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Abstract

Problem addressed: Previous attempts have been made to superimpose ultrasound

images (Overlapping Images Method). The merit of this method is that it enables

capturing the entire morphology of the muscle and tendon in the longitudinal direction

beyond the width of the ultrasound probe. However, the division points between tissues

were identified visually, and the reliability of the measurement was not clarified.

Experimental approach: This study identified the division points for the overlapping

images method using the following two procedures: (1) visual-only identification and

(2) a combination of visual and custom-built software-based identification. Finally, the

reliability of the measurements for each procedure was examined by estimating the

intra- and inter-rater correlation coefficients (ICC 1.1, ICC 2.1). The length of the

Achilles tendon, muscle-tendon unit, and gastrocnemius muscle was measured using the

overlapping images method for 19 volunteers. Main results and findings: The ICC 1.1

and ICC 2.1 scores for visual identification alone ranged between 0.61-0.91 and 0.70—

0.93, respectively. The scores for the combination of visual and software-based

identification ranged 0.90-0.99 and 0.58-0.96, respectively. Conclusions: The high

intra- and inter-rater reliability in the overlapping images method was demonstrated in

almost all measurements of the three tissue lengths and the applicability of overlapping
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images method was demonstrated. In particular, the intra-rater reliability was better

when a combination of visual and custom-built software-based identification was used.

Keywords: Achilles tendon, gastrocnemius muscle, ultrasound image, reliability
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Introduction

Most previous studies have used ultrasound to evaluate muscle
morphology, as it is non-invasive and measurements are performed in real time. It is
well-known that ultrasound has been widely used to capture morphological
characteristics in sports sciences. For example, we previously measured muscle
morphology and extensibility using b-mode ultrasound to investigate the effect of
massage interventions before and after the intervention 2. In addition, based on the
morphological characteristics reflected on ultrasound images, attempts have been made
to detect age-related changes in muscle mass in growing children and to explain the
effects of long-term strength training on muscle mass **. However, a limitation of
morphological measurements by b-mode ultrasound is that the measurable area depends
on the width of the ultrasound probe. Therefore, morphological characteristics generally
cannot be measured over an area wider than the width of the ultrasound probe. Although
the panoramic view function has been used in recent years to overcome this limitation

and seems to be reliable and valid ¥, devices equipped with this function are limited.

Some scientists have attempted to superimpose ultrasound images obtained
separately by moving the probe longitudinally over the skin of the Achilles tendon and

gastrocnemius muscle. This method is called the “Overlapping Images Method (OIM)”
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678 However, a serious problem is the reliability of this method for visually identifying
the division points reflected in ultrasound images, such as the proximal and/or distal

tendon and muscle ends, has not been fully clarified.

Against this backdrop, the present study identified the division point of OIM
using the following two procedures: (1) conventional visual-only identification and (2) a
combination of visual and custom-built software-program-based identification, which
was conducted out of concern regarding the low reliability of visual-only identification.
We then examined the intra- and inter-rater reliabilities of the OIM measurements for

each procedure.

Based on the only report showing that the high intra-rater reliability was
achieved for the OIM measurement of Achilles tendon length 7, we hypothesized that
the OIM measurement would be a reliable method for both procedures. We also
predicted that the reliability would improve by using a combination of visual and

software identification.

Materials and Methods

Study population

This study was approved by the Research Ethical Review Committee with
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Human Subjects of Waseda University, and all procedures were performed in

accordance with the Declaration of Helsinki (approval number: 2016-101). Data

obtained from nineteen volunteers (12 men and 7 women) was analyzed. All

participants were fully informed of the procedure and purpose of the study, and

provided written informed consent.

Procedure

Participants were instructed to lie on their backs on a Biodex chair (Biodex

System 3; SAKAI Medical Co., Ltd., Tokyo, Japan), with the seat placed approximately

parallel to the floor. The right ankle joint was fixed to a plate attached to Biodex, and

the knees and hips were maintained in neutral positions. When the fixed ankle was

moved passively with the plate to prevent excessive varus and valgus joint motions, the

maximum dorsiflexion and plantar flexion ranges of motion of the ankle displayed on

the Biodex screen were recorded. Simultaneously, an electromagnetic 2-dimensional

goniometer (DTS EM-852; SAKAI Medical Co., Ltd., Tokyo, Japan) was attached to

the skin along the right femur and fibula lines to monitor the knee joint range of motion

during the ankle’s passive movement so that the compensation movement could be

regulated to within + 5°.

Ultrasound measurement




154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

Ultrasound images of the Achilles tendon, muscle-tendon unit, and
gastrocnemius muscle were obtained based on the processes of the OIM &7 with the
ankle joint in three different positions: neutral, maximum dorsiflexion, and maximum

plantar flexion. These processes include the following steps:

[Step-1] Pieces of cut thread were arranged and stuck with a tape on the skin on
the back of the lower leg in a straight line from the center of the calcaneal tuber to the
most proximal end of the gastrocnemius muscle, serving as landmarks at intervals
smaller than the width of the ultrasound probe (i.e., approximately 3 cm) (SNiBLE;

Konica Minolta, Inc., Tokyo, Japan). (Figure 1).

[Step-2] The ultrasound probe was placed on the skin over the calcaneal tuber,
and the first ultrasound image was acquired by visualizing the Achilles tendon insertion

site and landmarks at both ends of the image.

[Step-3] The probe was applied over the skin from the calcaneal tuber to the
most proximal end of the gastrocnemius muscle and the ultrasound images were

acquired by visualizing landmarks at both ends of each image.

[Step-4] Each image acquired in Step-3 was overlapped based on marker lines,
and an image showing the overall Achilles tendon, muscle-tendon unit, and

gastrocnemius muscle was created by superimposing each image (Figure 2) in the
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neutral, maximum dorsiflexion, and maximum plantar flexion positions, respectively.

[Step-5] Four division points (i.e., the most distal end of the Achilles tendon,
the muscle-tendon junction of the soleus muscle, the muscle-tendon junction of the
gastrocnemius muscle, and the most proximal end of the gastrocnemius muscle) in the
image made in Step-4 were identified in two ways; the first was by the raters’ visual
identification, and the second was using custom-built MATLAB-based program
(MathWorks) in addition to visual identification. In the software identification approach,
the division points were decided by scanning within regions of interest (ROI) set into
MATLAB after importing the ultrasound image into the software program. First, the
ROI-reference (red square in Figure 3) was placed at the most proximal position at each
division point, and an ROI-scan range (orange square in Figure 3) was placed at the
whole division point covering the ROI-reference (step-5-1 in Figure 3). Next, the area
within the ROI-scan (green square in Figure 3) was scanned while moving from the
distal to the proximal side (step-5-1 in Figure 3). Finally, texture features in ROI-
reference and scan were calculated by gray-scale histogram analysis and squared euclid
distance (SED), which is an indicator for traditional similarity evaluation ¥, between
ROI-reference and each ROI-scan (step-5-2 in Figure 3). The position where SED

values were maximum (i.e., the lowest degree of similarity) was defined as the division
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point between tissues.

[Step-6] The lengths of the Achilles tendon, muscle-tendon unit, and

gastrocnemius muscle were measured using ImageJ (National Institution of Health)

based on the definition in Step-5.

All steps were performed by rater A, whereas only step 5 was performed by all

three examiners (raters A, B, and C) to examine the inter-rater reliability.

Statistical analysis

In order to examine the intra- and inter-rater reliabilities of OIM measurement

by visual-only identification and a combination of visual and software identification, the

ICC 1.1 and ICC 2.1 scores were estimated. ICC 1.1 was calculated using the data

measured by rater A, whereas ICC 2.1 was conducted using the data measured by raters

A, B, and C. In addition, based on the definition that the value obtained by visual-only

identification is the “true value,” the value differences between visual-only and

combination identification were examined using the paired #-test or Wilcoxon signed-

rank test following the Shapiro—Wilk normality test to investigate the validity of the

combination identification. The level of significance was set as p <.05. IBM SPSS

Statistics for Windows, Version 25.0. (IBM Corp., Armonk, NY, IBM Corp.) was used

for all the statistical analyses.
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Results

The age, height, and weight of the 19 participants were 23.36+2.54 years,

164.36 £ 8.05 cm, 60.76 = 10.57 kg (mean + standard), respectively.

Tables 1 and 2 show the evaluated ICC scores, and Table 3 shows each tissue
length and the differences in absolute values between visual-only and combination
identification. The ICC 1.1 and ICC 2.1 scores by the visual-only identification were
0.61-0.91 and 0.70-0.93, respectively. These scores by the combination identification
ranged 0.90-0.99 and 0.58-0.96, respectively. There were significant differences
between visual-only and combination identification in the values of the Achilles tendon

at the neutral and maximum plantar flexion positions.

Discussion

We investigated the intra- and inter-rater reliabilities of visual-only and
combination identification in OIM by comparing the lengths of the Achilles tendon,
muscle-tendon unit, and gastrocnemius muscle measured based on ultrasound image
divisions. Based on previously reported criteria: poor, < 0.40; fair, 0.40—0.59; good,
0.60-0.74; and excellent > 0.75 %D the intra- and inter-rater reliability was “good” or
“excellent” for both visual-only and combination identification in the present study. In

particular, the OIM determined by combination identification showed a high intra-rater
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reliability of the length measurements of the Achilles tendon, muscle-tendon unit, and

gastrocnemius muscle, which supported our hypothesis. To investigate the validity of

the combination identification, we also examined the differences between visual-only

and combination identification based on the definition that the value determined by the

visual-only identification is the “true value.” There were no significant differences

between visual-only and combination identification, except in the length of the Achilles

tendon at the neutral and maximum-plantar flexion positions. The findings of the

present study suggest that OIM is applicable in the field of sports science as a method

for investigating the influence of massage intervention, training, or growth in children

on the overall length of muscles and tendons.

Notably, the ICC score on the gastrocnemius muscle measurement at neutral

position was lower than that of other measurements. We identified four division points

(the distal end of the Achilles tendon, soleus muscle-tendon junction, gastrocnemius

muscle-tendon junction, and gastrocnemius proximal end). Among them, the black-and-

white ultrasound images were less clear at the proximal end of the gastrocnemius

relative to the gastrocnemius length measurement than at the other division points.

Because we determined the division point using the MATLAB program grayscale

histogram in the combination identification, black-and-white ultrasound image
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ambiguity may make grayscale histogram identification difficult, reducing the

measurement reliability. This is a limitation of the combination identification.

Significant differences in the Achilles tendon length measurements were found between

visual-only and combination identification at neutral and maximum dorsiflexion

positions using the paired t-test. This result suggests that it may be somewhat more

difficult to identify the division points of the tissues involved in measuring the Achilles

tendon length (i.e., the distal end of the Achilles tendon and soleus muscle-tendon

junction). The clarity of the distal end of the Achilles tendon is likely to vary depending

on the ultrasound incidence angle, and some of the images acquired in the present study

were unclear. Therefore, it is important to clearly reflect the distal end of the Achilles

tendon in ultrasound image acquisition to guarantee the high reliability and validity of

the OIM measurement.

Conclusion

This study examined the reliability of OIM by incorporating both visual-only

and combination identification procedures. This demonstrates that the high intra- and

inter-rater reliability can be obtained in almost all length measurements of the AT,

muscle-tendon unit, and gastrocnemius muscle at three different positions (neutral,

maximum dorsiflexion, and maximum plantar flexion positions). In particular, OIM
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using combination identification showed a higher intra-rater reliability. The applicability

of the overlapping imaging method is demonstrated by the findings of the present study.
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Figure legends

)

Figure 1. Cut thread arranged on the skin from the calcaneal tuber to the proximal end

of the gastrocnemius muscle.
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Figure 2. Images superimposed for length measurement of the Achilles tendon, muscle-

tendon unit, and gastrocnemius muscle.
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Figure 3. Process in [Step-5] using custom-built MATLAB-based program.

ROI = regions of interest, SED = squared euclid distance




362 Tables

363  Table 1. Intraclass correlation coefficient scores for intra-rater reliability in visual-only

364  and combination of visual and software identification (ICC 1.1).

Visual-only Combination

identification identification
Neutral Achilles tendon 0.91 0.99
position Muscle-tendon unit 0.84 0.98
Gastrocnemius muscle 0.69 0.99
Max- Achilles tendon 0.76 0.95
dorsiflexion Muscle-tendon unit 0.89 0.98
Gastrocnemius muscle 0.81 0.90
Max- Achilles tendon 0.70 0.95
plantar flexion | Muscle-tendon unit 0.61 0.96
Gastrocnemius muscle 0.90 0.94

365  Max-dorsiflexion = maximum dorsiflexion position; max plantar flexion = maximum

366  plantar flexion position.

367



368  Table 2. Intraclass correlation coefficient scores for inter-rater reliability in visual-only

369 identification and combination of visual and software identification (ICC 2.1).

Visual-only Combination

identification identification
Neutral Achilles tendon 0.85 0.91
position Muscle-tendon unit 0.84 0.96
Gastrocnemius muscle 0.79 0.58
Max- Achilles tendon 0.77 0.92
dorsiflexion Muscle-tendon unit 0.89 0.89
Gastrocnemius muscle 0.93 0.82
Max- Achilles tendon 0.70 0.91
plantar flexion | Muscle-tendon unit 0.72 0.83
Gastrocnemius muscle 0.88 0.89

370  Max dorsiflexion = maximum dorsiflexion position; max plantar flexion = maximum

371  plantar flexion position.

372

373



374  Table 3. Length of each tissue and differences in the absolute values between in visual-

375  only identification and combination of visual and software identification (cm).
Visual-only | Combination | Value p
identification | identification | differences

Neutral | Achilles tendon 7.11+£1.93 7.47+1.91 0.60+0.73 | <.01
position | Muscle-tendon unit 13.50+2.28 13.35+£2.48 0.71£0.94 | .95
Gastrocnemius muscle | 19.34+2.24 19.37£2.63 1.20£1.76 | .91
Max- Achilles tendon 7.67£1.75 7.80+1.55 0.56+0.82 | .30
dorsi Muscle-tendon unit 13.07+2.30 13.31+2.39 0.68+0.78 | .13
flexion | Gastrocnemius muscle | 20.1142.39 | 20.17+2.53 | 0.78+0.87 | .67
Max- Achilles tendon 6.94+1.74 7.21£1.60 0.68+1.01 | <.01
plantar | Muscle-tendon unit 13.48+2.08 13.74£1.98 0.79+1.26 | .19
flexion | Gastrocnemius muscle | 17.37+2.48 17.71£2.95 | 0.92+1.06 | .06

376  Values are presented as the mean + standard deviation. Max dorsiflexion = maximum

377  dorsiflexion position; max plantar flexion = maximum plantar flexion position.

378

379




