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Abstract

Ultrasound has revealed cross-sectional nerve area (CSA) reduction in
amyotrophic lateral sclerosis (ALS), but little is known about the sonographic
nerve texture beyond CSA alterations. In a large cohort of 177 ALS patients
and 57 control subjects, we investigated the covariance and disease-specific
signature of several sonographic texture features of the median and ulnar
nerves and their relationship to the patients’ clinical characteristics. ALS
patients showed atrophic nerves, a loss of the intranerve structures’ echoic
contrast, elevated coarseness, and a trend toward lower cluster shading com-
pared with controls. A reduction in intranerve echoic contrast was related to
longer disease duration and poorer functional status in ALS. Sonographic tex-
ture markers point toward a significant reorganization of the deep nerve micro-
structure in ALS. Future studies will be needed to further substantiate the

markers' potential to assess peripheral nerve alterations in ALS.
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1 | INTRODUCTION

During the last decade peripheral nerve ultrasound has been

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, ALS Functional Rating Scale—
Revised; CIDP, chronic inflammatory demyelinating polyneuropathy; CMAP, compound
motor action potential; CON, control; CSA, cross-sectional area; DICOM, Digital Imaging and
Communications in Medicine; El, echointensity; FA, forearm; GLCM, gray-level co-
occurrence matrix; GLCM AC, autocorrelation parameter, derived from GLCM; GLCM CON,
contrast parameter, derived from GLCM; GLCM ENT, entropy parameter, derived from
GLCM; GLCM NRG, energy parameter, derived from GLCM; GLCM PRO, cluster prominence
parameter, derived from GLCM; GLCM SHA, cluster shade parameter, derived from GLCM;
GLRLM, gray-level run-length matrix; GLRLM HGRE, high gray-level run emphasis parameter,
derived from GLRLM; LMN, lower motor neuron; LMND, lower motor neuron dominant;
MMN, multifocal motor neuropathy; NGTDM, neighborhood gray tone difference matrix;
NGTDM CMP, complexity parameter, derived from NGTDM; NGTDM CRS, coarseness
parameter, derived from NGTDM; PC, principal component; PCA, principal component
analysis; ROI, region of interest; TIF, Tagged Image File; UMND, upper motor neuron
dominant; VAR, gray-level variance.

increasingly applied to patients with amyotrophic lateral sclerosis
(ALS). By measuring the cross-sectional nerve area (CSA), nerve
ultrasound has emerged as a valuable technique to aid the often
challenging differential diagnosis between ALS and ALS mimics,
such as multifocal motor neuropathy (MMN).}"® MMN is character-
ized by segmental CSA enlargement. On a group level, ALS is
related to smaller nerve CSA in distal and proximal nerve segments;
however, there is much overlap of nerve size between ALS and
healthy controls, limiting the utility of nerve ultrasound in the diag-

nostic work-up of ALS patients.*””
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Beyond CSA measures, sonographic texture analysis could have
the potential to uncover correlates of the underlying pathological
peripheral nerve alterations in ALS. Sonographic texture features of
the peripheral nerves could further offer biological insights into dis-
ease stage and severity in ALS. This would be especially important as
CSA alterations alone do not add any information about the ALS
patients’ clinical state.>*%&?

However, thus far only a handful of studies evaluated sono-
graphic nerve texture measures beyond nerve CSA in ALS, such as
hypoechoic fraction (as a marker of the intranerve fascicular
portion),>*°

echovariation, and selected gray-level co-occurrence matrix texture

fascicle size, vascularization® or echointensity,
parameters.” None of those studies found any alterations of these
markers in ALS, which may be due to small sample sizes and the con-
sideration of isolated nerve features. Thus, it remains unknown which
deep sonographic nerve infrastructure alterations occur in atrophic
nerves in ALS and which texture features may best be suited to
detect them.

In light of those uncertainties, we conducted a cross-sectional
study in a large cohort of ALS patients who underwent nerve ultra-
sound. We investigated the covariance and disease-specific signature
of several sonographic nerve texture features and examined their rela-

tionship to the clinical characteristics of the ALS patients.

2 | METHODS

21 | Sample

We included ALS patients
(Departments of Neurology at Otto von Guericke University, Magde-

from two neurological centers
burg, and Hannover Medical School, Hannover, Germany) who under-
went upper limb peripheral nerve sonography.

ALS diagnosis was based on the revised El Escorial criteria and
included patients with definite, probable, laboratory-supported proba-
ble, or possible disease.!* We also included patients presenting with
lower motor neuron (LMN) signs only (formerly designated as
“suspected ALS"),*2 but carefully excluded LMN ALS disease mimics,
such as immune-mediated neuropathies (chronic inflammatory demy-
elinating polyradiculoneuropathy [CIDP], MMN), applying clinical, lab-
oratory, and electrophysiological criteria according to international
diagnostic consensus criteria.*>'* None of the patients exhibited focal
or segmental enlargement of nerve CSAs, as is typically found in
MMN or CIDP. ALS phenotypes comprising classic ALS, lower motor
neuron-dominant (LMND), and upper motor neuron-dominant
(UMND) ALS were classified in line with operational definitions, as
specified in a previous study.®*°

Overall disease severity was assessed using the ALS Functional
Rating Scale—Revised (ALSFRS-R) and statistical analysis also took
account of the ALSFRS-R subscores (gross motor, fine motor, bul-
bar, and respiratory function).’® Disease duration was defined as
time in months between symptom onset and the sonographic

measure.

In addition, compound motor action potential (CMAP) amplitude
was determined bilaterally with stimulation at the forearm and wrist
(median nerve) and at the elbow and wrist (ulnar nerve) at 34°C.

Sonographic examination was also available from a hospital- and
community-based cohort of controls. None of the control subjects
had any neuromuscular disorders, nor did they display any specific
abnormalities on neurological examination.

The study was approved by the local ethics committee
(No. 150/09; No. 16/17), and all subjects gave written informed

consent.

2.2 | Peripheral nerve ultrasound
Sonographic examinations of all subjects from the two centers were
performed between March 2009 and October 2018 at the Depart-
ment of Neurology, Otto von Guericke University, Magdeburg. Each
subject was in a seated position with the investigator facing the par-
ticipant. Ulnar and median nerve ultrasound of the right and left upper
limbs was performed by two ultrasonographers (S.S. and C.G.) not
blinded to the diagnosis, using a 12-MHz linear-array probe (High-End
LOGIQ 7; GE Healthcare, Chicago, lllinois). Conditions of the sono-
graphic examination (device, device setting, probe) were kept constant
over the entire study period. Transverse images were obtained
according to our standard protocol of: (i) the median nerve at the
midforearm around 10 cm above the retinaculum flexorum; and of
(i) the ulnar nerve at the lower to middle third of the forearm approxi-
mately one-half to three-quarters the distance from the medial epi-
condyle of the humerus to the ulnar styloid process. Peripheral nerve
ultrasound is well established locally with very good to excellent intra-
and interrater agreements.®

The images captured on the ultrasound device were stored as
Digital Imaging and Communications in Medicine (DICOM) files with a
resolution of 640 x 480 pixels and converted to Tagged Image File
(TIF) format with lossless compression for subsequent analyses.

2.3 | Peripheral nerve features

23.1 | Cross-sectional nerve area

Images were stored and offline ultrasound analysis was performed by
the same physician (S.S.). In each image the respective nerve was
delineated as a region of interest (ROI) by continuous manual tracing
of the nerve circumference (excluding the hyperechoic epineural rim).
The pixels of each nerve ROI were extracted and the nerve cross-

sectional area (CSA) was computed.

2.3.2 | Gray-level histogram features

Beyond the CSA, properties were derived from the gray-level histo-

grams to assess the distribution of the pixels’ gray-level intensities
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(commonly referred to as first-order statistics features). The median
gray-level value in an ROl was used as a measure of echointensity
(El) and the variation around the mean was captured by the

echovariance (VAR).

2.3.3 | Texture features

Although first-order features provide information about the distribu-
tion of intensities, they do not give any information about the relative
positions of various gray levels within the ROI. These first-order fea-
tures will not be able to measure whether all low-value gray levels are
positioned together, or if they are interchanged with the high-value
gray levels. To further investigate these aspects, a selection of proper-
ties was derived from matrices relating local gray levels to values in
the vicinity (referred to as second-order texture features). Markers were
derived from the ROIs’ respective gray-level co-occurrence matrix
(GLCM), gray-level run-length matrix (GLRLM), and neighborhood gray
tone difference matrix (NGTDM) with the gray-level intensities quan-
tized into 256 levels.

For the analysis of the nerve cross-sections in this study, changes
are expected in the presentation of distributed clusters representing
nerve fascicles and the perineural tissue. The feature selection is
therefore focused on the detection of changes in the contrast
between hypo- and hyperechoic regions, their distribution, and the
sharpness of the transition between them, more in line with the study
by Yang et al on the textural features of the parotid gland.*”

Gray-level co-occurrence matrix. The GLCM encodes the frequency
with which two pixels with specific gray-level intensities are posi-
tioned a specific distance apart from each other in a specified image
direction.'® To decrease sensitivity to image noise and emphasize the
expected intranerve features, the interpixel distance was chosen
corresponding to the mean fascicular diameters given by Brill and
Tyler19 for the median nerve at the forearm (0.47 mm) and for the
ulnar nerve at the forearm (0.38 mm). Consequently the GLCM is nor-
malized, such that the sum of its entries = 1; thus, the individual ele-
ments represent the frequency or probability of each combinations to
occur in the image. As no directional preference can be assumed for
the nerves' interior structure within the transverse plane, the normal-
ized GLCM for the image directions 0°, 45°, 90°, and 135° were aver-
aged. For the resulting matrices, Haralick presented a range of
markers to describe texture.'® Those that were selected have proven
useful in the analysis of nonhomogeneous tissues®”: contrast between
pixels (GLCM CON); image autocorrelation (GLCM AC); energy, a mea-
sure of the certainty of gray-level co-occurrence (GLCM NRG);
entropy, the uncertainty of gray-level co-occurrence (GLCM ENT);
cluster shade, emphasizing locally shadowed areas (GLCM SHA), as
well as cluster prominence, indicating large local variations in gray level
(GLCM PRO).

Gray-level run-length matrix. The run-length parameters describe
the coarseness of the image in a given direction.2’ Of the GLRLM, a
long-run and short-run be derived

emphasis measure can

corresponding to larger and smaller details in the image examined. To
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assess differences between low- and high-level patches in the ultra-
sound ROls, believed to roughly represent nerve fascicles and their
surrounding tissue, the high gray-level run emphasis?* (GLRLM HGRE)
was calculated.

Neighborhood gray-tone difference matrix. To quantize typical per-
ceptual attributes of texture, markers based on the neighborhood
gray-tone difference matrix were developed by Amadasun and King.??
Of the described markers, the coarseness (NGTDM CRS) is used to
assess the size of the patterns and the complexity (NGTDM CMP) is
used to quantify the visual information content (sharp edges,
lines, etc).

All features were calculated using the Image Processing Toolbox
version 9.4 in MATLAB R2016a (The MathWorks, Natick, Massachu-
setts) and the Radiomics Toolbox version 1.2 by Valliéres et al.2®

The ROI parameters were checked for side differences (left vs
right arm, dominant vs nondominant arm and, in patients with upper
limb onset, upper limb onset side vs later affected upper limb side).
Details are presented in Table S1 available online.

A few markers showed differences, with significance P < .05, but
none of them survived Bonferroni adjustment for the 12 multiple
comparisons.

Of the total 57 controls and 177 ALS patients, 346 ROlIs of ulnar
nerves (82 CON, 264 ALS) and 376 of median nerves (75 CON,
301 ALS) were available for the analysis. Not all probands received
high-resolutions ultrasound of both limbs due to time constraints in
the clinical setting. All images were visually inspected to ensure suffi-
cient image quality; images with observable artifacts were discarded.

To account for correlations between the ROl markers and the
demographic variables of age, sex, height, and weight (see Table S2
online), standardized regression residuals were calculated from the
raw values and used for the consecutive steps. This step also
prevented a potential distortion by the differently scaled ROI variables

in the following step.

24 | Peripheral nerve features—principal
component analysis

Principal component analysis (PCA) was carried out to expose covaria-
tion and reduce the redundancy in and dimension of the data set. The
standardized regression residuals were tested for normality using one-
sample Kolmogorov-Smirnov tests. None of these variables violated
the normality assumption at P = .05. The standardized regression
residuals for the median and ulnar forearm nerve were used to per-
form a PCA in MATLAB by employing a maximization variance
method.

The overall Kaiser-Meyer-Olkin measure of sampling ade-
quacy for this data set provided a value of 0.70, indicating a
moderate but acceptable degree of common variance. The trans-
formation for the control data set resulted in total variance
explained of 49.7% and 19.2% for the first two principal compo-
nents, leading to 68.9% explained variability of the original data

in this reduced space.
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2.5 | Statistical analysis

For group comparisons, general linear models were conducted for
demographic variables as dependent variable and group (ALS vs con-
trols) as independent variable. Sex was compared using the chi-
square test.

To account for the effect that bilateral measurements provided in
most cases two samples of each ROl measure, group comparisons
were carried out using linear mixed effects models with the ROl mea-
sures as output, group (ALS vs controls) as fixed, and individual patient
identifiers as random variable. As for ROl measures, 12 variables were
considered, with Bonferroni-corrected P < .05 / 12 = .004 considered
statistically significant. The effect sizes of the group differences
detected in the mixed models was calculated using the difference of
group means divided by the pooled standard deviation (Cohen's
d measure). For the mixed model the standard deviation was calcu-
lated to include both the variance between individuals as well as the
variance of the measurements in the individuals.*

In ALS, calculated principal components were correlated using
bivariate correlations with the corresponding CMAP amplitude of the
same limb. Correlations with the clinical parameters (ALSFRS-R and its
subscores, disease duration) were evaluated using averaged bilateral
principle component (PC) scores. Because seven clinical and electro-
physiological variables were considered in the correlation analysis,
Bonferroni-corrected P < .05 / 7 = .007 was considered statistically
significant. Differences between correlations were tested using a
double-sided Fisher's Z test as implemented with cocor in R software
(R Institute for Statistical Computing, Vienna, Austria).?®

Sample size calculations for a hypothetical, randomized, con-
trolled trial with a 24-month observation period were conducted using
a two-sample t test, assuming equal standardized residual group

means at disease onset, a 50% treatment effect on the reduction of

the PC1 score, an approximately linear decline, a two-sided signifi-
cance of 0.05, and a power of 0.8. Analysis was performed using
nQuery winter 2019 release version 8.5.0 software (Statistical Solu-

tions, Cork, Ireland).

3 | RESULTS

3.1 | Sample

The demographics of the control and ALS cohorts as well as their clini-
cal data are listed in Table 1. There were no group differences
between controls and ALS with respect to sex and height. However,
ALS patients were slightly older and the patients’ weight was signifi-

cantly lower.

3.2 | Peripheral nerve features

Correlation analyses between the nerve features and the four demo-
graphic variables are presented in Table S2 online. In both the control
and ALS subgroups, individuals were similarly influenced by these var-
iables, as separate within-subgroup correlations did not show differ-
ences between their relations (data not shown). Therefore, group
differences in age and weight were accounted for by adjusting the
derived texture markers for these values for the whole group.

There were significant group differences between controls and
ALS patients for the standardized regression residuals of all selected
sonographic markers, namely CSA, gray-level histogram features, and
texture features (Table 2). Although the observed differences for the
median nerve only reached small effect sizes, differences in the ulnar

nerve were more pronounced, with medium effect sizes. Nearly all

TABLE 1 Demographics and clinical data of the study sample
Controls (n = 57) ALS (n = 177) Statistics
Age, years 59.49.7] 62.3[11.6] F(1) =4.82,P=.03
Male sex, n (%) 33(58) 107 (60) ¥>=0.11,P=.73
Height, m 1.72[0.1] 1.71[0.1] F(1)=0.14,P=.71
Weight, kg 81.4 [16.4] 74.5 [14.4] F(1)=7.88,P=.01

Onset site bulbar / upper limb / lower limb, n (%) —
Classic / LMND / UMND ALS, n (%) —
ALSFRS-R bulbar subscore

ALSFRS-R fine motor subscore =
ALSFRS-R gross motor subscore

ALSFRS-R respiratory subscore

ALSFRS-R total score -

Disease duration, months =

48 (27) / 69 (40) / 60 (33)
95 (56) / 49 (29) / 27 (16)
9(0-12)

6(0-12)

6(0-12)

10 (0-12)

32(7-47)

33.5(2.3-120)

Note: Data expressed as mean [standard deviation] or median (range), unless noted otherwise. P < .05 considered statistically significant, with significant

group differences indicated in bold.

Abbreviations: ALSFRS-R, ALS Functional Rating Scale—Revised; LMND, lower motor neuron dominant; n, number of subjects; UMND, upper motor neu-

ron dominant.
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sonographic measures, except GLCM NRG and NGTDM CRS, yielded
greater values in the control group compared with the ALS group.

Refer to Figure S1 online for illustrations of the individual features.

3.3 | Peripheral nerve features—principal
component analysis

There were two components extracted from the PCA of the stan-
dardized regression residuals of all sonographic markers adjusted

for age, sex, height, and weight. The corresponding factor loads

TABLE 3 Principal component analysis—factor loads

Input variable PC1 PC2
CSA 0.10 0.49*
El 0.24 0.11
VAR 0.37* -0.16
GLCM AC 0.26 0.10
GLCM CON 0.33* -0.12
GLCM ENT 0.26 0.39
GLCM NRG -0.31 -0.41*
GLCM PRO 0.44* -0.26
GLCM SHA 0.31 -0.34
GLRLM HGRE 0.28 0.07
NGTDM CMP 0.30 -0.16
NGTDM CRS -0.02 -0.41*
Variance explained 49.7% 19.2%

#The three variables with the highest absolute loads for each PC.
Abbreviations: CSA, cross-sectional nerve area; El, echointensity; GLCM
AC, CON, ENT, NRG, PRO, SHA, autocorrelation, contrast, entropy,
energy, cluster prominence, and cluster shade parameters derived from
gray-level co-occurrence matrix; GLRLM HGRE high gray-level run empha-
sis parameter derived from gray-level run-length matrix;, NGTDM CMP
and CRS, complexity and coarseness parameters derived from neighbor-
hood gray-tone difference matrix; PC, principal component; VAR, gray-
level variance.

are given in Table 3. The first principal component, PC1, was
loaded by VAR, GLCM contrast, and GLCM cluster prominence.
Larger values of PC1 indicate high gray-level differences and con-
trast within the nerve ROls, pointing toward preserved echoic dif-
ferences of the intranerve structures. PC2 was positively loaded
by CSA and negatively by GLCM energy and NGTDM coarseness,
indicating that higher values of PC2 are driven by larger CSA with
a display of finer intranerve structures. ROls with small, median,
and large PC values are displayed in Figure 1 to illustrate the
emphasis of every factor.

Group comparisons between controls and ALS for the principal
components (PC1-PC2) are displayed in Figure 2. The contrast-driven
component PC1 was significantly lower in the median and ulnar
nerves in ALS compared with controls (Med FA: F(1) = 9.45, P = .002,
d =0.32; Uln FA: F(1) = 54.01, P < .001, d = 0.61), indicating a loss of
echoic contrast within the nerves’ area in ALS. In addition, the ulnar
nerves in ALS scored lower with regard to PC2 (Med FA: F(1) = 0.02,
P =.89,d = 0.01; Uln FA: F(1) = 4.43, P = .036, d = 0.20), pointing
toward smaller CSAs and coarser intranerve structures in the ulnar
nerve.

In ALS, there was a significant negative correlation between PC1
and disease duration in the median nerve (Figure 3A), whereas, for the
ulnar nerve, the significance did not survive the Bonferroni adjust-
ment (Figure 3D). These findings suggest that the echoic contrast
within the studied nerves is diminished during the course of the dis-
ease. There were positive correlations with medium effect sizes
between PC1 and the ALSFRS-R total score, its fine motor subscore,
the gross motor subscore (median nerve rho = 0.31, P <.001; ulnar
nerve rho = 0.31, P < .001), as well as correlations with small effect
sizes with the respiratory subscore (median nerve rho = 0.23,
P = .004; ulnar nerve rho = 0.19, P = .023). There were, however, no
significant correlations between PC1 and the bulbar subscore. This
indicates that patients with better preserved echoic contrasts in the
median and ulnar nerves tend to score higher on the respective
ALSFRS-R scores (median nerve shown in Figure 3B and C and ulnar
nerve in Figure 3E and F). A list containing all results of the correlation
analysis is given in Table S3 online.

Component lowest percentile

PC 1

PC 2

FIGURE 1

median value highest percentile

lllustration of principal component emphasis. The emphasis of the calculated set of principal components is illustrated by a display

of examples from the lowest and the highest percentiles, as well as one with the median parameter value. Larger values of PC1 indicate high gray-
level differences and contrast within the nerve regions of interest, pointing toward preserved echoic differences of the intranerve structures.
Greater PC2 values are driven by larger cross-sectional area with a display of finer intranerve structures
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FIGURE 2 Principal components of sonographic measures in
controls and ALS patients. Calculated principal components (PC1) for
median nerve (upper row) and ulnar nerve (lower row) for controls
and ALS patients. As two principal components were considered per
nerve, a Bonferroni-corrected P < .05 / 2 = .025 was considered
statistically significant. ALSFRS-R, ALS Functional Rating Scale—
Revised; FA, forearm. P < .05, P < .025 [Color figure can be viewed
at wileyonlinelibrary.com]

In translating these findings to the context of a randomized, con-
trolled clinical trial with a 24-month observation period, a sample size
calculation was carried out to have an 80% chance (a = 0.05) of
detecting a 50% therapy effect on PC1 score decline in the ulnar and
median nerves, which corresponds to a decreased mean decline from
—0.85 to —0.43 per year for the ulnar nerve and from —0.41 to —0.21
per year for the median nerve. The necessary size of each trial arm is
estimated as 110 patients (ulnar nerve) and 515 patients (median

nerve).
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4 | DISCUSSION

ALS patients showed atrophic nerves, a loss of the intranerve struc-
tures’ echoic contrast, elevated coarseness, and a trend toward lower
cluster shading compared with controls. Reduction of intranerve
echoic contrast seems to be a marker of ongoing disease and poorer
overall functional status in ALS. Sonographic texture markers thus
point toward a significant reorganization of the deep nerve micro-
structure, and future studies should aim to further substantiate their
potential to assess peripheral nerve alterations in ALS.

Although most studies have focused on usage of CSA as a well-
established nerve ultrasound biomarker in ALS,**?%?7 our study has
made the case that there is a significant amount of information hidden
in the histogram and texture of the cross-sectional nerve image that is
still underutilized if not neglected. Our findings point toward signifi-
cant texture alterations in ALS that, interestingly, do not necessarily
covary with the nerve CSA. Texture features thus go beyond the pre-
viously established decline of the nerve CSA in ALS and may be a hid-
den driver behind the large variance reported in several nerve
ultrasound studies in ALS.1>¢

Alterations of the nerve texture features most likely reflect the
nerves’ structural reorganization during the course of disease compris-
ing the loss of large myelinated fibers and axonal degeneration.?82°
The observed effect of decreased PC1 levels in ALS patients, which
indicates a loss of the intranerve echoic contrast, may mirror myelin-
ated fiber and axon reduction. These pathological processes most
likely diminish the distinct hypoechoic appearance of the nerve fasci-
cles compared with the surrounding hyperechoic connective tissue,*°
and thus the nerves’ contrast. Additional studies combining histopath-
ological and ultrasound examination will be necessary to derive a
more profound understanding of the relation between the pathologi-
cal changes in the nerve tissue and their manifestation in the observed
ultrasound texture and derived parameters.

The results of this study point toward a clear correlation between
the intranerve echoic contrast as assessed by PC1 and clinical vari-
ables such as disease duration, ALSFRS-R total score, and its sub-
scores. The texture markers may thus be superior to nerve CSA in
terms of mirroring patients’ functional state. This is of pivotal impor-
tance when it comes to the selection of indicators to assess the suc-
cess of therapeutic or interventional trials. Longitudinal studies are
necessary to evaluate whether the trajectories of nerve texture fea-
tures during the ALS disease course possess a potential to aid in the
prediction of the patient's prognosis.

The results of the power analyses indicate that the presented
compound texture score PC1 may prove useful, especially in the ulnar
nerve at the forearm, if employed as additional inclusion parameters
in therapeutic trials. However, additional longitudinal studies are
needed to verify the assumption of a linear decline of the PC1 over
the disease duration.

The reported difference in CSA is in line with several nerve ultra-
sound studies in ALS.*¢?3132 Rjos-Dias et al also compared the El
and VAR in the median nerves of a smaller ALS cohort and found only

a trend-level difference in those markers compared with controls.
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FIGURE 3 Correlations of PC1 with disease durationALS Functional Rating Scale—Revised (ALSFRS-R) total score, and its fine motor
subscore. The contrast-driven PC1 for the median (top row) and ulnar nerve (bottom row) sites display significant correlations with disease
duration (A, D), ALSFRS-R total score (B, E), and its fine motor subscore (C, F). The positive correlations indicate that patients with better-
preserved echoic contrasts tended to score higher on ALSFRS-R scores. The negative correlations with disease duration indicate that the values
for PC1 decrease as echoic contrasts decrease over the course of the disease. The relation between PC1 for the median nerve (A) and disease
duration reached significance after Bonferroni adjustment, whereas significance did not survive the adjustment for the ulnar nerve (D) [Color

figure can be viewed at wileyonlinelibrary.com]

Accordingly, the El differences did not reach a significant level in the
median nerves of our much larger cohort as well, whereas El was sig-
nificantly decreased in the ulnar nerves of our ALS sample. However,
we found a significant difference in the median and ulnar nerves’
VAR, even after Bonferroni adjustment and correction for the afore-
mentioned demographic variables.

Martinez-Paya and colleagues applied a selection of GLCM
markers chosen for their potential to detect muscular changes in
ALS®® to the median nerve of ALS patients and controls® and found
no difference in their GLCM-derived parameters. We believe that the
application of markers that are suitable to study changes in muscles
are not necessarily best suited to the examination of nerves. Nerve
fascicles are much less numerous than muscle fibers and do not
exhibit a periodic pattern within the small nerve area.*® We thus set
out to examine markers that have been successfully applied to tissue
with a less regular structure such as, for example, the parotid gland, as
described by Yang et al.1”

Moreover, for the GLCM-based markers the choice of the inter-
pixel distance for the calculation of the GLCM is of paramount impor-
tance. The value of one pixelwidth, chosen in previous studies,”®®
signifies that the intensity values of directly neighboring pixels are

compared in the ensuing analysis. This makes the algorithms most

sensitive to detect changes on the scale given by the distance
between the pixels (dependent on device resolution, frequency and
depth settings, typically in the range of 10 to 50 um). To make our
analysis sensitive to changes on an appropriate anatomically moti-
vated scale we chose to use the mean fascicular diameters as given
for healthy controls by Brill and Tyler.*® The markers derived from the
resulting GLCM should be better suited to detect deviations from
these features on this scale. This difference in technique and the fact
that in our study we were able to utilize the information of a larger
sample of ALS patients with a longer disease duration, most likely
explains the differences in the results for GLCM markers for the
median nerve between our study and the one performed by Martinez-
Paya et al.?

Although this study offers valuable insight into texture character-
istics of peripheral nerve alterations in ALS, it has some limitations.
The control and ALS subgroups within this study have different sam-
ple sizes and display differences in some demographic parameters,
most notably age. However, it was shown that those differences can
be accounted for by adjustment for these parameters, as both sub-
groups display similar correlations with regard to those variables.

The group differences between ALS patients and controls for the

texture parameters rise to significance with medium effect sizes for
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the ulnar nerve measurements, but conversely in the median nerve
only VAR, GLCM PRO, and NGTDM CMP reach significant differ-
ences with small effect sizes (Figure 2 and Table 2). The presented
correlations in Figure 3 also reach small to medium effect sizes for
median and ulnar nerve. These subtle findings, made on group level of
a large cohort, most likely limit the future usability as biomarkers,
unless substantiated in follow-up studies that show additional
advantages.

The algorithms described here were calculated offline, as they are
not yet implemented on commercially available ultrasound devices.
Because the algorithms are of low complexity, their online evaluation
is not only possible, but will most likely be included by device manu-
facturers as soon as there is sufficient interest in them. Second, set-
tings on the single device used for recording were kept constant
between patients to ensure consistency.

Modern ultrasonic transducers use increasingly higher frequen-
cies which will enable higher resolution imaging of the peripheral
nerves. In this study we calculated the normalized GLCM matrices
not with respect to the pixels' immediate neighbor, but with
respect to a distance that corresponds to the median fascicle diam-
eter in controls at the nerve site. We chose this coarser, but physio-
logically meaningful scale for our analysis to detect deviations,
thereby deliberately disregarding finer details in the image. Nerve
images taken on higher resolution devices will provide even finer
details that will also not affect the analysis, if the interpixel-
distance is adjusted as suggested. Our own preliminary results indi-
cate that deviations between parameters calculated for images with
higher resolutions are minute (data not shown), if the other
preprocessing parameters are held constant.

Echotexture analysis is also likely dependent on device- and
manufacturer-specific parameters (probe/beam width, despeckle
functions, compression/enveloping of the data, etc), which may pre-
sent a significant hurdle to the comparison and widespread integra-
tion of these parameters. Future studies have to be conducted to
identify such standardized quantitative markers that are as robust as
possible with regards to the wide range of devices and device-specific
settings.

In the future, texture markers may also prove valuable to examine
the nerves of patients with more complex diseases of the peripheral
nervous system, such as Charcot-Marie-Tooth disease (CMT1) with
an inflammatory component or CIDP without active inflamma-
tion.®*3% Sonographic texture markers may serve as a monitoring vari-
able for the characterization of the time course of fascicular and deep
nerve microstructure changes in those complex disorders.

Our results point to the potential of sonographic texture markers
to assess deep microstructure alterations of the peripheral nerves in
ALS. Future studies and technical developments will be needed to
determine whether those markers can eventually become part of rou-
tine nerve ultrasound clinical practice.
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