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Abstract: Ultrasound is widely used for tendon assessment due to its safety, affordability, and
portability, but its subjective nature poses challenges. This study aimed to develop a new quantitative
analysis tool based on artificial intelligence to identify statistical patterns of healthy and pathological
tendons. Furthermore, we aimed to validate this new tool by comparing it to experts’ subjective
assessments. A pilot database including healthy controls and patients with patellar tendinopathy was
constructed, involving 14 participants with asymptomatic (n = 7) and symptomatic (n = 7) patellar
tendons. Ultrasonographic images were assessed twice, utilizing both the new quantitative tool and
the subjective scoring method applied by an expert across five regions of interest. The database
contained 61 variables per image. The robustness of the clinical and quantitative assessments was
tested via reliability analyses. Lastly, the prediction accuracy of the quantitative features was tested
via cross-validated generalized linear mixed-effects logistic regressions. These analyses showed
high reliability for quantitative variables related to “Bone” and “Quality”, with ICCs above 0.75.
The ICCs for “Edges” and “Thickness” varied but mostly exceeded 0.75. The results of this study
show that certain quantitative variables are capable of predicting an expert’s subjective assessment
with generally high cross-validated AUC scores. A new quantitative tool for the ultrasonographic
assessment of the tendon was designed. This system is shown to be a reliable and valid method for
evaluating the patellar tendon structure.

Keywords: mathematical modeling; psychometric properties; quantification; tendinopathy; texture
analysis; ultrasound

1. Introduction

Tendons are anatomic structures that transmit the force generated by muscle to bone [1].
Tendinopathy is a major problem in the general population, being especially important
in the working and athletic populations, accounting for up to 30–50% of their clinical
consultations [2–4]. Furthermore, tendinopathies represent an important socioeconomic
problem, involving annual costs above EUR 800 for each patient [5,6]. The most frequently
affected tendons are the Achilles, rotator cuff, and patellar tendons [7–9]. These tendons,
due to their anatomical and biomechanical characteristics, are usually subjected to high
loads, with various vectors of action [10,11]. Moreover, these tendons usually present
hypovascular or avascular areas, called watershed regions, with less regenerative capacity
and therefore a greater predisposition to presenting pathology [12].

Patellar tendinopathy is defined as a clinical condition characterized by pain or discom-
fort in the region of the patellar tendon. It is related to activities such as jumping, running,
or squatting, reducing its functionality. Patellar tendinopathy is also known as jumper’s
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knee due to its high prevalence in athletes who engage in sports that involve jumping,
including volleyball or basketball [3]. In fact, jumper’s knee is the most prevalent pathology
in volleyball and basketball players, with a prevalence of 40% [13,14], and tendon damage
affects nearly 100% of elite players [15,16]. However, among young players (14–18 years
of age), its prevalence has been shown to be lower [17,18], attributable to their relatively
shorter exposure to cumulative loads [19,20]. Additionally, tendinopathy among workers is
a significant concern due to its association with substantial economic costs stemming from
productivity loss and compensation claims, with an incidence as high as 40% in certain
professions [21]. This finding emphasizes the importance of early detection and prevention.

Ultrasound is considered the most suitable method for evaluating tendons since it
allows the depiction of both main and secondary fiber bundles [22]. Ultrasonography
has been shown to be a reliable and valid tool for discerning the anatomical details of
superficial structures such as the patellar tendon [23]. It has been demonstrated that
tendons with tendinopathy present changes in echogenicity as well as tendon size and
thickness [18,19,24]. Patellar tendon thickness is a clinically relevant measure for assessing
patellar tendinopathy [25]. In addition, it allows the evaluation of clinical evolution since
a reduction in the thickness of the patellar tendon arises after successful treatments [26].
However, there is still debate about the typical sonographic appearance of this tendon,
its alterations in pathological situations, and the presence of anomalies in asymptomatic
subjects [13,16,18,27].

Ultrasonography is considered a safe, non-invasive, inexpensive, portable, non-
irradiating method for the assessment of tendon structure in clinical practice [22]. According
to certain authors, ultrasound evaluation is required for the diagnosis of tendinopathy [28].
However, this assessment tends to be subjective, with examiner dependency being the pri-
mary limitation for the implementation and interpretation of ultrasound [29]. To overcome
this, different attempts have been made to quantify the ultrasonographic assessment of the
tendon [30–33]. Van Schie et al. [30] compared symptomatic and asymptomatic Achilles
tendons by an ultrasonographic tissue characterization (UTC) procedure and demonstrated
that UTC can quantitatively evaluate tendon structure and thereby discriminate symp-
tomatic and asymptomatic tendons. Bashford et al. [31] achieved in 2008 classify Achilles
tendon images into tendinopathy and control categories by extracting eight spatial fre-
quency parameters from regions of interest in tendon images, which were then filtered and
classified using linear discriminant analysis. Other studies tried to quantify different param-
eters as tendon microvascular volume (MV) or cross-sectional area (CSA), demonstrating
the ultrasound’s potential for both detecting microvascular changes in tendinopathy and
reliably assessing tendon structural parameters [32,33]. However, many of these techniques
are not widely available or are difficult to perform.

The main purpose of our study was to develop a new tool that allows us to quantify
the ultrasonographic evaluation of the tendon. Furthermore, an example was developed
and applied in the exploration of healthy and pathological patellar tendons in order to
show this tool’s usefulness, reliability, and validity. Our hypothesis was that this new tool
could offer quantitative data based on mathematical analysis that can be used to predict
the subjective assessment of a trained professional when grading tendon injuries.

2. Materials and Methods

This study was performed in four phases (Figure 1): (a) ultrasound scanning of
the patellar tendons of the participants; (b) design of the quantitative assessment tool
for ultrasound images of the patellar tendon, i.e., “UltraZound quantitative Tool (UZ
qTool)”; (c) subjective and objective analysis of ultrasound images by an expert; and (d)
statistical analysis of the software output. The fourth phase, described below in more detail,
involved evaluating the reliability of the subjective and objective scores extracted from the
ultrasound imaging and the prediction accuracy of the software output. Figure 1 shows a
workflow diagram.
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Figure 1. Workflow diagram of the study procedure.

This study was designed according to the principles of the Declaration of Helsinki
and approved by the Local Ethics Committee, and participants signed a written informed
consent form prior to their inclusion in this study. Voluntary participants were recruited
from patients attending a private clinic via an informative poster and social media. Fourteen
patients (seven with patellar tendinopathy and seven healthy controls) participated in this
study (Table 1). Participants were between 18 and 65 years of age. Healthy controls had no
previous pathology or symptomatology in the knee.

Table 1. Demographic characteristics of the sample. Continuous variables include means
(±standard deviation).

Healthy Controls Patients

Size 7 7
Sex (F/M) 3/4 3/4
Age (y.o.) 39.6 (±13.2) 37.4 (±14.2)
Height (cm) 172.1 (±7.5) 172.4 (±9.3)
Weight (kg) 71.4 (±8.9) 69.1 (±11)

2.1. Ultrasonographic Scanning of the Patellar Tendons of the Participants

Fourteen patellar tendons were evaluated with ultrasonography (n = 7 healthy; n = 7
pathological). Images were collected from the symptomatic tendons of individuals with
patellar tendinopathy, all experiencing symptoms on their dominant side. For the healthy
controls, images were also obtained from their dominant side. Ultrasonography of the
patellar tendon was performed with the subject in the supine position, with a small support
placed under the popliteal fossa to obtain a knee flexion angle of 30◦ [34]. Before the
evaluation, the subjects were allowed a 5 min period of rest in a comfortable position to
minimize tension on the patellar tendon [35].

First, the inferior pole of the patella was identified through palpation and was used as
a reference point for ultrasound examination [34]. A probe was then placed slightly distal
to the apex of the patella, longitudinal with respect to the patellar tendon, with the notch
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oriented proximally [35]. B-mode ultrasonography was recorded so that the results could
be analyzed offline using the new designed system. The most affected part of the tendon
was selected for evaluation. If no pathological region was detected, the proximal area of
the tendon was measured 5 mm distal to the apex of the patella, as this region is commonly
associated with pathological changes [36]. Ultrasound scanning was performed by the same
professional, who had more than 10 years of experience in musculoskeletal ultrasound.

2.2. Design of the Quantitative Assessment Tool for Ultrasonographic Images of the
Patellar Tendon

A program was designed and developed to quantitatively analyze ultrasound images
of the tendon, a goal widely desired in the field of medical ultrasound [37,38]. The digital
evaluation of ultrasonographic images necessitates a computational framework capable of
parsing pixels within a medical image and computing representative values to assess tendon
status. Echograms and various medical files are typically stored in the DICOM format,
which can be easily converted to PNG for improved user-friendliness. This conversion
may result in a loss of resolution but does not compromise the essential tendon-related
image data.

Python (v3.10.12) served as the primary programming language for this tool due to its
extensive range of operations and libraries. These include popular options like OpenCV
(v4.9.0.80) [39] and PyFeats (v1.0.1) [40], as well as the ability to perform mathematical
operations on matrices.

2.2.1. Regions of Interest (ROIs)

To develop the quantitative tendon analysis tool, we considered the criteria assessed
by experts when examining an ultrasound image of a tendon: bone insertion (enthesis),
tendon borders (upper and lower peritendon), tendon tissue quality, and tendon thickness
or morphology. Accordingly, our software was segmented into four distinct modules, as
depicted in Figure 2. Each module operates on a separate region of interest (ROI) selected
by the user. Within each ROI, a series of operations generates a specific descriptor.
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2.2.2. Quantifying Characteristics of ROI Images

Each module incorporates a suite of variables, encompassing both descriptive statisti-
cal indicators (such as maximum, minimum, mean, and standard deviation) and advanced
image analysis techniques. These techniques include the Gray-level Co-occurrence Ma-
trix (GLCM), Gray-level Difference Statistics (GLDS), and Haar Wavelet transforms [41].
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For a comprehensive understanding, a brief elucidation of these advanced indicators
is warranted.

• Gray-level Co-occurrence Matrix (GLCM): GLCM quantitatively characterizes the
frequency of pixel intensity pairings at specified distances and orientations within
an image. From this matrix, a variety of textural features can be extracted, including
contrast, mean value, and variance. These features facilitate the analysis of the spatial
patterns and textural properties of tissue.

• Gray-level Difference Statistics (GLDS): GLDS compute the statistical differences
between pixel values along specified directions. These computations yield a matrix that
provides insights into the texture of an image through metrics such as average intensity
differences, contrast, homogeneity, and correlation. These metrics are instrumental in
evaluating the spatial distribution of and variation in pixel intensities.

• Haar Wavelet Transform: This transform is employed to detect and analyze local
variations in pixel intensity. By capturing gradients within an image, it effectively
highlights areas of homogeneity and delineates regions with abrupt transitions in
pixel values. This feature is particularly useful for identifying structural boundaries,
such as those present at the edges of bone tissue.

The integration of these sophisticated image-processing techniques ensured a robust
and multifaceted analysis of tendon and bone tissues, crucial for accurate diagnosis and
evaluation. A detailed breakdown of each module is presented. Additionally, Table 2
summarizes the variables defined for each ROI.

Table 2. List of the studied variables for each ROI.

Tendon Tissue Quality Tendon Borders(Upper/Lower) Tendon Morphology Bone Tissue

• GLCM Matrix Contrast
• GLCM Sum Average
• GLCM Sum-of-Squares Variance
• GLCM Difference Variance
• GLCM Correlation
• GLCM Inverse Difference Moment
• GLDS Homogeneity
• GLDS Contrast
• GLDS Angular Second Moment
• GLDS Entropy
• GLDS Mean
• Haar Mean
• Haar Variance

• GLCM Matrix Contrast
• GLCM Sum Average
• GLCM Sum-of-Squares Variance
• GLCM Difference Variance
• GLCM Correlation
• GLCM Inverse Difference Moment
• GLDS Homogeneity
• GLDS Contrast
• GLDS Angular Second Moment
• GLDS Entropy
• GLDS Mean
• Haar Mean
• Haar Variance

• Tendon Max Width
• Tendon Min Width
• Mean Width
• Standard Deviation

(Parallelism)
• Ratio between Max

and Min Width

• Number of
Bone Fragments

• Bone Area
• Bone Perimeter
• Convexity
• GLCM

Homogeneity
• GLCM Contrast
• GLCM

Correlation

Tissue Quality Analysis: This module utilizes pixel-based measurements such as mean
intensity and standard deviation, predominantly focusing on texture analysis. Key tech-
niques include GLCM and GLDS, whose efficacy is supported by prior research [4]. These
analyses yield various metrics, such as contrast and variance, providing a comprehensive
assessment of tissue quality.

Morphological Assessment of Tendons: This module focuses on a tendon’s geometry,
including width, convexity, and parallelism. Unlike the rectangular ROI selection method
used in the previous index, we request users to select a polygonal ROI that matches the
tendon’s shape, enabling accurate measurements of distances and angles. Calculations of
maxima, minima, means, and ratios, as well as estimations of parallelism and convexity,
are derived from this geometric analysis. An estimation of parallelism is determined from
the standard deviation, while convexity is calculated as the ratio between a ROI’s area and
its convex hull area.

Bone Tissue Analysis: This module focuses on the bone into which the tendon is
inserted. Recognizing a bone’s impact on tendon health, especially at the interface between
the two, this module isolates the bone in question within a rectangular ROI using ultra-
sonographic reflectivity criteria. Key parameters include area, perimeter, convexity, and the
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number of bone fragments, which influence tendon health. The size (area and perimeter)
and homogeneity of the bone are also crucial indicators of overall tissue health. For this
objective, a thresholding process is performed to delineate the bone region [42].

Comprehensive details of all parameters are listed in Table 2.

2.3. Subjective and Objective Analysis of Ultrasonographic Images by the Expert

The expert subjectively and objectively evaluated the 14 patellar tendon (n = 7 healthy;
n = 7 pathological) ultrasound images twice using the new tool. The assessments were
conducted on separate days to minimize recall bias. The expert evaluator had more than
10 years of experience in tendon ultrasound and was blinded to the clinical statuses of
the participants.

2.3.1. Subjective Analysis of Ultrasonographic Tendon Images by the Expert

The subjective evaluation was performed using a four-grade scale, a modification
of the score proposed by Sunding et al. [43]: 0—normal structure; 1—light structural
changes; 2—moderate structural changes; and 3—severe structural changes (Table S1 of
Supplementary Material). The expert applied this subjective scale to four parameters
of the ultrasonographic images of the tendon: (a) bone insertion (enthesis), (b) tendon
borders or interface (upper and lower epitenon), (c) tendon quality (tissue quality), and
(d) morphology.

2.3.2. Objective Analysis of Ultrasonographic Tendon Images by the Expert Using the
New Tool

Independently, the expert used the newly developed tool for objective tendon analysis.
They simply selected regions of interest in each tendon, enabling the new system to
provide quantitative values for each image. The result of applying the software to an
ultrasonographic image of the tendon was a vector with 51 variables.

2.4. Statistical Analysis of the Software Output

Each computation was conducted within the designated ROI for the tissue region, and
the output, along with the evaluator’s subjective assessments, was documented for further
statistical analysis.

For each ROI, we assessed the intra-rater reliability of the evaluator’s responses using a
scale ranging from 0 to 3 and of the quantitative scores from the software output. Reliability
was evaluated by means of the squared-weighted Kappa coefficient for the responses
and the intraclass correlation coefficient (ICC) for the quantitative scores. Additionally,
we calculated Kendall’s concordance coefficient (KCC or Kendall’s W) for all variables
to directly compare the rank-based reliability between the ordinal responses and the
quantitative variables. These coefficients range between 0 (no agreement) and 1 (total
agreement). Kappa coefficient may assume negative values, but the latter interpretation
remains between 0 and 1. Coefficients were fitted using the R package ‘irr’ (v. 0.84.1) [44].

Prediction Models

A prediction model is built for each ROI. The aim is to estimate probabilities of tendon
status for a new patient from the image information. For each ROI, we defined a binary
response variable based on whether the evaluator’s assessment was equal to three (Y3) or
not. Y3 responses were fitted using logistic regressions via generalized linear mixed-effects
models (GLMM) with fixed-effects linked to the image measurements and participants’
effect as random-effects. The GLMM effectively accounts for the intra- and inter-variability
of the study design. Furthermore, it is difficult to detect non-linear patterns given a
pilot sample size, then logistic regression models offer an interpretable robust approach
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preferable to other complex machine learning algorithms in this context. The GLMM model
can be defined as the log odds ratio:

ln

(
P
(
Y3ij = 1

∣∣ xij, uj
)

P
(
Y3ij = 0

∣∣ xij, uj
)) = β0 + β1xij + uj (1)

where Y3ij stands for the dichotomized assessment response of the i’th observation of the
j’th subject (i.e., level); xij represents the quantitative covariate; β0 stands for the intercept;
β1 is the regression coefficient; uj is the random effect of the j’th level. It is assumed that
uj follows a normal distribution with mean zero and variance σ2. Then, the regression
coefficient β1 measures the effect of increase/decrease in x by one unit on the log odds
ratio [45].

First, quantitative variables of the ROI with an intraclass correlation coefficient (ICC)
lower than 0.75 were rejected as explanatory variables for the models and discarded,
considering them inadequate for establishing the classification procedure. Second, for
each non-discarded variable, a GLMM with a single-term fixed effect was considered;
this restriction is applied to avoid overparameterization in models due to the sample
size. The estimation procedure uses the default parameter settings of the R package ‘lme4’
(v. 1.1-33) [46]. Then, we tested model prediction skills using a leave-one-level-out cross-
validation (LOLO-CV) approach. The LOLO-CV works as follows: for each participant’s
assessments, a GLMM is fitted with all the remaining participants as training data, and then
we predict their responses using the GLMM fixed-effects model (i.e., GLMM prediction with
a new random-effect level). Therefore, in each ROI binary response, for each quantitative
variable, we calculated receiver operating characteristic (ROC) curves and computed their
corresponding area-under-the-curve (AUC) scores under cross-validation conditions. The
ROC expresses the trade-off between the sensitivity and specificity scores, and the AUC
accounts for the area below of this curve. The AUC provides a comprehensive assessment
of the selected model’s performance and reflects the model’s ability to predict different
samples. It is one of the most frequent metrics for the assessment of model performance
in practical applications [47,48]. The R package ‘pROC’ (v. 1.18.0) [49] was used. As a
general reference for the AUC scores in the biomedical context, 0.5 can be interpreted as the
nominal chance classification, while scores above 0.7 can be interpreted as fair prediction
performance, those above 0.8 can be interpreted as good prediction performance, and those
above 0.9 can be interpreted as excellent prediction performance [50,51]. Finally, the model
with the highest AUC is selected.

Additionally, we developed the algorithm for a binary response defined based on
whether the evaluator’s assessment was higher than zero (Y1) or not (i.e., an indicator of
any type of structural changes).

3. Results
3.1. Experimental Procedure and Database

The database was obtained from the experimental/empirical use of an image method
applied by an expert and designed to be applied to seven healthy controls and seven
patients with patellar tendinopathy. Given that we had between 5 and 13 variables for
each of the four ROIs and recorded multiple assessments for each ultrasonography, the
cumulative result was a substantial volume of stored data.

The expert’s 0-to-3 classification for the images is summarized in Table S2 of the
Supplementary Materials. As shown, light structural changes were found in some ROIs in
healthy participants, while some ROIs in participants with tendinopathy were scored as
0, without apparent pathological alterations. Approximately half of the scores for Bone,
Thickness, and Upper Edge ROIs were graded as 0, showing a more conventional pattern
compared to the scores obtained for Quality and Lower Edge ROIs, where the rating was
more widespread. In fact, no ratings of 0 were obtained for the lower-edge ROI.
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Table S3 in the Supplementary Materials summarizes the description of the image
measurements in every ROI for the groups defined by the expert classification for 0 and
3 levels of tendinopathy. Overall, the average values of the quantitative variables contrasted
between these two levels; in particular, Bone and Quality ROI values tended to differ more
than their corresponding standard deviations.

3.2. Reliability Scores

The reliability of the clinical assessments through the Kappa and KCC scores was
analyzed. Table 3 and Figure 3 show the results obtained for one of the ROIs, namely,
the Bone ROI, with the label ‘Clinical’. Figures S1–S4 in the Supplementary Materials
summarize the results for the other ROIs. In general, a high level of agreement was
obtained for most of the ROIs, with Kappa scores over 0.9 and KCC scores above 0.75. A
different trend was identified for the Lower-Edge ROI, with moderate scores (Kappa = 0.67;
KCC = 0.51).

Table 3. Area under the curve (AUC) of the receiver operating characteristic (ROC) curve for the
prediction responses of the Leave-one-level-out Cross-validation (LOLO-CV), and estimated β1
parameter with its standard error (s.e.) for each quantitative variable of the Bone ROI and binary
response Y3 (Evaluation = 3).

ROI: Bone AUC β1 (s.e.)

Area 0.63 22.79 (13.07)
Perimeter 0.57 2.09 (1.24)
Convexity 0.7 15.61 (49.02)

Homogeneity 0.63 7.42 (36.91)
Contrast 0.75 −0.26 (0.22)

ASM 0.67 3.02 (19.14)
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Regarding the reliability of the quantitative variables assessed using ICCs, all variables
for the Bone ROI showed high levels of agreement, with some scores being over 0.9 and
all of them being over 0.75 (Figure 3). The results for the rest of the ROIs appear in
Figures S1–S4 in the Supplementary Materials. Nevertheless, all scores were over 0.75
for Quality ROI and for most of the Lower and Upper Edges variables. Regarding the
Thickness ROI, only two measurements had ICC scores over 0.75. In contrast, the KCC
scores for the quantitative variables tended to be higher than the ICCs, which implies that
variable units differed to a greater extent than the variable ranks.

3.3. Prediction Scores

The prediction results based on the quantitative variables showed, in general, rel-
atively high AUC scores for the prediction of the evaluation responses. Table S4 of the
Supplementary Materials summarizes the results for the different ROIs. Specifically, for
the Bone ROI, the prediction for assessment indicating some change (Y1, light to severe
change) shows high AUC scores of over 0.9 for homogeneity and ASM measures. Lower
scores were obtained for the prediction of severe change (assessment of the evaluation of
level three, Y3), but contrast measurement has an associated AUC of 0.75 (see Table 3). In
particular, Figure 4 shows the prediction function based on contrast measurement (left
panel), as well as the corresponding ROC curve (right). Both the Thickness and Quality
ROIs showed excellent AUC scores, with values over 0.89 for both responses Y1 and Y3 (see
Supplementary Materials, Table S4). Therefore, in these ROIs, whichever image variable
had a high predictive ability. For instance, Quality’s GLDS_homogeneity was able to clas-
sify in both health and severe conditions with high accuracy. The Upper Edge ROI showed
excellent ability for the prediction of healthy controls and for some of the GLCM variables,
particularly GLCM_IDmoment. However, it was not possible to predict the Y3 response,
because none of the patients scored level 3 in both repetitions, so the corresponding model
was not created.
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4. Discussion

Ultrasonography is widely used in clinical practice for the assessment of tendons as
it offers advantages such as safety, cost-effectiveness, and ease of application. However,
operator dependency and subjectivity of interpretation are the major limitations to its
widespread utility. Our study aimed to develop a new tool for quantifying ultrasonographic
assessments of the patellar tendon. Moreover, we aimed to test its reliability and validity in
order to explore its usefulness to evaluate pathological changes in tendon structure and its
applicability to clinical practice. Particularly, we plan to broaden the tool’s applicability to
other tendons like the Achilles tendon or the plantar fascia tendon to gain valuable insights
into its utility across different anatomical regions.
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A new quantification assessment tool for sonographic images of tendons was devel-
oped. It provides several variables concerning four different ROIs in tendinopathies. Other
authors have developed systems for the ultrasound quantification of the tendon, with
particular emphasis on Ultrasound Tissue Characterization (UTC). These systems have
shown fair-to-good intra-examiner reliability (ICC = 0.61–0.88), being comparable to the
values obtained in our study. The tool developed in the current study not only provides a
quantitative assessment of the tissue quality of a tendon but also evaluates bone insertion,
tendon borders, and morphology, which are ROIs that should be explored in sonographic
assessments of tendinopathies according to Sunding et al. [43].

A high level of reliability was found for most of the ROIs, with Kappa scores over 0.9,
KCC scores above 0.75, and ICCs over 0.75 for Quality ROI and most of the Lower and
Upper Edges variables. Previous studies on sonographic assessment found higher reliability
of quantitative measurements compared to qualitative measurements [52]. According
to the literature, thickness and cross-sectional area (CSA) are the most commonly used
quantitative measures in tendon ultrasound assessment. Several studies evaluated the
reliability of these measurements for different tendons [18,29,53,54], with positive results
for intra- and inter-rater reliability, especially with respect to expert raters [26,52]. Skou
et al. [26] found high intra- (ICC = 0.89–0.94) and inter-rater (ICC = 0.78–0.91) reliability of
tendon thickness and CSA measurements in the patellar tendon [26,33].

A high ability for prediction was obtained in most of the ROIs: both Thickness and
Quality ROIs showed excellent AUC scores over 0.89 for both responses Y1 and Y3; the
Upper Edge ROI manifested excellent ability for the prediction of healthy controls; and
Bone ROI obtained AUC scores over 0.9 for assessment Y1. The ability to predict changes in
tendons with quantitative measures has previously been explored in regard to the patellar
tendon. Ríos-Díaz et al. [25] found that the quantification of thickness and CSA turned
out to be a good indicator of patellar tendinopathy. Thickness and CSA are simple and
practical measurements in clinical practice, but they may be insufficient for detecting subtle
or subclinical tissue changes [17,20]. To the best of our knowledge, this is the first approach
in the literature that aims to provide quantitative reliable information on the four ROIs to
assess tendon condition with ultrasonography.

Finally, the following limitations must be recognized. Firstly, the assessment was per-
formed solely on the patellar tendon. This is a superficial, relatively wide, linear, and thick
tissue, making it easy to assess with ultrasonography. Moreover, patellar tendinopathy
is one of the most prevalent pathologies in tendons in the general population, making it
clinically relevant. It was purposefully chosen to facilitate the initial validation of this new
tool. Therefore, some precautions must be considered when extrapolating the results to
other tissues. The initial sample size included seven tendons with patellar tendinopathy
and seven healthy controls. In a further step, our study will expand by increasing the
subject sample size to refine the evaluation tool. By including a more diverse cohort,
we aim to enhance the reliability and validity of our quantitative assessment of tendon
pathologies. Secondly, ultrasonographic assessment is a method that depends on the in-
terpretation of the examiner, hindering the quantification of objective variables. Previous
studies have shown higher reliability and validity values for experienced examiners than
non-experienced examiners in regard to ultrasound assessment [33,55]. Thus, the evalu-
ator chosen for our study was a professional with more than ten years of experience in
musculoskeletal ultrasonography. Furthermore, a standardized protocol was followed
to obtain precise and reliable measurements and avoid the main difficulties that crop
up when performing ultrasound. This includes minimizing probe pressure, which can
influence size measurements, and tilting the probe perpendicular to the tissue to avoid
image distortion [56,57]. To overcome this limitation, the authors recommended that a
single evaluator with experience should be employed to capture all images [58]. Thirdly,
although a new easy ultrasound quantification tool has been developed and is available
for any ultrasound machine, in the present study, only one ultrasound machine was used.
Given the large number of ultrasound machines available, the quantified measurements
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should be comparable from one machine to another to allow higher practicality [33,59]. In
this regard, previous authors demonstrated that tendon measurements are reliable, even
when obtained with different pieces of equipment [33,59]. Fourthly, certain limitations
concerning the statistical modeling should be considered. Particularly, the relatively low
sample size may have impacted the accuracy of the intra-rater reliability and the performed
prediction analyses. These limitations should be considered when interpreting the results
of our study. Therefore, in future studies, we aim to address these limitations by increasing
both the sample size and the diversity of the cohort to enhance the accuracy of analytical
predictions. Additionally, as we refine the tool for patellar tendon assessment, we will
expand our investigations to include other tissues, such as the Achilles tendon and the
plantar fascia

5. Conclusions

A new tool for quantifying the ultrasonographic evaluation of tendons was developed
and validated for the patellar tendon. This new tool showed high reliability, with ICCs
above 0.75 in most cases. Several quantitative variables manifested an ability to predict the
expert’s subjective assessment. These results evidenced, in general, relatively high AUC
scores for the prediction of the evaluation responses. The results should be interpreted in
consideration of the limitations of this study.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/diagnostics14111067/s1. Table S1: Description of the subjective tendon
assessment scale scores; Table S2: Subjective classification for each ROI by an expert in categories
from 0 to 3; Table S3: Description of variables for each ROI in groups defined by expert classification
in categories 0 or 3; Table S4: Area under the curve (AUC) of the receiver operating characteristic
(ROC) curve for the prediction responses of the Leave-one-level-out Cross-validation (LOLO-CV) for
each quantitative variable of the bone, thickness, and quality regions of interest and binary responses
of Y1 (Evaluation ≥ 1) and Y3 (Evaluation = 3); Figure S1: Bar plot including the intra-rater coefficient
scores for the Kendall’s concordance (KCC), Kappa, and intraclass correlation (ICC) coefficients
for the intra-rater reliability in the “Thickness” region of interest; Figure S2: Bar plot including the
intra-rater coefficient scores for the Kendall’s concordance (KCC), Kappa, and intraclass correlation
(ICC) coefficients for the intra-rater reliability in the “Quality” region of interest; Figure S3: Bar plot
including the intra-rater coefficient scores for the Kendall’s concordance (KCC), Kappa, and intraclass
correlation (ICC) coefficients for the intra-rater reliability in the “Lower edge” region of interest;
Figure S4: Bar plot including the intra-rater coefficient scores for the Kendall’s concordance (KCC),
Kappa, and intraclass correlation (ICC) coefficients for the intra-rater reliability in the “Upper edge”
region of interest.
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34. Torgutalp, Ş.Ş.; Babayeva, N.; Taş, S.; Dönmez, G.; Korkusuz, F. Effects of Hyperlipidemia on Patellar Tendon Stiffness: A Shear
Wave Elastography Study. Clin. Biomech. 2020, 75, 104998. [CrossRef] [PubMed]

35. Zhang, Z.J.; Ng, G.Y.F.; Lee, W.C.; Fu, S.N. Changes in Morphological and Elastic Properties of Patellar Tendon in Athletes
with Unilateral Patellar Tendinopathy and Their Relationships with Pain and Functional Disability. PLoS ONE 2014, 9, e108337.
[CrossRef] [PubMed]

36. Kulig, K.; Landel, R.; Chang, Y.J.; Hannanvash, N.; Reischl, S.F.; Song, P.; Bashford, G.R. Patellar Tendon Morphology in Volleyball
Athletes with and without Patellar Tendinopathy. Scand. J. Med. Sci. Sports 2013, 23, e81–e88. [CrossRef] [PubMed]

37. Ansari, M.Y.; Changaai Mangalote, I.A.; Meher, P.K.; Aboumarzouk, O.; Al-Ansari, A.; Halabi, O.; Dakua, S.P. Advancements in
Deep Learning for B-Mode Ultrasound Segmentation: A Comprehensive Review. IEEE Trans. Emerg. Top. Comput. Intell. 2024,
1–24. [CrossRef]

38. Rueda, S.; Fathima, S.; Knight, C.L.; Yaqub, M.; Papageorghiou, A.T.; Rahmatullah, B.; Foi, A.; Maggioni, M.; Pepe, A.; Tohka, J.;
et al. Evaluation and Comparison of Current Fetal Ultrasound Image Segmentation Methods for Biometric Measurements: A
Grand Challenge. IEEE Trans. Med. Imaging 2014, 33, 797–813. [CrossRef] [PubMed]

39. Bradski, G.; Kaehler, A. Dr Dobb’s Journal of Software Tools. OpenCV Libr. 2000, 25, 120.
40. Giakoumoglou, N. PyFeats (Version 1.0.11) [Computer Software]. 2021. Available online: https://doi.org/10.5281/zenodo.6783

286 (accessed on 26 March 2024). [CrossRef]
41. Boussouar, A.; Meziane, F.; Crofts, G. Plantar Fascia Segmentation and Thickness Estimation in Ultrasound Images. Comput. Med.

Imaging Graph. 2017, 56, 60–73. [CrossRef]
42. Burger, W.; Burge, M.J. Automatic Thresholding. In Principles of Digital Image Processing; Springer: Berlin/Heidelberg, Germany,

2013; pp. 5–50. [CrossRef]
43. Sunding, K.; Fahlström, M.; Werner, S.; Forssblad, M.; Willberg, L. Evaluation of Achilles and Patellar Tendinopathy with

Greyscale Ultrasound and Colour Doppler: Using a Four-Grade Scale. Knee Surgery, Sport. Traumatol. Arthrosc. 2016, 24, 1988–1996.
[CrossRef]

44. Gamer, M.; Lemon, J.; Fellows, I.; Singh, P. irr: Various Coefficients of Interrater Reliability and Agreement. R Package Version
0.84.1. 2019. Available online: https://CRAN.R-project.org/package=irr (accessed on 26 March 2024).

45. Li, B.; Lingsma, H.F.; Steyerberg, E.W.; Lesaffre, E. Logistic Random Effects Regression Models: A Comparison of Statistical
Packages for Binary and Ordinal Outcomes. BMC Med. Res. Methodol. 2011, 11, 77. [CrossRef]

46. Bates, D.; Mächler, M.; Bolker, B.M.; Walker, S.C. Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

47. Xu, D.; Zhou, H.; Quan, W.; Jiang, X.; Liang, M.; Li, S.; Ugbolue, U.C.; Baker, J.S.; Gusztav, F.; Ma, X.; et al. A New Method
Proposed for Realizing Human Gait Pattern Recognition: Inspirations for the Application of Sports and Clinical Gait Analysis.
Gait Posture 2024, 107, 293–305. [CrossRef] [PubMed]

48. Xu, D.; Quan, W.; Zhou, H.; Sun, D.; Baker, J.S.; Gu, Y. Explaining the Differences of Gait Patterns between High and Low-Mileage
Runners with Machine Learning. Sci. Rep. 2022, 12, 1–12. [CrossRef] [PubMed]

49. Robin, X.; Turck, N.; Hainard, A.; Tiberti, N.; Lisacek, F.; Sanchez, J.C.; Müller, M. pROC: An Open-Source Package for R and S+
to Analyze and Compare ROC Curves. BMC Bioinform. 2011, 12, 77. [CrossRef]

50. Carter, J.V.; Pan, J.; Rai, S.N.; Galandiuk, S. ROC-Ing along: Evaluation and Interpretation of Receiver Operating Characteristic
Curves. Surgery 2016, 159, 1638–1645. [CrossRef]

https://doi.org/10.1016/j.clinimag.2013.01.007
https://www.ncbi.nlm.nih.gov/pubmed/23759209
https://doi.org/10.1136/bjsports-2012-091303
https://www.ncbi.nlm.nih.gov/pubmed/23064082
https://doi.org/10.1111/sms.12491
https://doi.org/10.1136/ard.2004.030387
https://doi.org/10.1136/bjsm.2009.061010
https://doi.org/10.1109/TMI.2007.912389
https://www.ncbi.nlm.nih.gov/pubmed/18450534
https://doi.org/10.1177/0363546513498988
https://www.ncbi.nlm.nih.gov/pubmed/23940204
https://doi.org/10.1016/j.ultrasmedbio.2012.12.001
https://www.ncbi.nlm.nih.gov/pubmed/23465140
https://doi.org/10.1016/j.clinbiomech.2020.104998
https://www.ncbi.nlm.nih.gov/pubmed/32335470
https://doi.org/10.1371/journal.pone.0108337
https://www.ncbi.nlm.nih.gov/pubmed/25303466
https://doi.org/10.1111/sms.12021
https://www.ncbi.nlm.nih.gov/pubmed/23253169
https://doi.org/10.1109/TETCI.2024.3377676
https://doi.org/10.1109/TMI.2013.2276943
https://www.ncbi.nlm.nih.gov/pubmed/23934664
https://doi.org/10.5281/zenodo.6783286
https://doi.org/10.5281/zenodo.6783286
https://doi.org/10.5281/zenodo.6783286
https://doi.org/10.1016/j.compmedimag.2017.02.001
https://doi.org/10.1007/978-1-84882-919-0_2
https://doi.org/10.1007/s00167-014-3270-4
https://CRAN.R-project.org/package=irr
https://doi.org/10.1186/1471-2288-11-77
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://www.ncbi.nlm.nih.gov/pubmed/37926657
https://doi.org/10.1038/s41598-022-07054-1
https://www.ncbi.nlm.nih.gov/pubmed/35194121
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.surg.2015.12.029


Diagnostics 2024, 14, 1067 14 of 14

51. Nahm, F.S. Receiver Operating Characteristic Curve: Overview and Practical Use for Clinicians. Korean J. Anesthesiol. 2022, 75,
25–36. [CrossRef]

52. Cheng, J.W.; Tsai, W.C.; Yu, T.Y.; Huang, K.Y. Reproducibility of Sonographic Measurement of Thickness and Echogenicity of the
Plantar Fascia. J. Clin. Ultrasound 2012, 40, 14–19. [CrossRef]

53. Filippucci, E.; Zehra Aydin, S.; Karadag, O.; Salaffi, F.; Gutierrez, M.; Direskeneli, H.; Grassi, W. Reliability of High-Resolution
Ultrasonography in the Assessment of Achilles Tendon Enthesopathy in Seronegative Spondyloarthropathies. Ann. Rheum. Dis.
2009, 68, 1850–1855. [CrossRef]

54. Middleton, W.D.; Teefey, S.A.; Yamaguchi, K. Sonography of the Rotator Cuff: Analysis of Interobserver Variability. Am. J.
Roentgenol. 2004, 183, 1465–1468. [CrossRef] [PubMed]

55. Poltawski, L.; Ali, S.; Jayaram, V.; Watson, T. Reliability of Sonographic Assessment of Tendinopathy in Tennis Elbow. Skeletal
Radiol. 2012, 41, 83–89. [CrossRef] [PubMed]

56. O’Connor, P.J.; Grainger, A.J.; Morgan, S.R.; Smith, K.L.; Waterton, J.C.; Nash, A.F. Ultrasound Assessment of Tendons in
Asymptomatic Volunteers: A Study of Reproducibility. Eur. Radiol. 2004, 14, 1968–1973. [CrossRef] [PubMed]

57. Ríos-Díaz, J.; Martínez-Payá, J.J.; del Baño-Aledo, M.E.; de Groot-Ferrando, A.; Botía-Castillo, P.; Fernández-Rodríguez, D.
Sonoelastography of Plantar Fascia: Reproducibility and Pattern Description in Healthy Subjects and Symptomatic Subjects.
Ultrasound Med. Biol. 2015, 41, 2605–2613. [CrossRef] [PubMed]

58. Collinger, J.L.; Gagnon, D.; Jacobson, J.; Impink, B.G.; Boninger, M.L. Reliability of Quantitative Ultrasound Measures of the
Biceps and Supraspinatus Tendons. Acad. Radiol. 2009, 16, 1424–1432. [CrossRef] [PubMed]

59. Del Baño-Aledo, M.E.; Martínez-Payá, J.J.; Ríos-Díaz, J.; Mejías-Suárez, S.; Serrano-Carmona, S.; de Groot-Ferrando, A. Ultrasound
Measures of Tendon Thickness: Intra-Rater, Inter-Rater and Inter-Machine Reliability. Muscles. Ligaments Tendons J. 2017, 7,
192–199. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4097/kja.21209
https://doi.org/10.1002/jcu.20903
https://doi.org/10.1136/ard.2008.096511
https://doi.org/10.2214/ajr.183.5.1831465
https://www.ncbi.nlm.nih.gov/pubmed/15505321
https://doi.org/10.1007/s00256-011-1132-4
https://www.ncbi.nlm.nih.gov/pubmed/21384199
https://doi.org/10.1007/s00330-004-2448-4
https://www.ncbi.nlm.nih.gov/pubmed/15309497
https://doi.org/10.1016/j.ultrasmedbio.2015.05.024
https://www.ncbi.nlm.nih.gov/pubmed/26164287
https://doi.org/10.1016/j.acra.2009.05.001
https://www.ncbi.nlm.nih.gov/pubmed/19596592
https://doi.org/10.11138/mltj/2017.7.1.192

	Introduction 
	Materials and Methods 
	Ultrasonographic Scanning of the Patellar Tendons of the Participants 
	Design of the Quantitative Assessment Tool for Ultrasonographic Images of the Patellar Tendon 
	Regions of Interest (ROIs) 
	Quantifying Characteristics of ROI Images 

	Subjective and Objective Analysis of Ultrasonographic Images by the Expert 
	Subjective Analysis of Ultrasonographic Tendon Images by the Expert 
	Objective Analysis of Ultrasonographic Tendon Images by the Expert Using the New Tool 

	Statistical Analysis of the Software Output 

	Results 
	Experimental Procedure and Database 
	Reliability Scores 
	Prediction Scores 

	Discussion 
	Conclusions 
	References

