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Featured Application: Quantitative texture analysis of tendon ultrasound images for determination
of subclinical tendinopathy.
Abstract: Abnormalities in B-mode ultrasound images of the patellar tendon often take place
in asymptomatic athletes but it is still not clear if these modifications forego or can predict
the development of tendinopathy. Subclinical tendinopathy can be arbitrarily defined as either
(1) the presence of light structural changes in B-mode ultrasound images in association with mild
neovascularization (determined with Power Doppler images) or (2) the presence of moderate/severe
structural changes with or without neovascularization. Up to now, the structural changes and
neovascularization of the tendon are evaluated qualitatively by visual inspection of ultrasound
images. The aim of this study is to investigate the capability of a quantitative texture-based approach
to determine tendon abnormality of “pallapugno” players. B-mode ultrasound images of the
patellar tendon were acquired in 14 players and quantitative texture parameters were calculated
within a Region of Interest (ROI) of both the non-dominant and the dominant tendon. A total of
90 features were calculated for each ROI, including 6 first-order descriptors, 24 Haralick features,
and 60 higher-order spectra and entropy features. These features on the dominant and non-dominant
side were used to perform a multivariate linear regression analysis (MANOVA) and our results show
that the descriptors can be effectively used to determine tendon abnormality and, more importantly,
the occurrence of subclinical tendinopathy.
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1. Introduction
Ultrasonography is an effective non-invasive imaging technique used in musculoskeletal
medicine both for (1) investigating the skeletal muscle structure and calculating quantitative muscle
parameters [1–4] and for (2) qualitative and quantitative assessment of tendon structure (echo-intensity)
and size (thickness, length, and cross-sectional area) [5–8]. Ultrasound imaging presents many
advantages, including the fact that it is portable, has low associated costs, is non-invasive, and
does not use any ionizing radiation for imaging, but rather innocuous high frequency sound waves.
On the other hand, however, it is a very operator-dependent technique and presents a high intra- and
inter-reader variability [9].
Ultrasound imaging of the patellar tendon is commonly employed to study tendon abnormalities
that could occur because of repetitive overload, which is a common happening in professional athletes
of various disciplines [10–13]. Patellar tendinopathy (PT) is especially common in athletes that play
sports that require jumping, such as basketball and volleyball, giving it its common-term name of
“jumper’s knee” [14,15]. Recent studies focused on the analysis of changes in elastic properties of
the patellar tendon using shear wave imaging [16–21]. Zhang et al. [18] showed that athletes with
unilateral PT had a stiffer tendon (i.e., higher shear elastic modulus) on the non-painful side when
compared to the painful side (25.8 ± 10.6 kPa vs. 43.6 ± 17.9 kPa, respectively), whereas healthy
controls showed no difference of stiffness between sides (27.5 ± 11.3 kPa vs. 27.9 ± 8.4 kPa). In their
study, they also conducted a morphological analysis and found that the athletes with PT had a
larger painful tendon compared with the contralateral non-painful side (thickness: 6.9 ± 1.8 mm vs.
4.6 ± 0.6 mm, respectively), whereas the controls had no difference between sides (5.6 ± 1.2 mm
vs. 5.3 ± 1.0 mm). Morphological abnormalities in the tendon ultrasound image, such as increased
tendon thickness, neovascularization, and presence of hypoechoic areas, have also been found in a
large percentage of asymptomatic athletes [9,11,13,22]. Recently, Giacchino et al. [23] also conducted a
study of patellar tendon size and structure in throwers and found that the prevalence of subclinical
tendinopathy was high in the non-dominant patellar tendon as a possible result of the repeated
non-dominant lower limb overload. To do so, the authors arbitrarily defined subclinical tendinopathy
as “the presence of either light structural changes in association with at least mild neovascularization
or moderate/severe structural changes with/without neovascularization” [23]. In the study, however,
the determination of structural changes was done by quantitative assessments of tendon echo intensity
and size and by qualitative analysis of the B-mode ultrasound images of both the dominant and
non-dominant side, which is a very subjective technique and can depend greatly on the ultrasound
scanner settings [24]. On the contrary, texture features that can be calculated on the B-mode ultrasound
image are intensity-invariant and have proven to be informative in the characterization of various
tissues, such as breast [25], ovarian tumors [26], thyroid lesions [27], liver [28], and recently also in
musculoskeletal images [29].
In this study, we aim to quantitatively analyze the presence of patellar tendon abnormality and
subclinical tendinopathy in professional asymptomatic players using a texture-based morphological
approach and the same image database as presented in [23]. In particular, the study provides
quantitative texture features calculated on the images initially used for the determination of a
qualitative structure score [23], and analyzes the capability of this approach to discriminate between
the dominant and non-dominant side of the player, and to determine the presence of subclinical
tendinopathy as defined previously.
2. Materials and Methods
2.1. Subject Database
Fourteen elite players of “pallapugno” who did not present any neuromuscular or skeletal
impairment volunteered to participate in the study. This sport is similar to Frisian handball and implies
that throwers repeatedly overload the non-dominant lower limb. The mean age was 21.8 ± 4.2 years
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and all participants were male. Side dominance was determined using the “Waterloo Handedness and
Footedness Questionnaires—Revised” [30], according to which, all subjects were right side dominant.
The study conformed to the guidelines of the Declaration of Helsinki and was approved by the local
ethics committee of the University of Turin. A detailed explanation of the protocol was given to the
participants who then gave written informed consent before participating.
2.2. Ultrasound Image Acquisition and Protocol
The subjects were asked to refrain from performing any strenuous physical activity 24 h before
the experimental session, during which B-mode ultrasound patellar tendon images were acquired.
Both the dominant and the non-dominant side were studied. The same experienced sonographer
(M.G.) performed all image acquisitions, for a total of 20 images for each subject. Specifically,
while the subject had the quadriceps muscle relaxed and was lying in a supine position, 8 images
were acquired with a knee angle of 30◦ , and then with a knee angle of 0◦ , 12 scans were acquired.
For the purpose of this texture-analysis study, 6 images on each side were analyzed as reported in
Table 1. The remaining 4 images on each side were employed also for qualitative assessments of
neovascularization and tendon structure as reported in [23]. According to the definition as cited in
the Introduction [23], 5 subjects out of the 14 were found to be affected by subclinical tendinopathy
(i.e., 5 subjects demonstrated the presence of light structural changes in association with at least mild
neovascularization or moderate/severe structural changes with/without neovascularization).
Table 1. Tendon B-mode image acquisition protocol for dominant and non-dominant side.
Plane

Probe Position

Knee Angle

Transversal
Longitudinal
Transversal
Longitudinal
Transversal
Longitudinal

Proximal
Proximal
Proximal
Proximal
Central
Central

0◦
0◦
30◦
30◦
30◦
30◦

All images were acquired using a ClearVue 550 ultrasound machine (Philips Medical Systems,
Milan, Italy) equipped with a linear array transducer (Philips L12-5, central frequency = 5–12 MHz).
The time-gain compensation was kept equal for all scans (neutral), dynamic image compression was
turned off, and the gain was set at 50% of the total range. The image acquisition preset was kept the
same for each subject and throughout the study. The ultrasound images were stored as DICOM files
and analyzed offline.
2.3. Texture Feature Extraction
All images were visually inspected and analyzed by the same experienced operator (C.C.) who drew
a region of interest (ROI) encompassing the tendon area within the ultrasound image frame. Figure 1
shows some examples of ROIs for one subject, comparing the dominant and non-dominant side of the
tendon. Figure 2 displays some example images of the non-dominant side of the players, highlighting
the difference between a subject with a “normal” tendon structure and a subject with an abnormal
tendon structure. An abnormal tendon structure was taken as one that fell into the category of subclinical
tendinopathy as arbitrarily defined in the study by Giacchino et al. [23] and as stated previously.
Numerous texture features were then extracted from within the ROI of each image, including
both the dominant side and the non-dominant side of the player. Specifically, a total of 90 texture
features were extracted for each ROI, for a total of 1080 textures features extracted for each subject
(90 features × 6 images × 2 sides). The texture features can be divided into the following three main
categories: (1) first-order statistical descriptors, (2) Haralick features, and (3) higher-order spectra,
entropy features, and Hu’s moments, which are subsequently described in more detail. All texture
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parameters were calculated by custom developed software in MATLAB (The MathWorks, Natick,
MA, USA).
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Figure 1. Representative patellar tendon images of one player displaying both the dominant and non-
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1. Representative patellar tendon images of one player displaying both the dominant and
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Standard
Standard deviation
(σ)(𝜎 2 )
Variance

Skewness
(Sk)
Variance
(σ2 )
Kurtosis
(Kt)
Skewness
(Sk )

x, y2)
∑𝑀
∑𝑁
{𝐼(𝑥, 𝑦) −I (𝑚}
𝑥=1
𝑦=1
m=
∑ xM=1 ∑yN=1
M
×N
s
𝑀×𝑁
2
M
N
I
x,
y
(
{
𝑀
𝑁
∑ x=1{𝐼(𝑥,
∑y=1𝑦) − 𝑚})2− m}
∑
∑
2 σ =𝑥=1 𝑦=1
𝜎 =
𝑀 × 𝑁M × N
𝑀 M ∑𝑁 N{𝐼(𝑥,
𝑚}m3}2
1 ∑∑
x, y−
)−
∑y=1 { I (𝑦)
𝑥=1
x
=
1 𝑦=1
𝑆𝑘 = σ2 =
3
𝑀×𝑁
𝜎 ×N
M
3
∑𝑁
M {𝐼(𝑥,
N 𝑦) − 𝑚}4
1 ∑𝑀
𝑥=1 ∑
𝑦=1
∑
1
x =1 y=1 { I ( x, y ) − m }
𝐾𝑡 =S =
4
k ×𝑁
𝑀
𝜎
M×N
σ3

𝜎=√

𝑀

𝑁

N
𝐸1 = ∑1 ∑
{ I2( x, y) − m}4
∑ xM=1 ∑𝐼(𝑥,
y=1𝑦)
𝑥=1
𝑦=1
Kt =
M×N
σ4
I(x,y) denotes the input muscle ROI.
E1 = ∑ xM=1 ∑yN=1 I ( x, y)2
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I(x,y) denotes the input muscle ROI.
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2.3.2. Haralick Features
The Haralick features are based on the gray level co-occurrence matrix (GCLM) [31], which
measures the number of times a specific intensity pattern between adjacent pixels is repeated. Since
adjacency can be measured in four principal directions (e.g., vertical, horizontal, and two diagonal
directions), the GLCM is computed using four angles: 0◦ , 45◦ , 90◦ , and 135◦ . The Haralick features
mathematically describe the GLCM through the calculation of the symmetry, contrast, homogeneity,
entropy, energy, and correlation. These features are computed for four directions, so a total of
24 descriptors are extracted for each ROI. The mathematical description of these features can be
found in Table 3.
Table 3. Mathematical description of Haralick features.
Feature Name
Symmetry (Isym )
Contrast (Icon )
Homogeneity (Ihmg )

Mathematical Description
Isym = 1 − ∑iN=−0 1 ∑ jN=−01 |i − j| P(i, j)
n
o
Icon = ∑nN=−01 n2 ∑iN=0 ∑ jN=−01 P(i, j)
Ihmg = ∑iN=−0 1 ∑ jN=−01

1
1 + ( i − j )2

P(i, j)

Entropy (IEntr )

−1
IEntr = − ∑iN=−0 1 ∑ N
j=0 P (i, j ) log P (i, j )

Energy (IEnrg )

IEnrg = ∑iN=−0 1 ∑ jN=−01 P(i, j)2

Correlation (Icor )

Icor =

∑iN=−0 1 ∑ jN=−01 (i, j) P(i, j) − µ x µy
σx σy

σx , σy , µy , µy are the standard deviations and means of Px , Py , which are the partial probability density functions.
p x (i ) = ith entry in the marginal-probability matrix obtained by summing the rows of P(i, j).

2.3.3. Higher-Order Spectra, Entropy Features, and Hu’s Moments
Higher-order spectra (HOS) invariants were first extracted from each ROI, which retains both
phase and magnitude information of the image [32]. The normalized bispectrum and phase entropies
are calculated from bispectrum plots for every 20◦ (i.e., 9 directions, from 0◦ to 160◦ ), generating a
total of 45 features since each bispectrum plot can be described with 5 features [32]. To further analyze
and measure pixel variations, the energy, Shannon [33], Renyi [34], Fuzzy [35], Kapur [36], Yager [37],
Vajda [38], and maximum entropy [39] were calculated on each ROI. Finally, 7 Hu’s moments which
represent the invariant patterns of the image were extracted [40].
2.4. Statistical Analysis
The overall number of texture features for each ROI was equal to 90, and each subject was
represented by 6 different B-mode images on both the dominant and non-dominant side. We used
a multivariate analysis of variance (MANOVA) to test the equality of the means among groups,
considering both the discrimination between (1) dominant side texture features and non-dominant side
texture features, and (2) subclinical tendinopathy texture features and non-subclinical tendinopathy
texture features, considering only the non-dominant side. In order to avoid singularities in the
observation matrix, collinear variables were first removed by the Belsley collinearity diagnostics
technique [41] prior to the MANOVA analysis. The default value of tolerance for the Belsley collinearity
diagnostics was used (tolerance value = 0.5) when considering the discrimination between the
dominant and non-dominant side. On the other hand, when determining the presence or absence of
subclinical tendinopathy, a tolerance value of 0.35 was used. These optimal values were employed
since a higher tolerance value led to an insufficient removal of collinear variables, whereas a lower
value discarded an excessive number of variables.
The dimension of the MANOVA was used to assess how many groups the data belongs to;
in particular, a dimension equal to 0 means that it is not possible to reject the null hypothesis that all
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subjects belong to the same group. Similarly, a dimension equal to 1 indicates that we can reject the
null hypothesis, meaning that the subjects can be divided into two groups. The Receiving Operator
Characteristic (ROC) analysis [42] was then performed on the first canonical variable in order to test
the classification quality obtained with the MANOVA analysis.
3. Results
3.1. Comparison between Dominant and Non-Dominant Side
When the tendon side (dominant or non-dominant) was considered as the dependent variable,
28 collinear variables were removed using the Belsley collinearity diagnostics technique, therefore
leaving a final total of 62 texture features that were considered in the MANOVA analysis. The MANOVA
dimension of the groups means was equal to 1 (p < 0.05). MANOVA dimensionality is fundamental
for understanding how the different samples were distributed on the canonical variables hyperplane.
In fact, MANOVA canonical variables are linear combinations of the original texture features and
are constructed so as to maximize the variance among groups. Finding a dimension of 1 therefore
ensures that one canonical variable (i.e., the first, since they are ordered with decreasing explained
variance) is sufficient to discriminate between tendon images of the dominant side of the players or of
the non-dominant side of the players. Figure 3a shows the plot of the samples based on the first and
second canonical variable, where a full dark circle indicates the dominant side of the player, and the
full light gray circle indicates the non-dominant side. As can be seen in this figure, the first canonical
variable is able to discriminate between the dominant and non-dominant side of the players.
The first column of Table 4 lists the texture features that had the highest absolute weight on the
first canonical variable, meaning that they were the most discriminant for the determination of the
side. The ROC analysis gave an area under the curve (AUC) equal to 0.906 (Figure 3b). Considering an
optimal threshold as the one determined by the maximum Youden index (sensitivity + specificity − 1),
the final classification results gave a sensitivity equal to 86.9%, a specificity equal to 79.8%, and an
accuracy equal to 83.3%.
Table 4. Image features that were the most discriminant between dominant and non-dominant side
(all subjects and only healthy subjects) and to determine subclinical tendinopathy.
Most Discriminant Features for Side
Determination (Weight)
Kurtosis
H. Correlation (0◦ )
H. Contrast (0◦ )
Skewness
H. Entropy (0◦ )
H. Correlation (45◦ )
H. Energy (45◦ )
H. Homogeneity (0◦ )
H. Entropy (45◦ )
H. Symmetry (45◦ )

(−65.0)
(58.9)
(12.9)
(−12.3)
(9.6)
(7.0)
(−6.3)
(3.5)
(2.3)
(−2.2)

Most Discriminant Features for Side
Determination (Only Healthy
Subjects) (Weight)
H. Homogeneity (45◦ )
H. Contrast (45◦ )
H. Symmetry (45◦ )
H. Symmetry (0◦ )
H. Energy (0◦ )
H. Correlation (0◦ )
H. Correlation (135◦ )
H. Energy (45◦ )
Mean Intensity
H. Entropy (45◦ )

(172.0)
(−155.8)
(−48.7)
(−29.7)
(27.2)
(27.1)
(6.1)
(−5.3)
(5.1)
(4.8)

Most Discriminant Features for
Subclinical Tendinopathy
Determination (Weight)
H. Symmetry (0◦ )
H. Contrast (45◦ )
H. Entropy (0◦ )
H. Correlation (45◦ )
H. Homogeneity (0◦ )
Mean Intensity
First−order Entropy
Kurtosis
Variance
H. Correlation (0◦ )

(−24.5)
(−14.3)
(14.2)
(13.4)
(5.5)
(4.8)
(4.3)
(−4.2)
(3.0)
(2.9)

Furthermore, we then analyzed the same dependent variable (dominant or non-dominant side) but
removing the subjects that presented subclinical tendinopathy. This further analysis was done to ensure
that the presence of these subjects did not skew the previous results. In this case, 16 collinear variables
were removed, leaving a final total of 74 texture features that were considered in the MANOVA
analysis. Figure 3c shows the plot of the samples based on the first and second canonical variable,
where a full dark circle indicates the dominant side of the player, and the full light gray circle indicates
the non-dominant side. As can be seen in this figure, the first canonical variable is again able to
discriminate between the dominant and non-dominant side of the healthy players.
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Figure 3. Results obtained when comparing dominant and non-dominant side texture features
Figure 3. Results obtained when comparing dominant and non-dominant side texture features
considering all subjects (first row) and only subjects with normal tendon structure (second row). The
considering all subjects (first row) and only subjects with normal tendon structure (second row).
black circles represent the dominant side textures features, while the gray circles represent the nonThe black circles represent the dominant side textures features, while the gray circles represent the
dominant side texture features. (a) Representation of all subjects in the plane of the first two canonical
non-dominant side texture features. (a) Representation of all subjects in the plane of the first two
variables obtained by a MANOVA analysis. The vertical gray dotted line represents the optimal
canonical variables obtained by a MANOVA analysis. The vertical gray dotted line represents the
threshold used (maximum Youden index) to obtain the sensitivity (86.9%), specificity (79.8%), and
optimal threshold used (maximum Youden index) to obtain the sensitivity (86.9%), specificity (79.8%),
accuracy (83.3%) results; (b) ROC analysis results demonstrating the classification quality of the first
and accuracy (83.3%) results; (b) ROC analysis results demonstrating the classification quality of the first
MANOVA canonical variable, with an AUC equal to 0.906; (c) Representation of the healthy subjects
MANOVA canonical variable, with an AUC equal to 0.906; (c) Representation of the healthy subjects
in the plane of the first two canonical variables obtained by a MANOVA analysis. The vertical gray
in the plane of the first two canonical variables obtained by a MANOVA analysis. The vertical gray
dotted line represents the optimal threshold used (maximum Youden index) to obtain the sensitivity
dotted line represents the optimal threshold used (maximum Youden index) to obtain the sensitivity
(96.3%), specificity (96.3%), and accuracy (96.3%) results; (d) ROC analysis results demonstrating the
(96.3%), specificity (96.3%), and accuracy (96.3%) results; (d) ROC analysis results demonstrating the
classification quality of the first MANOVA canonical variable, with an AUC equal to 0.989.
classification quality of the first MANOVA canonical variable, with an AUC equal to 0.989.
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in the tendon region of each image in order assess the characterization performance of the texture
descriptors in discriminating between sides and in discriminating the presence or absence of subclinical
tendinopathy, as arbitrarily defined. Our results show that the first-order and Haralick features proved
to be highly linked to both tendon side and the presence of subclinical tendinopathy, whereas the
higher-order spectra and entropy features did not add any further information when considering
these two cases. To the best of our knowledge, this is the first study that used texture features for the
quantitative analysis of tendon images for the determination of patellar tendon abnormality.
The tendinopathic process includes an increase in the number of vessels, tendon thickness,
hydrated components of the extracellular matrix, and the disorganization of collagen fibers and
breakdown of tissue organization [43–46]. Most of these findings may underlie the occurrence of
ultrasound markers of tendon histopathology, such as increased tendon cross-sectional area and
vascularity and decreased tendon echogenicity and stiffness. In fact, PT can also be investigated
through the employment of ultrasonic shear wave imaging [18,21,47–49], which gives information
about the stiffness of the affected tendon, but it is still typically evaluated through the ultrasonographic
assessment of tendon structure and size, such as the presence of hypoechoic areas, altered vascularity,
and localized tendon thickening. A previous study by the authors demonstrated quantitatively how
tendon size and echogenicity were related to the presence of subclinical tendinopathy [23]. However,
in the study, only a qualitative analysis was done to assess structural changes and the presence of
neovascularization. In this current study, we showed how we can effectively discriminate subjects
based solely on the quantitative texture features.
As can be noted, the Haralick features were quite determinant in understanding if an image
was either of the dominant or non-dominant side of the player and also in discriminating between
the presence or absence of subclinical tendinopathy. These features are based on statistics calculated
on the gray level co-occurrence matrix, which describes the patterns of neighboring pixels in an
image, giving an idea of the complexity of the various distributions of pixel intensity. Although no
histological analysis was done in this study, we can hypothesize that these features can be attributed
to a disorganization of collagen fibers and breakdown of tissue organization which are typically not
assessable through a mere calculation of tendon size or the presence of hypoechoic areas. It can
be noted how the most discriminant features are different when considering side determination
when including or excluding the subclinical tendinopathy subjects. In fact, when these subjects are
included, the “kurtosis” and “skewness” features are among the most discriminant. These two features
measure how outlier-prone a distribution is and the asymmetry of the data distribution, respectively,
showing how, while the MANOVA analysis is still able to correctly discriminate between dominant
and non-dominant sides, the subclinical tendinopathy subjects present discriminative features that are
more related to a disorganization of tissues. This can also be observed when discriminating between
subjects with and without subclinical tendinopathy, where the Haralick Symmetry feature (0◦ ) is the
most discriminant feature, and where numerous other features that can describe the tissue organization
(such as entropy, correlation, homogeneity) are also found to be discriminant. As can be noted in
the second column of Table 4, when considering only subjects without subclinical tendinopathy and
discriminating the side determination, the first two features (Homogeneity and Contrast) represent a
very high weight, approximately three times higher than the third feature. From this analysis, we can
see that even when considering only healthy subjects, there is still a net difference in the tendon
ultrasound texture parameters that relate to tissue organization and echogenicity, which is also in
accordance with the study by Giacchino et al. [23].
A main finding of this study is how, through a quantitative textural analysis of only B-mode
images, it is possible to determine with high accuracy the subjects that presented a subclinical
tendinopathy as defined arbitrarily by inspecting both B-mode images and Power Doppler images
(for the assessment of neovascularization). We can therefore hypothesize that a quantitative
texture-based approach as presented here can be of aid for the diagnosis (as well as monitoring
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and prognosis) of subclinical tendinopathy in a standardized manner, requiring only the identification
of the tendon ROI within the B-mode image.
The clinical management of patellar tendinopathy is currently complicated as the diagnosis is
currently based on a combination of clinical criteria and ultrasound/MRI findings. However, there are
no means to detect the onset of tendinopathy before the appearance of clinical signs and no tools are
currently available for the prediction and prognosis of patellar tendinopathy. Therefore, the availability
of ultrasound markers of tendon histopathology can be useful to track the progression of tendinopathy
over time and may help to indicate early response to therapeutic interventions.
However, further studies are required to establish a causal association between ultrasound
markers of tendon histopathology and the actual development of tendinopathy as well as the increased
risk of tendon rupture.
This work has the following main limitations. First of all, the sample size was small and included
only athletes that played a very specific sport, making it difficult to generalize our findings to
other populations. Secondly, no histopathological assessment was done to confirm the development
of tendinopathy.
In the future, we plan to extend our work presented here and analyze the potential correlations
between tendon texture features and its stiffness, and to develop an automated tool for the
segmentation of the tendon in the ultrasound frame, which would enhance both the morphological
and elastic analysis of tendon properties.
5. Conclusions
In conclusion, the current study confirmed the possibility of identifying tendon abnormalities
through the quantitative texture analysis of ultrasound B-mode images. Specifically, we showed
how it is possible to both discriminate between the dominant and non-dominant patellar tendon
of “pallapugno” players and, more importantly, to discriminate between players with or without
subclinical tendinopathy by using only the quantitative texture features calculated on B-mode images,
independent of both tendon size and information derived from a Power Doppler analysis.
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