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Abstract: Objective: This study aimed to assess the relative and absolute intra- and inter-rater
reliability of supraspinatus tendon (SST) thickness. Materials: Thirty adolescent swimmers with
supraspinatus (SS) tendinopathy (n = 15) and a control-matched group (1 = 15) were evaluated.
Tendon thickness was measured according to four different measure procedures, i.e., (1) at 15 mm,
(2) at 10, 20, and 30 mm, (3) at 10, 15, and 20 mm, and (4) 5 and 10 mm lateral to the most hyper-
echogenic reference point of the biceps tendon. Each examiner took two US images for the test
measurements with a 10 min rest period. After 30 min, the subjects underwent retest measurements
that were also repeated 1 week later. Results: SST thickness was greater in swimmers with SS
tendinopathy compared with the matched control group for each procedure and rater (p < 0.001).
Intra- and inter-rater reliability was good to excellent (ICC2.3: 0.78-0.98 and 0.83-0.97, respectively)
in both groups. The lowest intra- and inter-rater reliability was found in procedures no. 2 and 4
(ICC2.3: 0.78 and 0.83). However, procedure no. 3 was the most reliable with the lowest error rate
(ICC2.3: 0.92-0.97; SEM: 0.05-0.10 mm; MDC: 0.14-0.28 mm). Conclusions: The study confirmed the
diagnostic value of ultrasound in SS tendinopathy. A multiple-reference-point procedure including
a simple methodology (10, 15, and 20 mm from biceps tendon), was defined as the most reliable,
expressed by the highest intra- and inter-rater ICCs.

Keywords: B-mode; ultrasound; rotator cuff; tendinopathy; overhead movements; swimmers

1. Introduction

Ultrasound imaging (US) is a proven imaging method able to examine soft tissue
structures, including tendons, their vascularization, and thickness. Compared to other
imaging methods, such as MRI and CT, the US appears to be advantageous due to its
non-invasiveness, radiation-free nature, and capability for real-time assessment [1]. Fur-
thermore, studies have demonstrated the benefits of US in tendon measurements, attributed
to its ability to provide high image resolution [2].

One of the common musculoskeletal dysfunctions in swimmers is shoulder impinge-
ment syndrome. Swimming training involves repetitive overhead movements. In all main
swimming strokes (freestyle, backstroke, breaststroke, and butterfly), the swimmer uses
large moment arm forces to reach forward to drag the water. When training is intense,
all of these factors can contribute to shoulder dysfunction and pain. Supraspinatus (SS)
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tendinopathy is one of the causes of “swimmer’s shoulder” [3]. The supraspinatus is the
primary responsible rotator cuff muscle for securing the humeral head into the glenoid and
its tendon is susceptible to tendinopathy in swimming. Research indicates a problem in the
acromiohumeral distance and a reduction in the subacromial space as contributing factors
to subacromial impingement syndrome [4-6].

Previous studies have assessed the thickness of the supraspinatus tendon (SST) in
healthy swimmers, which ranged from 5.41 mm to 7.94 mm [7-11], while Porter et al. [12]
reported an SST thickness of 7.51 mm in swimmers with shoulder pain. The intra- and
inter-rater reliability was investigated by using various statistics approaches, including
the intra-class correlation coefficient (ICC) [1,6,10,13,14], standard error of measurement
(SEM) [1,10], and minimal detectable change (MDC) [1,6,7,10]. These studies showed
their intra- and inter-rater reliability were excellent (>0.92), with a SEM between 0.05 mm
and 0.33 mm, and an MDC ranging between 0.40 mm and 0.91 mm. Some studies have
evaluated SST thickness at a single SST location, i.e., 10 mm [11] or 15 mm [5] measured
lateral to the long biceps tendon. Kreti¢ et al. [14] measured SST thickness in the thickest or
middle portion of the tendon. Recently, some procedures have investigated SST thickness
at multiple locations [4,6,13]. Leong et al. [13] evaluated the SST thickness at a distance of
10-20-30 mm, Michener et al. [6] at 10-15-20 mm, while McCreesh et al. [4] at 5 mm and
10 mm lateral to the most hyperechogenic reference point of the biceps tendon. The current
body of literature supports the assessment of SST thickness at several locations, even if its
relative value and absolute reliability have not been reported yet.

Although ultrasound measurement is one of the most commonly used methods to
detect rotator cuff dysfunction, there is still not enough published data regarding its
reliability. According to previous studies, there is still a need for further investigation
in rotator cuff ultrasound imaging focusing on a more comprehensive reference range of
SST thickness. A multiple-reference-point procedure for SST thickness might be the most
precise and relevant procedure in diagnosing and monitoring morphological alterations
in this tendon. Therefore, we aimed to evaluate SST thickness at different levels of the
tendon structure localization to identify changes in supraspinatus tendon thickness in
specific areas between swimmers with SS tendinopathy and a matched control group.
Secondly, we aimed to identify the relative and absolute intra- and inter-rater reliability
of STT thickness. Swimmers with SS tendinopathy will have significantly different SST
thickness at specific tendon locations compared to a matched control group. Additionally,
the ultrasound measurements of SST thickness will demonstrate high relative and absolute
intra- and inter-rater reliability when using a procedure with multiple reference points.

2. Methods
2.1. Study Design

A cross-sectional observational study with a diagnostic accuracy design was conducted
between September 2022 and December 2022 in a biomechanics laboratory. To enhance the
presentation quality of this report, the directives for Reporting Reliability and Agreement
Studies (GRRAS) [15] were used. The study design was conducted according to the
Consolidated Standards of Reporting Trials (CONSORT) for pragmatic trials. During
the recruitment process, all participants were asked to avoid strength training and high-
intensity and high-volume swimming training for at least 48 h before data collection.
During the enrolment, eight participants were excluded from this study, some because they
did not meet the inclusion criteria (n = 6) and some because they declined to participate in
this study (n = 2) (Figure 1). All participants read and signed an informed consent form
approved by the Senate Research Ethics Committee (project identification code: 1/2019
approval date: 11 January 2019). The study was conducted according to the Declaration
of Helsinki.
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Figure 1. Flowchart diagram of study recruitment.

2.2. Participants

The population consisted of thirty-two national-level adolescent swimmers (age: 19.1
+ 1.0 years old; height 175 =+ 4.8 cm; weight 75.0 & 5.1 kg; and BMI 23.5 4 1.3 kg/m?).
Participants were distributed into two groups, i.e., swimmers with SS tendinopathy (1 = 16)
and a matched control group of swimmers without SS tendinopathy (1 = 16). Characteristics,
including information on the participants’ training, are presented in Table 1. All swimmers
met the following inclusion criteria: (1) training experience >6 years and (2) training
duration >15 h per week for the past 6 months. The exclusion criteria were as follows:
(1) previous injury, i.e., fracture and dislocation of the involved shoulder, (2) previous
surgery on the involved shoulder, and (3) inability or unwillingness to participate in
exercise tests.

Table 1. Mean + SD of the participant characteristics in rotator cuff (RC) tendinopathy and matched
control group.

Variables RC Tendinopathy Group Matched Control Group
Age (year) 19.0+0.8 19.1+1.0
Gender J: 8;:8 d:9; 97
Body height (m) 1.76 £ 3.5 1.75+ 26
Body mass (kg) 752 +57 742 +73
Body Mass Index (kg/mz) 242+ 05 247 £ 0.9
Rotator cuff tendinopathy:

Right 16 N/A
Left 0 N/A
Training experience (years) 8§+1 7+1
Training duration (hour/week) 1l6+1 16 +1

N/A—not applicable.
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Before the data collection, each participant took part in the recruitment process, in-
cluding an interview based on basic information about training experience, duration, and
training load (per week), as well as a standardized Shoulder Service Questionnaire [16].
This questionnaire contains questions about pain sensations, daily sports activities, work,
contentment, and points for development. After, a screening evaluation using Hawkin’s
test was performed to provoke a pain sensation in the shoulder during a standing position
with the shoulder in abduction (90°) and internal rotation of the forearm. Finally, an ultra-
sound assessment of the SST was performed by an experienced therapist (eight years of
experience) and analyzed by an experienced orthopedic surgeon (fifteen years of experi-
ence) to diagnose SS tendinopathy. Both the therapist and surgeon specialized in rotator
cuff disorders and injuries. The criteria to recruit swimmers to the RC tendinopathy group
were as follows: (1) a positive Hawkin’s test, SST thickening, subacromial-subdeltoid bursa
effusion, and hypoechoic areas within the tendon structure.

2.3. Sample Size

The sample size was estimated using G*Power software (version 3.1.9.2; Kiel Univer-
sity, Kiel, Germany). To assume differences in SST thickness between swimmers with and
without SS tendinopathy, we used a mean of 1.2 mm as the expected mean difference, and
a standard deviation of 1.0 mm [6]. The sample size was estimated with the independent
samples t-test, with an o« of 0.05, and a minimum expected effect size (Cohen’s d) of 1.3
was set, with a 3 of 0.90. The procedure included 14 participants per group. Moreover,
to estimate the effect size for a reliability analysis, we used the sample size calculator
produced by Arifin [17]. The sample size was estimated for 14 participants per group, and
a minimum acceptable reliability (ICC) (p0): 0.60, expected reliability (ICC) (p1): 0.80, and
power of 0.80 were set.

2.4. Ultrasound Imaging Acquisition and Measurements

SST thickness was measured using ultrasonography imaging (Alpinion X-CUBE 90,
Opinion, Seoul, South Korea) with a linear array transducer (3.0 to 19.0 MHz; 60 mm,;
SL3-19X; X+ Crystal Signature; Alpinion; Seoul, South Korea) in grey-scale B-mode. Each
participant was positioned on a chair with the back supported against a low-back chair.
The hand was positioned posteriorly with the palmar side on the superior aspect of the iliac
wing, while the elbow was flexed. To obtain SST thickness measurements in the transverse
view, the US probe was positioned on the anterior aspect of the shoulder, positioned perpen-
dicular to the SST, and moved to the anterior-lateral margin of the acromion [6]. The images
were obtained by the same examiner (SK) with eight years of experience in ultrasound
imaging, while two raters (SK and MGP) performed the SST thickness measurements on
the captured images. Both raters were certified physical therapists with over five years of
experience (five and seven years, respectively) in musculoskeletal US imaging. Before data
collection, the examiner underwent a 2 h training session on ultrasound machine operation,
imaging settings, and examination procedures, including participant positioning and US
probe usage. The examiner acquired two SST images within 10 min and repeated the same
procedure after 30 min. Measurements were independently obtained by both examiners in
a randomly selected order after a 1-week interval. Additionally, SST images were stored
for a month after data collection. Both examiners were blinded to the coded images, which
were later decoded by the principal investigator. The average of each measurement from
each of the two images at the test and retest sessions was used for statistical analyses.

The measurement procedure for SST thickness consisted of four different measurement
procedures performed and published over the last decade. The first measurement procedure
took measurements at 15 mm [5], the second at 10, 20, and 30 mm [13], the third at 10,
15, and 20 mm [6], and the fourth at 5 and 10 mm [4] lateral to the most hyperechogenic
reference point of the biceps tendon. All measurement procedures contained more than a
single reference point that was averaged. An illustrative example of US images is shown in
Figure 2.
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Figure 2. Ultrasound measurement of the supraspinatus tendon thickness in short axis. (A) Measure-
ments were taken at 15 mm [5], (B) at 10, 20 and 30 mm [13], (C) at 10, 15 and 20 mm [6], and (D) at 5
and 10 mm [4] lateral to the most hyperechogenic reference point of the biceps tendon.

2.5. Statistical Analysis

Statistical analysis was performed using the statistical software SPSS 21 (SPSS Inc.,
Chicago, IL, USA). Descriptive statistics (mean =+ standard deviation (SD) were calculated.
Normality was evaluated using the Shapiro-Wilk normality test. To determine differences
between swimmers with SS tendinopathy and the control group, an independent samples
t-test was used. Further, a two-way analysis of variance (ANOVA) with the procedure (n.
1-2-3-4) and group (tendinopathy or controls) was also performed. If an interaction between
variables was found, the Bonferroni test was used as a post hoc test (p = 0.01). The effect
size was estimated using partial eta square (n?) and classified as small (0.2 < n? < 0.49),
medium (0.5 <n? < 0.79), or large m?<0.8). A p-value <0.05 was considered statistically
significant. Finally, we estimated intra- and inter-rater reliability as a two-way random,
absolute agreement, and single measures model (ICC2.3). Reliability was classified as poor
(ICC < 0.5), moderate (0.5 < ICC < 0.69), good (0.7 < ICC < 0.89), or excellent (ICC > 0.9) [18].
The standard error of measurement (SEM = SD-,/(1 — ICC) and the minimal detectable
change (MDC = SEM-1.96-,/2) were also calculated [19].

3. Results

Table 2 shows the mean and SD values of SST thickness in the four measurement
procedures in swimmers with and without tendinopathy. The independent samples t-test
showed significantly greater SST thickness in swimmers with SS tendinopathy than in those
without tendinopathy for each procedure (all, p < 0.001, Table 1). The two-way ANOVA
revealed a statistically significant main effect for the procedure (F3 240 = 6.9, p < 0.001,
n? = 0.08) and group (Fq, 240 = 1598.6, p < 0.001, n? = 0.87) without a significant group and
procedure interaction effect. Mean SST thickness was greater within procedure no. 1 than
in procedure no. 3 in both groups (p < 0.001).



J. Clin. Med. 2024, 13, 3822

6 of 10

Table 2. Ultrasound measurements for SST thickness (mm) in four different measurement procedures
in swimmers with rotator cuff (RC) tendinopathy and matched control group.

RC Tendinopathy Matched Control

Group Group p-Values

(n =16) (n =16)
Procedure no. 1 Rater 1 631 £0.5 4.69 +0.1 p <0.001
Rater 2 6.22 + 0.6 472 +£01 p <0.001
Procedure no. 2 Rater 1 6.19 £0.3 449 +0.3 p <0.001
Rater 2 6.15+04 445 +0.3 p <0.001
Procedure no. 3 Rater 1 6.15+0.3 444403 p <0.001
Rater 2 6.20 £0.2 446 +£ 0.4 p <0.001
Procedure no. 4 Rater 1 6.09 £0.2 439 +0.1 p <0.001
Rater 2 596 £0.3 443 +0.1 p <0.001

Intra-rater reliability ranged from good to excellent (ICC; 3 from 0.78 to 0.99) in both
groups. The ICCs for rater 1 were excellent for all measure procedures among swimmers
with SS tendinopathy (from 0.91, 95%CI 0.60-0.93 to 0.98, 95%CI 0.95-0.99) and controls
(from 0.91, 95%CI 0.21 to 0.93 to 0.99, 95%CI 0.96 to 0.99). The intra-rater ICCs for rater
1 were higher than those obtained by rater 2 in both groups. The ICCs of rater 2 ranged
from 0.82 (95% CI 0.33-0.85) to 0.96 (95%C1 0.93-0.99) for swimmers with SS tendinopathy
and from 0.78 (95%Cl 0.23-0.84) to 0.99 (95%CI 0.96-0.99) for the control group. Inter-rater
reliability was good and excellent among the SS tendinopathy group (from 0.83, 95%CI
0.36-0.89 to 0.97, 95% CI 0.84-0.98) and control group (from 0.87, 95%CI 0.47-0.91 to 0.96,
95%CI 0.76-0.97) (Table 3).

Table 3. Intra-class correlation coefficients (ICCs), 95% confidence interval (95% CI), standard error of
measurement (SEM), minimal detectable change (MDC), and 95% limit of agreement (LOA) for intra-
and inter-rater reliability of SST thickness.

RC Tendinopathy Group (1 = 16) Matched Control Group (n = 16)
Procedure Procedure Procedure Procedure Procedure Procedure Procedure Procedure
no. 1 no. 2 no. 3 no. 4 no. 1 no. 2 no. 3 no. 4
Intra-rater
Rater 1 ICC 0.98 0.91 0.93 0.91 0.94 0.91 0.99 0.93
95% CI 0.95-0.99 0.60-0.93 0.66-0.95 0.70-0.93 0.72-0.96 0.21-0.93 0.96-0.99 0.66-0.95
SEM [mm] 0.09 0.13 0.08 0.08 0.05 0.16 0.04 0.13
MDC [mm)] 0.26 0.36 0.23 0.21 0.14 0.43 0.12 0.35
LOA —0.22;0.38 —0.38;0.36 —0.10; 0.50 —0.19; 0.20 —0.14;0.10 —0.18; 0.56 —0.03; 0.04 —0.20-0.60
Rater 2 ICC 0.96 0.82 0.92 0.90 0.92 0.78 0.99 0.89
95% CI 0.93-0.99 0.33-0.85 0.60-0.93 0.53-0.92 0.59-0.94 0.23-0.84 0.96-0.99 0.36-0.91
SEM [mm] 0.13 0.20 0.10 0.12 0.06 0.19 0.09 0.18
MDC [mm)] 0.34 0.57 0.28 0.33 0.16 0.53 0.20 0.42
LOA —0.18;0.03 —0.05; 1.05 —0.79; 0.64 —0.53-0.97  —0.16;0.10 —0.82;0.73 —0.08; 0.02 —0.86-1.00
Inter-rater ICC 0.94 0.83 0.97 0.85 0.96 0.87 0.96 0.83
95% CI 0.68-0.96 0.36-0.89 0.84-0.98 0.31-0.89 0.76-0.97 0.47-0.91 0.81-0.97 0.33-0.88
SEM [mm] 0.18 0.19 0.05 0.10 0.04 0.14 0.08 0.18
MDC [mm] 0.50 0.54 0.14 0.29 0.12 0.40 0.22 0.45
LOA —0.20; 0.50 —0.50; 0.53 —0.68;0.38 —0.42;0.67 —0.12;0.05 —0.37; 0.40 —0.43;0.77  —0.49;0.49

The absolute reliability was defined by SEM and MDC calculations. For rater 1, the
intra-rater SEMs ranged from 0.08 to 0.13 mm in swimmers with SST tendinopathy and
from 0.04 mm to 0.16 mm in the control group. Moreover, SEMs were higher for procedures
1 and 3 in swimmers with SST tendinopathy and lower in procedures 2 and 4, than within
controls. However, for rater 2, the SEMs ranged from 0.10 mm to 0.20 mm in swimmers
with SST tendinopathy and from 0.06 mm to 0.19 mm in controls. The inter-rater SEMs
ranged from 0.05 mm to 0.19 mm in swimmers with SST tendinopathy and from 0.04 mm
to 0.18 mm in controls (Table 3).
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Finally, the intra-rater MDC ranged from 0.21 mm to 0.36 mm in swimmers with SS
tendinopathy, from 0.12 mm to 0.43 mm in the matched control group for rater 1, and from
0.28 mm to 0.57 mm in swimmers with SS tendinopathy and from 0.16 mm to 0.53 mm
in the control group for rater 2. The inter-rater MDC ranged from 0.14 mm to 0.54 mm in
swimmers with SS tendinopathy and from 0.12 mm to 0.45 mm in controls (Table 3).

4. Discussion

This study is the first to report reliability for the metrology of SST thickness in subjects
with and without tendinopathy using single-, double-, and multi-location reference points.
Our results found significantly greater SST thickness in swimmers with SS tendinopathy
when compared with matched control swimmers. Moreover, our study showed that SST
thickness measurements are a reliable method by reporting relative (expressed by ICCs)
intra- and inter-rater reliability as good to excellent for four different measurement proce-
dures. Finally, the absolute reliability (expressed by SEM and MDC) also showed higher
values in procedures no. 2 and 3 (multi-location measurements). Our study demonstrated
that procedure no. 3 was the most reliable location with the lowest error rate. Current
findings might help to understand the importance of using a precise methodology to define
SST tendinopathy and other chronic alterations in this tendon.

We observed significantly greater SST thickness in swimmers with tendinopathy than
in those without tendinopathy. A percentage difference between both groups of 24% (rater
1) and 28% (rater 2) was identified. By averaging the results for both raters, we noticed that
the lowest difference between swimmers with SS tendinopathy and controls was found
for the single-location measurement, i.e., procedure no. 1 (25%), while in other procedures
(double—procedure no. 4; multi-measurement locations—procedures no. 2 and 3) the
difference ranged between 27% and 28%. In agreement with our results, McCreesh [4] also
reported greater SST thickness in swimmers with rotator cuff tendinopathy (13%). Accord-
ing to previous studies, greater SST thickness might be related to some intrinsic mechanisms,
i.e., increased blood flow, increased water content, and acute inflammation [4,6,20]. This
observation may suggest that measurement procedures based on multiple reference points
might be the most valid procedures to investigate morphological alterations in the SST.

Our analysis reported good to excellent intra- (ICCs ranged from 0.78 to 0.99) and
inter-rater reliability (ICCs ranged from 0.83 to 0.97) for the procedures. More specifically,
we found the lowest intra-rater reliability for procedure no. 2 (ICCs ranging from 0.78 to
0.91 for the SS tendinopathy group, and from 0.83 to 0.87 for the control group) while the
highest was found for procedure no. 1 (ICCs of 0.98 and 0.96 for SS tendinopathy group)
and procedure no. 3 (both 0.99 for the control group). The lowest inter-rater reliability
was seen for procedure no. 2 (SS tendinopathy group) and procedure no. 4 (control group)
(both ICCs: 0.83), while the highest was found for procedure no. 3 (0.97 and 0.96 for both
groups). The relative reliability of SST thickness has been reported as good to excellent
for intra- (ICCs from 0.88 to 0.97) and inter-rater (ICCs from 0.94 to 0.98) reliability in
previous studies [4,6,13,21]. These ICCs were based on different procedures, including
single- [21], double- [4], and triple-measurement locations [6,13]. Our relative intra- and
inter-rater reliability differs from those obtained previously in these papers; however, it
should be noted that only McCreesh et al. [4] and Ahmad et al. [21] aimed to investigate
the reliability of SST thickness. In contrast, the remaining studies used only intra- or
inter-rater reliability to description accuracy [6,13]. Therefore, we searched for studies
that included reliability in their analysis of one of the measurement procedures of the SST.
The PubMed database showed the greatest number of studies (1 = 6) citing procedure no.
3, investigated by Michener et al. [6]. The other procedures were cited once—procedure
no. 2 [21]; twice—procedure no. 4 [22,23]; and three times—procedure no. 1 [11,21,24].
For procedure no. 1, the intra-rater reliability was excellent, with ICCs between 0.98 and
0.99, and inter-rater reliability had ICCs of 0.95 (for both studies). The lowest intra-rater
reliability was found in a study performed by Leong et al. [13], where the ICC was 0.83.
In procedure no. 4, the intra-rater reliability was excellent (ICC 0.91), while inter-rater



J. Clin. Med. 2024, 13, 3822

8 of 10

reliability was medium (ICC 0.64) [23]. For procedure no. 3, the intra-rater reliability was
excellent, with ICCs ranging from 0.91 to 0.99 [10,12,25-28]. It should be noted that in
four studies, the ICC was 0.98 or higher [12,25-28]. The inter-rater reliability was excellent,
with ICCs ranging from 0.90 to 0.94 [10,12]. The results from our study have shown that
procedure no. 2 had the lowest reliability, while procedures no. 1 and 3 had the highest
reliability. In particular, single and multiple reference points are reliable, and both Leong
et al. [13] and Michener et al. [6] included multiple reference point analysis. From our
perspective, this procedure (no. 2) has some limitations based on the methodology of
measurement making it more difficult to perform. These findings might be similar to
Tsui et al. [20], who also identified lower ICCs; however, these authors still established
good reliability.

The absolute reliability of SST thickness assessment, expressed by SEM and MDC, has
been reported in previous papers as well. An analysis showed that fewer studies calculated
both SEM and MDC for their analysis of reliability. In our study, we reported low absolute
intra-rater reliability for all procedures except no. 2. The SEMs ranged from 0.04 mm to
0.18 mm, while the MDC ranged from 0.12 mm to 0.42 mm. However, the lowest value
was found for procedure no. 3, with SEMs ranging from 0.04 mm to 0.10 mm and MDCs
from 0.12 mm to 0.28 mm. For procedure no. 2, the SEM ranged from 0.13 mm to 0.20 mm,
while the MDC ranged from 0.36 mm to 0.57 mm. For inter-rater reliability, we found
the lowest SEM and MDC for procedure no. 3 (swimmers with SS tendinopathy, SEM:
0.05 mm; MDC: 0.10 mm) and procedure no. 1 (controls, SEM: 0.04 mm; MDC: 0.12 mm).
Only McCreesh et al. [4] reported the SEM and MDC, while Leong et al. [13] reported the
SEM and Michener et al. [6] only the MDC. Leong et al. [13] reported a SEM of 0.23 mm
(intra-rater reliability), whereas Michener et al. [6] reported an MDC of 0.40 mm. McCreesh
et al. [4] showed SEMs of 0.20 mm and 0.30 mm (intra-rater reliability), 0.50 mm (inter-rater
reliability), and also MDCs of 0.06 mm (intra-rater reliability) and 1.3 mm (inter-rater
reliability). Previous studies have shown SEMs ranging from 0.05 mm to 0.33 mm and an
MDC of 0.91 [11,21,24] for procedure no. 1; SEMs from 0.05 mm to 0.40 mm and MDCs
from 0.10 mm to 0.50 mm [10,12,25-28] for procedure no. 3; and an MDC of 0.60 mm [22]
for procedure no.4.

Rotator cuff ultrasonography is usually used and recommended to evaluate morpho-
logical properties, such as SST thickness, in people with tendinopathies, tears, and other
injuries [6]. Analysis of SST thickness in swimmers may provide crucial information and
clinical outcomes about alterations in morphological properties. Clinically, our findings
indicate that ultrasound measurement procedures at multiple points might be successfully
used in the early diagnosis, monitoring, and management of SS tendinopathy in patients
and overhead athletes. Moreover, the approach should focus on a simplified measurement
model that involves a maximal distance of 20 mm from the reference point on the biceps
tendon. The research findings suggest that the most reliable measurement procedure, as
presented by Michener et al. [6], should be used as the “gold standard” for SST injuries
during individual diagnosis and treatment interventions to prevent progression and im-
prove patient outcomes. Regular ultrasound evaluation of the SST can be integrated into
physician and physical therapy routines for screening and injury prediction in athletes,
especially in the detection of subclinical impingement syndrome, tendinopathies, and tears.
On the other hand, these findings could support the development of a tendon degeneration
model. The mechanisms related to greater SST thickness in tendinopathy might be due
to increased cellularity and alterations in collagen fiber disorganization [29]. Moreover, a
common symptom of tendinopathy in the rotator cuff structures is increased fluid content
in soft tissues and inflammation [30,31]. SS tendinopathy is caused by greater training
intensity and volume in swimmers, leading to shoulder pain and dysfunction [26]. Fi-
nally, it should be also noted that the mechanisms of rotator cuff tendinopathy are not
explained well enough; therefore, ultrasonographical studies should be performed to
analyze morphological properties [25].
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Some limitations should be pointed out to improve future studies. First, we recruited
adolescent swimmers with an average age of 19 years. Future studies should evaluate
SST thickness in adults and swimmers with greater training experience. Moreover, future
studies could analyze differences between swimming strokes and relation to training
intensity and volume in different periods of macrocycles [31]. Second, future studies
should investigate sex-related differences in SST thickness. Finally, we used four different
measurement procedures with single and multiple reference points; however, future studies
could focus on more distal points.

5. Conclusions

Our study evaluated SST thickness and identified relative and absolute reliability
in swimmers with and without SS tendinopathy in adolescent swimmers. The SST was
thicker among swimmers with SS tendinopathy than in those without tendinopathy. Fur-
ther, thickness was also greater in the middle portion of the tendon measured at 10 mm
from the biceps tendon. This may suggest a heterogeneous distribution of thickness of
the SST. Ultrasound imaging is a reliable method to investigate SST thickness using differ-
ent measurement procedures. A multiple-reference-point procedure including a simple
methodology (10, 15, and 20 mm from biceps tendon) was defined as the most reliable,
expressed by the highest intra- and inter-rater ICCs and the lowest SEMs and MDCs. Proce-
dures should include this multiple-measurement approach along the entire visible portion
of the SST.
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