo G, Liguori R. Thoracic paraspinal muscles
denervation assessment in amyotrophic lateral sclerosis: clinical-neurophysiological cor-
relations and prognostic value. J Neurol Sci. (2024) 463:123133. doi: 10.1016/j.
jns.2024.123133

31. Liang W, Liu Y, Zhao Y, Chen Y, Yin Y, Zhai L, et al. Quantitative MRI analysis of
brachial plexus and limb-girdle muscles in upper extremity onset amyotrophic lateral
sclerosis. ] Magn Reson Imaging. (2024) 60:291-301. doi: 10.1002/jmri.29027

32. Sekiguchi T, Kanouchi T, Shibuya K, Noto Y, Yagi Y, Inaba A, et al. Spreading of amyo-
trophic lateral sclerosis lesions—multifocal hits and local propagation? ] Neurol Neurosurg
Psychiatry. (2014) 85:85-91. doi: 10.1136/jnnp-2013-305617

33. Yamada M, Furukawa Y, Hirohata M. Amyotrophic lateral sclerosis: frequent com-
plications by cervical spondylosis. J Orthop Sci. (2003) 8:878-81. doi: 10.1007/
s00776-003-0712-0

34. Polymenidou M, Cleveland DW. The seeds of neurodegeneration: prion-like spread-
ing in ALS. Cell. (2011) 147:498-508. doi: 10.1016/j.cell.2011.10.011

35. Kojima S, Takagi A, Ida M, Nozawa T, Shiozawa R. Muscle fiber type abnormalities
in bulbospinal muscular atrophy. Comparison with amyotrophic lateral sclerosis. Rinsho
Shinkeigaku. (1989) 29:427-31.

36. Black AC, Williams SE, Holt JA, Jackson M, Hawks K, Munakomi S. "Foot drop in
obstetrics". In: StatPearls. Treasure Island (FL): StatPearls Publishing. (2025).

frontiersin.org


https://doi.org/10.3389/fneur.2026.1751139
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1136/jnnp-2017-316744
https://doi.org/10.1212/WNL.52.3.644
https://doi.org/10.1002/mus.21202
https://doi.org/10.3109/17482960902730080
https://doi.org/10.1016/j.clinph.2008.03.013
https://doi.org/10.1007/s00256-018-3073-7
https://doi.org/10.3390/jcm9040934
https://doi.org/10.1080/146608200300079536
https://doi.org/10.1016/S0022-510X(99)00210-5
https://doi.org/10.1002/mus.28106
https://doi.org/10.1302/0301-620X.94B11.29148
https://doi.org/10.1056/NEJM200102013440508
https://doi.org/10.1002/mus.21180
https://doi.org/10.1007/s00586-021-07053-2
https://doi.org/10.1007/s00586-005-0909-3
https://doi.org/10.1007/s00256-018-2880-1
https://doi.org/10.1007/s00256-018-2880-1
https://doi.org/10.1111/sms.12301
https://doi.org/10.1186/s13018-022-03444-3
https://doi.org/10.1186/s13018-022-03444-3
https://doi.org/10.1002/ca.20659
https://doi.org/10.1054/math.2000.0388
https://doi.org/10.1080/02688697.2020.1783434
https://doi.org/10.3174/ajnr.A4498
https://doi.org/10.1002/mus.28012
https://doi.org/10.1002/mus.27008
https://doi.org/10.1002/mus.27008
https://doi.org/10.1055/s-0038-1639332
https://doi.org/10.3390/ijerph18084037
https://doi.org/10.1016/j.jns.2024.123133
https://doi.org/10.1016/j.jns.2024.123133
https://doi.org/10.1002/jmri.29027
https://doi.org/10.1136/jnnp-2013-305617
https://doi.org/10.1007/s00776-003-0712-0
https://doi.org/10.1007/s00776-003-0712-0
https://doi.org/10.1016/j.cell.2011.10.011

Ren et al.

Glossary

ALS - amyotrophic lateral sclerosis

LR - lumbosacral radiculopathy

HCs - healthy controls

FI - fatty infiltration

rCSA - relative cross-sectional area

MF - multifidus muscle

PM - psoas major

ES - erector spinae

PSA - pathological spontaneous activity

MND - motor neuron disease
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ALSFRS-R - ALS functional rating scale-revised
PACS - picture archiving and communication system
IVD - intervertebral disc

AL - artificial intelligence

PIL - Python Imaging Library

ROI - region of interest

ICC - intraclass correlation coefficient

BMI - body mass index

IQR - interquartile range

LGM - limb-girdle muscles

MRI - magnetic resonance imaging
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