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Abstract

Background/ Aim Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease affecting upper and

lower motor neurons, causing progressive atrophy of muscles, hypertonia, and paralysis. This study aimed to
evaluate the current evidence and effectiveness of ultrasound in investigating nerve cross-sectional area (CSA) of
peripheral nerves, vagus and cervical roots in those with ALS compared with healthy controls and to pool the CSA
measurements.

Methods A systematic search was conducted on Cochrane, Clarivate Web of Science, PubMed, Scopus, and Embase
for the mesh terms nerve, ultrasonography, and amyotrophic lateral sclerosis. A quality assessment was performed
using the New-Ottawa scale. In addition, a double-arm meta-analysis using Review Manager 5 software version 5.4
was performed.

Results From the seventeen studies included in this review, the overall mean difference showed that individuals with
ALS had a significantly smaller CSA in comparison to healthy controls for median, ulnar, Cé root, and phrenic nerves.
However, no significant difference in the CSA was found in radial, vagal, sural, and tibial nerves.

Discussion This study confirmed results of some of the included studies regards the anatomic sites, where nerve
atrophy in ALS could be detected to potentially support the diagnosis of ALS. However, we recommend further large,
prospective studies to assess the diagnostic value of these anatomical sites for the diagnosis of ALS.

Conclusions Our findings confirmed specific anatomic sites to differentiate ALS patients from healthy controls
through ultrasound. However, these findings cannot be used to confirm the ALS diagnosis, but rather assist in
differentiating it from other diagnoses.

Trial registration Retrospectively registered on July 30th 2024 in PROSPERO (PROSPERO (york.ac.uk)) with ID574702.
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Background

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease that affects both upper and lower motor neu-
rons resulting in progressive muscular atrophy, spasticity,
and paralysis. ALS remains a fatal disease with a preva-
lence and incidence of ALS are estimated to be 4.42 per
100 000 population and 1.59 per 100 000 person years,
respectively [1]. Depending on the family history, ALS is
classified as sporadic in 90% or familial in 10% of cases
[2], and ALS appears to be mediated by complex molecu-
lar interactions. Despite novel treatments, patients with
ALS have a median survival of only 3—4 years with an
average age of onset between 58 and 60 years old [3].

The diagnosis of ALS was mainly clinical until the
introduction of the revised El Escorial criteria in 2000 [4]
and later the Awaji criteria [5] allowing the use of electro-
myography, though there were some concerns about the
diagnostic sensitivity of these criteria. Recently, the Gold
Coast criteria mentioned that the appropriate inves-
tigation depends on the clinical presentation and may
include diagnostic tools such as electroneurophysiology
and magnetic resonance imaging (MRI), or other imag-
ing tools (i.e., it do not mention ultrasound (US) directly),
but allows using it specifically to detect fasciculations in
the diagnosis of ALS [6].

Nevertheless, the diagnosis of ALS remains challeng-
ing, especially at the early stages, due to the insidious
nature of the disease [7]. Consequently, establishing more

Page 2 of 13

Significance of CSA for median,
ulnar, C6 root, and phrenic nerves

LR

Statistically
significant

Significance in radial, vagal,

[ surgal, and tibial nerves is not
found

“£ T

No statistical
significance

C n

effective diagnostic methods is crucial to ensure the early
diagnosis of ALS. It is now well established that mus-
cle ultrasound is more sensitive for fasciculations than
EMG. Multiple studies have reported nerve atrophy, as
detected by reduced CSA, in ALS compared to mimick-
ing disorders.

While that US should be interpreted in the context of
electrophysiological diagnostic studies, which is indis-
pensable in the ALS workup [8-12]. This could make
the size of peripheral nerves as well as vagus or cervi-
cal roots, in addition to the clinical features, a potential
diagnostic marker of ALS. Nerve US is a potentially diag-
nostic tool in ALS. Unfortunately, studies assessing nerve
US suffer from heterogeneous findings and small sample
sizes. Therefore, the aim of this meta-analysis is to assess
the current evidence and significant difference in CSA of
several peripheral nerves, vagus and cervical roots mea-
sured via US between ALS patients and healthy controls
and to pool the CSA measurements.

Methods

Data sources & searches

We conducted a systematic search of the following online
databases by title and abstract from inception up to 29
July 2022: Cochrane, Clarivate Web of Science, PubMed,
Scopus and Embase. The keywords of our search strat-
egy were retrieved from the Medical Subject Headings
terms (Mesh terms) for nerve, ultrasonography, and
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amyotrophic lateral sclerosis as follows: “Nerve” AND
“Ultrasonography” OR “Ultrasound” OR “Ultrasonic” OR
“Echotomography” OR “Sonography” OR “Sonographic”
OR “Ultrasonographic” OR “Echography” AND “ALS”
OR “Amyotrophic Lateral Sclerosis” OR “Gehrig Disease”
OR “Motor Neuron Disease” OR “Lou Gehrig’s Disease”.
Our study was conducted based on the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [13] and the methods described in
the Cochrane Handbook [14]. Selection of the studies is
illustrated in detail in the PRISMA flow diagram shown
in Fig. 1.
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Eligibility criteria

We included studies published in international peer-
reviewed journals, which included the following criteria:
measuring the CSA of nerves in patients diagnosed with
ALS by means of nerve ultrasonography. We included
studies comparing ALS to healthy controls with no dis-
eases. We excluded case reports, case series, letters to
the editor, review articles, animal studies, studies that did
not provide numerical measurements for CSA, and stud-
ies that used any imaging technique apart from nerve US.
We excluded cases with other peripheral nerve disorders.

[ Identification of studies via databases and registers ]

e
S Records removed before
= Records identified from*: screening:

5,‘:_’ Databases (n = 901) | 5 Duplicate records removed
S (n=185)

o

=

—

)

Records screened Records excluded**
—>
(n=716) (n=660)
Reports sought for retrieval Reports not retrieved
@ (n = 56) (n=0)
'S
o
: }
o
(7]
Reports assessed for eligibility
(n = 56) —»| Reports excluded:
(n=39)
Insufficient data = 28
Irrelevant subject = 7
Review = 4
—
° . . .
3 Studies included in review
3 (n=17)
©
=

Fig. 1 PRISMA flow diagram of the included studies
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Study selection and screening

Four authors [IM, HS, PD, SAR] screened records by
title and abstract and then by full text according to the
eligibility criteria to identify eligible studies. If there was
no consensus regarding the eligibility of a study, a fifth
author [RA] was consulted.

Quality assessment

Two authors [MWY and PD] assessed the included
papers separately in a blinded manner and any inconsis-
tency was referred to a third author [KA]. We used the
New-Ottawa scale (NOS) tool [15] for case-control stud-
ies, where studies scored 7—9 are considered of high, 4-6
of moderate, and 0-3 of low quality. The National Insti-
tutes of Health (NIH) tool [16] was used for cohort and
cross-sectional studies, where the score of >7 is consid-
ered of good, 5-6 of fair, and <5 of poor quality.

Data analyses

We performed a double-arm meta-analysis using Review
Manager 5 software version 5.4 to compare the mean
CSA measurements of nerves in ALS patients with
healthy controls by calculating the pooled mean dif-
ference of CSA. We conducted subgroup analyses by
stratifying the studies according to the level of CSA mea-
surement. Values that were reported as median, range, or
interquartile range were converted to mean and standard
deviation using the McGrath method. For studies pre-
senting their measures using graphs, we extracted data
using WebPlotDigitizer [17].

The random effect model of DerSimonian and Laird
[18] was implemented to account for heterogeneity. Het-
erogeneity was assessed using Chi-squared tests and
measured using I? statistics. Heterogeneity was consid-
ered significant with 1>>50%. P values<0.05 were con-
sidered statistically significant. Sensitivity analyses were
carried out in the form of leave-one-out analysis to exam-
ine the effect of elimination of each study on the overall
results and it was conducted by Open Meta analyst soft-
ware [19].

Results

Study selection and characteristics

Seventeen studies [9, 11, 12, 19-33] were included in the
systematic review and meta-analysis., with a total of 935
ALS patients and 604 controls. The main characteristics
of the included studies are reported in Table [S1].

Quality assessment

From the seventeen studies included in this review,
six [12, 22, 24, 25, 27, 32] were case-control, seven [9,
21, 23, 26, 29, 31, 33] were prospective cohort, two [20,
28] were retrospective cohort, and two [11, 30] were
cross-sectional.
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The results of the NOS and NIH tools are detailed in
Table [S2] and Table [S3].

Median nerve

Fourteen studies reported values of median nerve CSA
at different levels from 1389 participants (860 ALS
patients and 529 healthy controls), of which eleven stud-
ies reported the average measurement of bilateral median
nerve and were sub-grouped according to the site of mea-
surement. The analysis revealed a significant decrease in
nerve CSA of ALS patients compared to healthy controls
as detailed in Table 1; Fig. 2. The overall I? test showed
significant heterogeneity (I=82%) and p>0.00001.

Nine studies reported separate CSA values of right and
left median nerve, and they were sub-grouped according
to their levels of measurement. CSA of the median nerve
was found to be significantly smaller in ALS patients than
controls on both sides as shown in Tables 1 and 2, and
3 and in Figure S1 and S2. Heterogeneity was significant
by I*=73% (p<0.00001) and I*=71% (p=0.0005) for right
and left sides respectively.

We conducted a subgroup analysis by disease duration,
ultrasound probe frequency, age, and ALS functional
rating scale (ALSFR) score for assessment of sources of
heterogeneity and these variables effect on collected
measurements. Subgroup analysis by disease duration,
ultrasound probe frequency, and age included 741 ALS
patients and 462 healthy controls and revealed a sig-
nificant difference in CSA with mean difference (MD) =
-0.8 (95% CI: -1.26, -0.35, p<0.00001). Subgroup analy-
sis by ALSER included 724 ALS patients and 434 healthy
controls with CSA MD = -0.89 (95% CI: -1.39, -0.38,
»<0.00001). This is detailed in supplementary Figs. 3, 4,
5,and 6.

Ulnar nerve

Nine studies reported values of ulnar nerve CSA at sepa-
rate anatomical sites: mid-upper arm, at the cubital tun-
nel, mid-forearm, lower third of the forearm, at Guyon’s
canal, and at the wrist (just proximal to Guyon’s canal),
including six studies described average measurements of
bilateral ulnar nerve in both ALS patients and controls
which were stratified into six groups according to their
level of measurement. CSA of ALS patients was found to
be significantly smaller than CSA of healthy controls at
lower third of forearm, wrist and total and the main find-
ings are detailed in Table 4; Fig. 3.

Five studies provided numerical measures for right
ulnar nerve CSA, and they were sub-grouped according
to the previously mentioned sites. CSA in ALS patients
was —1.15 mm? less than in controls as detailed in Table 5
and Figure S7. Heterogeneity (I>=89%, p>0.00001) was
statistically significant.
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Table 1 Sonographic cross-sectional area (mean + SD) of average bilateral median nerve
Study ID ALS Controls
Midpoint of the Upper Arm Mean [mm?] sD N Mean [mm?] sD N
[mm?] [mm?]
Cartwright [11] 10.7 26 20 12.7 2.1 20
Grimm [20] 93 098 17 8.99 0.56 28
Martinez-Payda Cohort A [22] 8.32 249 27 11.25 3.04 46
Martinez-Payda Cohort B [22] 9.37 2.7 57 11.25 3.04 46
Mohamed [23] 6.8 1.95 30 6.1 1.0 100
Rios-Diaz [27] 9.2 2.7 59 11.0 29 20
Schreiber 2018 [28] 9.25 1.5 41 11.0 2.2 18
Schreiber 2019 [29] 9.24 1.7 13 10.1 1.7 32
Elbow
Grimm [20] 9.09 1.6 17 9.7 0.85 28
Midpoint of the forearm
Grimm [20] 6.8 0.6 17 7.19 048 28
Mohamed [23] 6.5 19 30 4.8 0.9 100
Schreiber 2015 [32] 7.06 1.7 70 79 15 18
Schreiber 2018 [28] 74 1.45 41 8.6 15 18
Schreiber 2019 [29] 74 1.7 171 8.17 1.86 34
Schreiber 2020 [30] 8.0 14 177 8.6 14 57
Distal one-third of Forearm
Weise [31] 57 1.5 37 58 15 40
At the Wrist
Deilami [19] 5.0 09 35 50 09 35
Mohamed [23] 6.7 25 30 7.2 1.0 100
Schreiber 2015 [32] 949 1.78 70 102 1.8 18
Total 1059 786

Schreiber et al. 2018 [29] and Schreiber et al. 2015 [33]
reported measurements of left ulnar nerve in both ALS
patients and healthy controls. Subgroup analysis by level
of measurement was implemented and revealed a signifi-
cant decrease in nerve CSA of ALS patients compared to
controls at middle of the forearm, lower third of forearm,
wrist and total. This is detailed in Table 6 and Figure S8.
Heterogeneity was insignificant with 1*=24% and p=0.26.

A subgroup analysis by disease duration, age, and
ALSEFR score was performed for ulnar nerve measure-
ments. Subgroup analysis by disease duration and age
included 500 ALS patients and 192 healthy controls
and revealed a significant difference in CSA with MD =
-1.18 (95% CI: -1.75, -0.61, p=0.0005). Subgroup analy-
sis by ALSER included 483 ALS patients and 164 healthy
controls with CSA MD = -1.29 (95% CI: -1.88, -0.69,
p=0.0006). This is shown in supplementary Figs. 9, 10
and 11.

Other nerves

Vagus nerve

Four studies provided measurements of the average bilat-
eral vagus nerve for ALS patients and control groups, and
they were sub-grouped at two sites; the carotid bifurca-
tion and the thyroid gland; moreover, three of these stud-
ies provided measurements of vagal nerve on right and

left sides at the level of thyroid gland. Analysis of aver-
age bilateral, right and left vagal nerve showed insignifi-
cant difference in nerve CSA between ALS patients and
controls and this is detailed in Table 7 and Figures S12
(A, B, C). Heterogeneity was significant with 1*=89%
and p>0.00001; 1*=92% and p>0.00001; 12=89% and
p=0.0001 for average bilateral, right, and left sides
respectively.

Data were available to conduct a subgroup analysis by
disease duration, US probe frequency, and age for vagal
nerve measurements which included 96 ALS patients
and 124 healthy controls and revealed a significant dif-
ference in CSA with MD = -0.67 (95% CI: -1.29, -0.06,
»<0.00001) as shown in Supplementary Fig. 13 (A, B, C).

Radial nerve: Two studies reported CSA values of the
radial nerve at the spiral grove, with 289 measurements
(71 ALS patients and 218 controls). The overall mean
difference was found to be insignificant between both
groups and the main findings are detailed in Table 8 and
Figure S14 (A). There was significant heterogeneity with
1>=78% and p=0.03.

Tibial nerve

Two studies provided numerical values for tibial nerve
CSA with 288 total measurements (94 ALS patients and
194 controls). A subgroup analysis was carried out based
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Mean Difference
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Mean Difference

Study or Subgroup Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Midpoint of the Upper Arm

Cartwright [11] 3.4% -2.01[3.49,-0.53]

Grimm [20] 6.3% 0.32[-0.19,0.83) T
Martinez-Payaa Cohort A [22] 3.9% -293[4.22,-1.64] —

Martinez-Payaa Cohort B [22] 43% -1.88[3.01,-0.79) I —
Mohamed [23] 5.6% 0.71 [-0.01,1.43) —
Rios-Diaz [27] 3.5% -1.80[3.26,-0.34] —_—
Schreiber 2018 [28] 4.4% -1.75[2.87,-0.63] e —
Schreiber 2019 [29] 58% -086[1.53,-0.19] —_—
Subtotal (95% CI) 37.2% -1.17[-2.06, -0.28] ~
Heterogeneity: Tau®= 1.36; Chi*= 53.04, df=7 (P < 0.00001); F=87%

Test for overall effect: Z=2.57 (P=0.01)

1.1.2 Elbow

Grimm [20] 53%  -0.61[1.43,021] T
Subtotal (95% CI) 53% -0.61[-1.43,0.21] -
Heterogeneity: Not applicahle

Test for overall effect: Z=1.45(P=0.15)

1.1.3 Midpoint of the Forearm

Grimm [20] 6.7% -0.38[-0.73,-0.03] —
Mohamed [23] 5.6% 1.71[0.99, 2.43] —
Schreiber 2015 [32] 53% -0.84[1.66,-0.02) E—
Schreiber 2018 [28] 53% -1.20[-2.02,-0.38] —_—
Schreiber 2019 [29] 58% -0.74[-1.42,-0.06) ———
Schreiber 2020 [30] 6.5% -0.60[-1.02,-0.18] —_—
Subtotal (95% CI) 35.3% -0.34[-1.00, 0.32] €
Heterogeneity: Tau®= 0.58; Chi*= 39.55, df=5 (P < 0.00001); = 87%

Test for overall effect: Z=1.00 (P=0.32)

1.1.4 Distal one-third of Forearm

Weise [31] 57% -0.10[0.79,0.59] I
Subtotal (95% CI) 5.7% -0.10[-0.79, 0.59] -
Heterogeneity. Not applicahle

Testfor overall effect. Z=0.28 (P=0.78)

1.1.5 At the Wirist

Deilami [19] 6.5% 0.00[-0.42,0.42) -
Mohamed [23] 5.0% -0.43[1.36,0.50] —_— 1
Schreiber 2015 [32] 5.0% -0.71[1.64,022) 1
Subtotal (95% CI) 16.4% -0.19[-0.59, 0.20] <>
Heterogeneity: Tau*= 0.02; Chi*=2.22, df=2 (P=0.33); F=10%

Test for overall effect: Z=0.96 (P = 0.34)

Total (95% CI) 100.0% -0.61[-0.99, -0.23] <o
Heterogeneity: Tau*= 0.53; Chi*=97.92, df=18 (P < 0.00001); F=82% t t

Test for overall effect: Z=3.14 (P =0.002)

2 1 0 1 2
Smallerin ALS Largerin ALS

Test for subaroup differences: Chi*=4.73, df=4 (P=0.32), F=15.4%

Fig.2 Mean difference [mm?] of bilateral median nerve cross sectional area between ALS patients and healthy controls. ALS: Amyotrophic Lateral Sclero-
sis, SD: Standard deviation, Cl: Confidence Interval. *Cohort A comprised ALS patients diagnosed more than 6 months. *Cohort B comprised ALS patients

with a recent (within 3 months) ALS diagnosis

on the level of nerve measurement: at the popliteal fossa
and at the ankle joint. There was no significant difference
in nerve CSA between both groups and the main findings
are presented in Table 9 and Figure S14 (B). Heterogene-
ity was significant with I?’=83% and p=0.0006.

Sural nerve

Two studies described values for the average bilateral
sural nerve CSA, with 85 total measurements (37 ALS
patients and 48 healthy controls). There was no signifi-
cant between ALS patients and healthy controls, and no
significant heterogeneity was detected with 1>=14% and
p=0.28, as detailed in Table 10 and Figure S14 (C).
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Table 2 Sonographic cross-sectional area (mean + SD) of right median nerve

Study ID ALS Controls

Midpoint of the Upper Arm Mean [mm?] sD N Mean [mm?] sD N
[mm?] [mm?]

Martinez-Payda Cohort A [22] 83 23 27 13 2.98 46

Martinez-Payaa Cohort B [22] 9.5 283 57 113 298 46

Noto [25] 79 13 53 9.0 14 30

Schreiber 2018 [28] 9.3 15 41 10.8 2.1 18

Midpoint of the forearm

Mori [24] 74 2.3 21 6.8 15 30

Noto [25] 6.2 12 53 6.2 0.8 30

Schreiber 2015 [32] 7.15 1.8 70 8.1 16 18

Schreiber 2018 [28] 74 1.2 41 8.6 1.5 18

Distal one-third of Forearm

Weise [31] 56 14 37 57 16 40

At the Wrist

Deilami [19] 53 1.0 35 55 1.0 35

Mori [24] 8.1 20 21 8.8 2.1 30

Nodera [8] 5.7 15 35 6.7 12 37

Noto [25] 10.2 1.7 53 10.1 16 30

Schreiber 2015 [32] 947 1.78 70 10.0 19 18

Total 614 426

Table 3 Sonographic cross-sectional area (mean + SD) of left median nerve

Study ID ALS Controls

Midpoint of the Upper Arm Mean [mm?] sD N Mean [mm?] SD N
[mm?] [mm?]

Cartwright [11] 104 2.5 20 125 1.68 20

Martinez-Payda Cohort A [22] 83 26 27 1117 3.1 46

Martinez-Payda Cohort B [22] 9.2 26 57 1117 3.1 46

Schreiber 2018 [28] 9.2 1.5 41 1.2 2.3 18

Midpoint of the forearm

Schreiber 2015 [32] 6.9 1.67 70 7.7 1.5 18

Schreiber 2018 [28] 74 1.7 41 8.6 15 18

Distal one-third of Forearm

Weise [31] 58 1.7 37 59 15 40

At the Wrist

Deilami [19] 5.2 1.0 35 56 1.0 35

Schreiber 2015 [32] 95 1.77 70 104 1.7 18

Total 398 259

Other nerve CSA measures were reported by single
studies and implementing a meta-analysis was not pos-
sible. Nodera et al. [9] reported separate measures of
C6 root CSA for both ALS patients and controls. ALS
patients were found to have smaller CSA compared to
healthy controls with a significant mean difference equals
2.26 mm? between both measures.

Suratos et al. [11] compared values of phrenic nerve
CSA between ALS patients and healthy controls. A sig-
nificant decrease in CSA was found in ALS nerve mea-

sures on both sides. Nerve measurements are detailed in
Table S4.

Heterogeneity

Heterogeneity was found among studies measuring
vagus, median, ulnar, radial, and tibial nerves. Causes
of heterogeneity can be attributed to clinical variation
between study samples, difference in disease severity
between patients, variable methods for diagnosis and
assessment. Therefore, subgroup analyses and sensitivity
analyses were conducted to detect if any study represents
a major source of heterogeneity.

Sensitivity analysis

Median nerve

One study [24] compared results to the measurements of
another study reporting reference values of the median
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Table 4 Sonographic cross-sectional area (mean + SD) of average bilateral ulnar nerve

Study ID ALS Controls

Midpoint of the Upper Arm Mean [mm?] sD N Mean [mm?] sD N
[mm?] [mm?]

Grimm [20] 717 2.09 17 7.1 3.07 28

At the cubital tunnel

Mohamed [23] 7.0 246 30 6.45 1.0 30

Schreiber 2015 [32] 7.1 1.89 70 7.8 24 18

Midpoint of the forearm

Grimm [20] 56 232 17 6.1 1.69 28

Mohamed [23] 6.14 1.9 30 6.3 1.1 30

Schreiber 2015 [32] 4.78 1.49 70 7.15 1.65 18

Lower third of Forearm

Schreiber 2018 [28] 55 12 41 7.3 14 18

Schreiber 2019 [29] 526 1.29 165 7.0 13 41

Schreiber 2020 [30] 59 14 177 7.0 13 57

At the Guyon's canal

Mohamed [23] 592 1.8 30 59 13 30

At the wrist

Schreiber 2015 [32] 4.18 1.35 70 6.1 145 18

Schreiber 2018 [28] 445 0.95 41 6.5 1.0 18

Schreiber 2019 [29] 4.49 1.18 164 6.41 157 39

Total 922 373

nerve. Removing two studies [21, 24] from the com-
bined results of average median nerve led to a decrease
in I from 87 to 47% and from 87 to 1% at the upper arm
and forearm subgroups respectively and overall MD
increased from —61 mm? to -0.85 mm?. This shows that
heterogeneity became statistically insignificant as shown
in Figure S15.

Another study [23] showed major clinical heteroge-
neity, which may affect the end results of right-sided
analysis. On removal of this study from the upper arm
subgroup, I? decreased from 62% to zero with an over-
all mean —0.6 mm? (95% CI: -0.94, -0.25, p=0.00003) and
overall MD decreased from —0.74 mm? to -0.6 mm? (Fig-
ure S16).

Ulnar nerve

Schreiber et al. 2015 [33], who included variable ALS
phenotypes, presented a major source of heterogeneity in
the middle forearm subgroup of both right and bilateral
ulnar nerve analyses. Elimination of this study caused I*
to decrease from 87% to zero and from 92% to zero in
bilateral nerve analysis and right-side, respectively, as
shown in Figures S17 (A), (B).

One study [26] was removed from the wrist subgroup
of right-sided analysis to resolve the significant heteroge-
neity. Its elimination caused I* to decrease from 94% to
zero and MD increased from —1.54 mm? to -2.28 mm?,
indicating it was a major source of heterogeneity Figure
S17 (C).

Discussion

The overall mean differences revealed that ALS patients
showed significantly smaller CSAs in comparison to
healthy controls for the median and ulnar nerves. Con-
versely, no significant differences in CSAs were detected
for the radial, vagus, sural, and tibial nerves between
ALS patients and healthy controls. However, the small
difference in the mean difference was statistically sig-
nificant but needs to be interpreted and used clinically
with caution as for the few millimeters difference in the
effect size (mean difference) wouldn’t make a difference
clinically hence clinically insignificant in the diagnosis
of ALS. However, combining the nerve ultrasound data
with muscle US parameters increased the diagnostic sen-
sitivity and therefore the utility of the nerve US in ALS
Diagnosis [28].

The non-significant findings in the radial and tibial
nerves can be attributed to their CSA being correlated
with factors such as height, weight, gender, and BMI [21,
24, 29]. Thus, controlling these variables is essential to
draw a well-founded conclusion regarding these nerves.
Furthermore, the non-significant difference in CSA for
the sural nerve was expected, as it is primarily a sensory
nerve typically unaffected by ALS. Additionally, the vagus
nerve, being relatively small, presents a challenge for cli-
nicians in detecting subtle CSA changes.

Due to the compensatory reinnervation seen in ALS
patients, muscle weakness does not clinically manifest
until a significant number of motor neurons are lost [34].
Additionally, motor nerve conduction studies can appear
normal in the early stages of ALS [35]. Moreover, as nerve
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Mean Difference Mean Difference
Study or Subgroup Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Middle of the upper arm
Grimm [20] 49% 0.06 [-1.45,1.57] e
Subtotal (95% CI) 4.9% 0.06 [-1.45, 1.57] e
Heterogeneity: Not applicable
Test for overall effect. Z=0.08 (P=0.94)
1.1.2 At the cubital tunnel
Mohamed [23] 71% 0.55[-0.40, 1.50] T
Schreiber 2015 [32] 6.1% -0.73[1.92, 0.46) I
Subtotal (95% CI) 13.2% -0.04[-1.29, 1.21] 2
Heterogeneity: Tau*=0.52; Chi*= 2.70,df=1 (P=0.10); F=63%
Test for overall effect. Z= 0.06 (P = 0.95)
1.1.3 Middle of the forearm
Grimm [20] 58% -0.51[1.78,0.76] 1
Mohamed [23] 79% -0.16[-0.95 0.63] —
Schreiber 2015 [32] 76% -237[3.21,-1.53] —
Subtotal (95% CI) 21.3% -1.03[-2.52, 0.46] ~coniffiipen--
Heterogeneity: Tau*=1.49; Chi*=15.14, df= 2 (P = 0.0005); F=87%
Test for overall effect. Z=1.35(P=0.18)
1.1.4 Lower third of the forearm
Schreiber 2018 [28] 8.0% -1.75[-2.51,-0.99] —
Schreiber 2019 [29] 93% -1.74[-2.18,-1.30] -
Schreiber 2020 [30] 95% -1.10[1.50,-0.70] e
Subtotal (95% CI) 26.8% -1.49[-1.96,-1.01] P
Heterogeneity: Tau*=0.11; Chi*=5.22, df=2 (P=0.07); F=62%
Test for overall effect: Z=6.14 (P < 0.00001)
1.1.5 At the Guyon’s canal
Mohamed [23] 7.8% 0.02 [-0.77,0.81] s
Subtotal (95% CI) 7.8% 0.02[-0.77,0.81] .
Heterogeneity: Not applicable
Test for overall effect: Z= 0.05 (P = 0.96)
1.1.6 At the wrist
Schreiber 2015 [32] 81% -1.92[-2.66,-1.18] =
Schreiber 2018 [28] 89% -2.05[-2.60,-1.50] I
Schreiber 2019 [29] 9.0% -1.92[-2.44 -1.40] ==
Subtotal (95% CI) 26.0% -1.97[-2.31,-1.63] &
Heterogeneity: Tau®*= 0.00; Chi*=0.13, df=2 (P=0.93); F=0%
Test for overall effect: Z=11.46 (P < 0.00001)
Total (95% CI) 100.0% -1.14 [-1.60, -0.68] L3
Heterogeneity: Tau*= 0.54, Chi*= 66.02, df=12 (P < 0.00001), F=82% 54 52 b é j‘

Test for overall effect: Z= 4.84 (P < 0.00001)

Smallerin ALS Largerin ALS

Test for subaroup differences: Chi*= 31.26, df= 5 (P < 0.00001), F=84.0%

Fig. 3 Mean difference [mm?] of bilateral ulnar nerve cross sectional area between ALS patients and healthy controls

atrophy precedes ALS clinical manifestations [36], there
is a need for a sensitive ALS diagnostic tool in the early
stages of the disease. While the utility of US in detecting
muscle fasciculations is more useful, ultrasonography of
peripheral nerves is an evolving and non-invasive tool
that can help to detect early axonal loss in suspected ALS
patients as well as in the diagnosis and differentiation
of ALS from its mimic diseases [21, 37]. Therefore, it is
important to acknowledge the need for prospective stud-
ies on suspected ALS patients in order to establish this
comparison.

We found that the median nerve CSA at the mid-arm
showed the largest reduction in CSA when comparing
ALS patients to healthy controls. This suggests this might
be the most sensitive anatomical site for observing the
atrophic changes in peripheral nerves in ALS patients.

We found significant heterogeneity among the stud-
ies measuring the vagus, median, ulnar, radial, and
tibial nerves. This suggests that there is considerable
variability between the included studies, particularly
regarding the clinical characteristics of the patients and
ALS-phenotypes, duration of the disease, site of onset,
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Table 5 Sonographic cross-sectional area (mean + SD) of right ulnar nerve

Study ID ALS Controls

Middle of the upper arm Mean [mm?] SD N Mean [mm?] SD N
[mm?] [mm?]

Noto [25] 6.7 13 53 6.8 1.2 30

At the cubital tunnel

Schreiber 2015 [32] 7.03 224 70 8.1 24 18

Middle of the forearm

Mori [24] 6.4 1.8 21 7.2 22 30

Noto [25] 5.7 1.0 53 59 14 30

Schreiber 2015 [32] 4.6 14 70 74 1.6 18

Lower third of Forearm

Schreiber 2018 [28] 56 1.2 41 7.6 15 18

At the Guyon's canal

Mori [24] 52 15 21 5.1 1.0 30

Nodera [8] 4.1 1.3 35 53 13 37

At the wrist

Noto [25] 5.7 1.2 53 59 13 30

Schreiber 2015 [32] 4.07 14 70 6.1 1.5 18

Schreiber 2018 [28] 44 09 41 6.8 1.0 18

Total 528 277

Table 6 Sonographic cross-sectional area (mean + SD) of left ulnar nerve

Study ID ALS Controls

At the cubital tunnel

Schreiber 2015 [32] 7.2 1.54 70 7.6 24 18
Middle of the forearm

Schreiber 2015 [32] 495 1.54 70 6.9 1.7 18
Lower third of Forearm

Schreiber 2018 [28] 55 1.2 41 7.0 14 18
At the wrist

Schreiber 2018 [28] 4.5 1.0 41 6.2 1.0 18
Schreiber 2015 [32] 4.29 1.26 70 6.1 14 18
Total 292 90

Table 7 Sonographic cross-sectional area (mean + SD) of average bilateral vagal nervs

Study ID ALS Controls

Mean [mm?] SD N Mean [mm?] SD N

[mm?] [mm?]

Carotid bifurcation
Grimm [20] 1.7 0.92 17 249 0.28 28
Thyroid gland
Holzapfel [21] 1.85 0.65 24 2.1 045 19
Papadopoulou [26] 16 0.58 21 26 0.8 28
Weise [31] 1.55 0.5 37 15 0.5 40
Total 99 115

Table 8 Sonographic cross-sectional area (mean + SD) of radial nerve at spiral groove

Study ID ALS Controls
Mean [mm?] SD N Mean [mm?] SD N
[mm?] [mm?]
Mohamed [23] 505 2.06 30 5.08 12 200
Schreiber 2018 [28] 5.7 12 41 6.8 13 18

Total 71 218
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Table 9 Sonographic cross-sectional area (mean + SD) of tibial nerve

Study ID ALS Controls
Mean [mm?] SD N Mean [mm?] SD N
[mm?] [mm?]
At the popliteal fossa
Grimm [20] 236 5.1 17 2145 4.1 28
Mohamed [23] 14.09 5.1 30 19.0 6.9 69
At the ankle joint
Grimm [20] 9.02 255 17 9.16 2.04 28
Mohamed [23] 9.9 3.34 30 120 45 69
Total 94 194
Table 10 Sonographic cross-sectional area (mean + SD) of sural nerve
Study ID ALS Controls
Mean [mm?] SD N Mean [mm?] SD N
[mm?] [mm?]
Cartwright [11] 4.5 12 20 52 1.5 20
Grimm [20] 1.98 0.6 17 218 05 28
Total 37 48

ALSERS score. Furthermore, other sources contribut-
ing to increased heterogeneity include different scanning
protocols, utilization of different US probes, and varia-
tions in the sites selected for nerve measurements.

To investigate the effect of these variables, we con-
ducted a subgroup analysis according to disease duration,
US probe frequency, age and ALSFR score for the median
and ulnar nerve. The test for subgroup differences in
median nerve subgroup analyses revealed that there is
no significant subgroup effect, p=0.7, 0.27, 0.87, and
0.32 in disease duration, US probe frequency, age, and
ALSER respectively. The test for subgroup differences in
subgroup analysis by age for ulnar nerve indicated that
there is a statistically significant difference between both
groups (p=0.0002) with smaller CSA in patients with dis-
ease duration more than 25 months suggesting progres-
sive ulnar nerve atrophy with greater disease duration.
Finally, the test for subgroup differences in ulnar nerve
subgroup analyses by age and ALSFR revealed that there
is no significant subgroup effect (Supplementary Figs. 3—
6 and 9-11).

One study [23] was a major source of clinical hetero-
geneity, with severe and variable disease severity (mean
ALSFR score=25.67111.05), compared to the other
included studies.

This meta-analysis has limitations. First, the low num-
ber of studies found for the radial, vagus, tibial, sural
as well as the lack of disease controls in those studies.
Second, included studies did not mention if the site of
ALS onset or the dominant hand had more nerve atro-
phy and did not control for confounders that could
affect nerve measurements such as age, height and BMI
and this needs further research. Additionally, the high
heterogeneity of the data collected from the included

studies, which resolved after using sensitivity analysis,
still remains a concern. Third, it’s important to note that
our meta-analysis does not provide specific recommen-
dations regarding the optimal timing for detecting nerve
atrophic changes. Also, the included studies compare
ALS with healthy controls not disease mimics limiting
the strength of diagnostic evidence.

The diagnostic accuracy of ALS utilizing nerve CSA
alone can be as low as 72.6%. This can be increased by
combing nerve CSA with muscle US parameters [27].
However, we were limited by the low number of stud-
ies in the literature looking at muscle biomarkers in ALS
patients. Hence, more studies are needed in this regard.

While the difference in CSA between healthy control
subjects and ALS patients did reach statistical signifi-
cance in certain nerves, it’s important to note that this
difference was relatively minimal, measuring around
1 mm?®. This raises concerns regarding the clinical appli-
cability of these findings, particularly considering the
limitations of US difference in US device specifications
and protocols and the potential for inter-observer vari-
ability in measurements.

The Gold Coast criteria do not mention using nerve
CSA to help in ALS diagnosis. This is expected given the
fact that performing muscle ultrasound in ALS is more
useful and could be so far more important detecting the
fasciculations than nerve CSA based on the current evi-
dence. As a result, one cannot depend on nerve CSA as
measured by US as evidence of LMNL in the criteria and
this limit the applicability of this meta-analysis [6].

It’s also worth highlighting the absence of a universally
accepted consensus regarding a definitive cutoff point
below which a CSA can be unequivocally classified as
abnormal. Since it is difficult to differentiate between
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ALS and its mimicking disorders with LMN dysfunction
through nerve CSA measurements, nerve CSA can be
useful in differentiating ALS from other diagnoses.

We recommend establishing a standardized ultraso-
nographic imaging protocol to obtain nerve CSAs, along
with considering the variability of clinical phenotypes of
ALS patients as well as the stage of the disease (as indi-
cated by the ALSFRS-R score).

Conclusions

Our findings confirmed specific anatomic sites (the
median nerve at the mid-arm and the ulnar nerve at the
wrist and the lower third of the forearm) to differentiate
ALS patients with smaller CSA in comparison to healthy
controls when using nerve US. However, these find-
ings cannot be used to confirm the ALS diagnosis, but
rather assist in differentiating it from other diagnoses.
Nevertheless, further research with larger, better qual-
ity prospective diagnostic cohorts is required to assess
their diagnostic value in ALS patients. This distinction
may serve as a biomarker at a group level for further
monitoring.
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