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Simple Summary: The patellar ligament is an important stabilizer of the stifle, and it is highly
stressed in patients suffering from rupture of the cranial cruciate ligament. To date, however, there
are no studies describing the establishment of anatomical or functional damage to this ligament
after cranial cruciate ligament rupture. This study aims to evaluate the appearance of the patellar
ligament by ultrasound and elastosonography in dogs affected by rupture of the cranial cruciate
ligament but not yet treated in order to understand if signs of thickening and reduction of elasticity
increase over time between the day of ligament rupture and the day of diagnosis and, therefore,
persist even before being treated with the surgical procedure of tibial plateau leveling osteotomy or
tibial tuberosity advancement. The results suggest that as time increases between the onset of cranial
cruciate ligament rupture and diagnosis and treatment, the patellar ligament progressively thickens
and loses its elasticity.

Abstract: This study aims to evaluate the morpho-functional change of the patellar ligament in dogs
with ruptured cranial cruciate ligaments. We hypothesized that it may show increased thickening
and stiffness with increasing days from trauma to diagnosis. Understanding this aspect has
implications for the choice of timing to treat patients suffering from cranial cruciate ligament
rupture, as well as the contextualization of patellar ligament desmitis pictures after surgical
treatment with tibial plateau leveling osteotomy or tibial tuberosity advancement. Thirty-three dogs
affected by unilateral cranial cruciate rupture were examined and divided into three groups based
on the time elapsed from the onset of lameness to diagnosis: Group 1 (1-15 days), Group 2 (16-60
days), Group 3 (over 60 days). Conventional B-mode ultrasonographic and elastosonographic
examinations of the patellar ligament were performed without sedation for each dog. Upon
ultrasonographic examination, all dogs showed modification in the echostructure of the patellar
ligament. In addition, the patellar ligament tended to become harder with increasing days after
rupture, although there were no significant differences between groups. Our results show that as
time increases between the onset of cranial cruciate ligament rupture and diagnosis and treatment,
the patellar ligament progressively thickens and loses its elasticity.
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1. Introduction

The cranial cruciate ligament (CCL) is an intraarticular structure in the stifle. It prevents the
cranial subluxation and internal rotation of the tibia and the hyperextension of the stifle [1].

CCL rupture is the most common acquired orthopedic disease and the first cause of hindlimb
lameness in dogs [2,3]. The cause and pathogenesis of this disorder remain elusive. Abnormal
anatomical conformation of the limb, increased tibial plateau angle, overweight, reduction of
elasticity and resistance to stress due to the patient’s age, presence of immune-mediated
inflammatory diseases, breed predisposition, excessive acute limb loading, traumatic
hyperextension, and excessive internal rotation of the tibia that may overload the CCL are all
pathogenetic hypotheses that have been advanced [4,5].

Following the failure of the cranial cruciate ligament, a cranial tibial thrust (CTT) is generated at
every step of the subject affected by this pathology. This continuous cranial sliding of the tibia and
the internal rotation of the tibia on the femur stress the other stifle’s anatomical structures, such as
the meniscus and the medial collateral and patellar ligaments [6,7].

It is reported in the literature that 32% to 77% of dogs that have a rupture of the cranial cruciate
ligament also have meniscal injury [8-10]. Overweight, the chronicity of the injury to the cranial
cruciate ligament, and the complete, not just partial, rupture of the ligament are factors that increase
the incidence of meniscal damage [8,9,11]. The mechanism of meniscal tear associated with cranial
cruciate ligament insufficiency relates to abnormal motion of the cranial cruciate ligament—deficient
joint [12,13]. The medial meniscus is usually affected by tears because it is firmly attached to the tibia
and is compressed against the medial femoral condyle during the cranial tibial thrust, while the
lateral meniscus maintains a more neutral position [12].

Injury of the medial collateral ligament (MCL) in dogs is usually seen in conjunction with CCL
rupture [14,15]. The rotational stability of the stifle is guaranteed not only by the cranial cruciate
ligament, but also by the medial and lateral collateral ligaments. In particular, internal rotation of the
stifle is limited by the MCL and the cranial cruciate ligament itself. While rupture of the MCL alone
is rare, following frequent rupture of the cranial cruciate ligament in dogs, an abnormal force acts on
the MCL during flexion and internal rotation of the tibia [17,18].

The patellar ligament is the tendon of the quadriceps femoris muscle that runs from the patella
to the tibial tuberosity. It is anatomically a ligament because it connects two bone structures (patella
and tibial tuberosity); however, its histological structure (86% collagen fiber type III) is more similar
to a tendon than a ligament [19-21].

The patellar ligament is an important stabilizer of the stifle, and it is highly stressed in patients
suffering from rupture of the cranial cruciate ligament. To date, however, there are no studies
describing the establishment of anatomical or functional damage to this ligament after CCL rupture.

Elastosonography is an imaging technique complementary to ultrasound that evaluates the
mechanical properties of tissue. In human medicine, it is used principally to diagnose thyroid, breast,
and prostate cancer and steatosis or liver fibrosis. Tissue stiffness is usually considered as a biomarker
of pathological lesion [22]. The biomechanical properties of tendons are associated with their
function. For example, the Achilles tendon (common calcaneal tendon) is substantially hard; in
contrast, it is known that the patellar ligaments in clinically healthy dogs show highly elastic
biomechanical properties [19]. The Achilles tendon acts as a stabilizer, while the patellar ligament
allows the patella to glide in the trochlear groove in the proximal-distal direction [23].

Recently, a study evaluated the elasticity and softness of the patellar ligament in dogs using
ultrasonographic and elastosonographic examinations. Overall, 89.3% of the 30 patellar ligaments
examined were graded as soft or mostly soft, while the remaining 10.7% were classified as
intermediate [24].

Two elastosonographic techniques are mainly described: strain and shear elastosonography. The
first is also known as quasi-static or compression elastosonography, and it measures the deformation
of tissue caused by the operator with the probe. The second is called dynamic elastosonography, and
it evaluates the deformation of tissue caused by shear waves. They are both described for assessment
of the patellar ligament [25].
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Several studies have also proven that, following tibial plateau leveling osteotomy (TPLO) or
tibial tuberosity advancement (TTA), between 50% and 61% of cases showed clinical and
radiographic signs referable to thickening and tendinopathy of the patellar ligament. It is not yet clear
whether the ligament, even before the tibia is treated with TPLO or TTA, is damaged with respect to
the physiological picture [26,27].

The purpose of this study is to assess the appearance of the patellar ligament by ultrasound and
elastosonography in dogs affected by rupture of the cranial cruciate ligament but not yet treated in
order to understand if signs of thickening and reduction of elasticity increase over time between the
day of ligament rupture and the day of diagnosis and, therefore, persist even before being treated
with the surgical procedure of tibial plateau leveling osteotomy or tibial tuberosity advancement.

Understanding this aspect could have implications for the choice of timing to treat patients
suffering from rupture of the cranial cruciate ligament, but also for the contextualization of the
radiographic and ultrasound pictures of patellar ligament desmitis that are frequently observed in
subjects undergoing TPLO and TTA.

2. Materials and Methods

2.1. Ethics Statement

The Ethics Committee for Clinical Study in Animal Patients of the University of Camerino has
given its authorization to carry out this clinical study (protocol number. 01/24). Informed consent was
obtained from the owners of all the dogs.

2.2. Animals

Thirty-three dogs of various breeds with unilateral naturally occurring CCL disease were
prospectively enrolled in the study. An orthopedic examination allowed the diagnosis of a rupture
of the cranial cruciate ligament to be formulated. All dogs underwent general, orthopedic, and
neurological physical examinations in order to exclude other concomitant pathologies. In addition,
the hematologic and biochemistry profiles were acquired. Dogs with concurrent orthopedic,
neurological, or metabolic disease were excluded from the study, as well as dogs with contralateral
CCL disease. They were divided into three groups based on the time elapsed from the onset of
lameness to diagnosis: Group 1 (1-15 days), Group 2 (16-60 days), and Group 3 (over 60 days).

Dogs were subjected to radiographic examination of the stifle and ultrasonographic and
elastosonographic examinations of the patellar ligament.

2.3. Ultrasound and elastosonographic examination

Patients were positioned in lateral recumbency with the affected stifle up and in maximal
passive flexion. This position allowed us to avoid the anisotropy of the fibrillar structures of the
patellar ligament. With awake dogs, a conventional B-mode ultrasonographic examination of the
patellar ligament was performed using a My Laboratory Class C ultrasound machine (Esaote,
Genova, Italy) equipped with a 12-18 MHz linear transducer (LA 435; Esaote, Genova, Italy). The
cranial region was shaved from 2 cm distal to the tibial tuberosity to 1 cm proximal to the patella, and
coupling gel was applied. A patellar ligament was considered normal when the fibrillar echotexture
was homogeneous, parallel, and slightly broadened at the origin. Ligaments that exhibited
ultrasonographic evidence of pathologies, such as disrupted patterns, increased cross-sectional
diameter, or internal mineralization, were considered abnormal.

The ligament thickness was calculated on the longitudinal ultrasound images of the patellar
ligament. The landmark to take measures was identified in the exact middle of the ligament measured
from the most distal portion of its insertion on the patella to the most proximal insertion on the tibial
tuberosity.

The elastosonographic images were obtained by applying light rhythmic pressure with the
probe. The operator evaluated each patellar ligament twice and acquired only longitudinal sections.
A color translucent map superimposed on the B-mode images characterized the images.
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Each color indicated the relative elasticity of the different structures compared with the mean
elasticity of the entire area: blue (mostly hard), green (intermediate), and red (soft). Only images
without artifacts were evaluated. The elastosonographic images were considered assessable when
they showed:

e  consistency between the elastogram and the underlying B-mode ultrasound image;
¢  blue coloration of skin and dermal tissue because they are harder than the patellar ligament; and
e  green coloration of the marker (green coil).

Tissue elasticity was measured by calculating the percentage of softness and hardness with
dedicated software (ElaXto, Esaote).

The acquired data were compared between Groups 1, 2, and 3, and the group of dogs with
cranial cruciate ligament disease was compared to a group of dogs with healthy stifles that had
already been studied [22].

After ultrasonographic and elastosonographic evaluations, all dogs underwent X-ray
examination with two projections in order to exclude concomitant stifle diseases and perform the
preoperative planning. Therefore, all patients were subjected to sedation to achieve a suitable degree
of muscle relaxation and immobility during the diagnostic procedure. All dogs were premedicated
with the same anesthetic protocol. Specifically, 2 ug/kg of dexmedetomidine and 0.2 mg/kg of
butorphanol were administered intramuscularly. Subsequently, the cephalic vein was cannulated,
and propofol (1-2 mg/kg) was administered as needed. Furthermore, additional oxygenation was
ensured by the administration of pure oxygen via a face mask.

The tibial plateau angle (TPA) was measured in the mediolateral view with the stifle and tarsus
joints flexed at 90°. The TPA was estimated at insertion between the proximal tibial joint orientation
line and the mechanical axis of the tibia in the sagittal plane. The angle between the proximal tibial
joint orientation line and an axis perpendicular to the mechanical axis of the tibia was the TPA.

2.4. Statistical Analysis

Data were not normally distributed, so the Kruskal-Wallis nonparametric test was used to
compare patellar ligament thickness, hardness, and softness values between groups. Hardness and
softness values of the patellar ligament between normal dogs and dogs with CCL rupture were
compared with the Mann-Whitney U test. Correlation between hardness and softness values and the
time elapsed from the onset of the lameness (days) was evaluated with a Spearman test.

Statistical significance was set at p-value < 0.05.

3. Results

3.1. Enrolled Patients

We examined 33 patellar ligaments from 33 dogs affected by unilateral cranial cruciate rupture,
18 females and 15 males, belonging to different breeds of medium-sized and large dogs: five Labrador
retrievers, four golden retrievers, four American Staffordshire terriers, three cani corsi italiani, three
Siberian huskies, two rottweilers, one American pit bull terrier, one springer spaniel, one braque
Saint-Germain, one boxer, one German shepherd, one bracco italiano, and six mixed-breed dogs.
Eleven dogs belonged to Group 1, eight dogs to Group 2, and fourteen dogs to Group 3. The mean
weight was 32.1 +7.89 kg (Group 1 = 30.05 + 6.5 kg; Group 2 =33.85 + 5.67 kg; Group 3 =32.70 £ 9.90
kg; p>0.05), and the mean age was 5.1 + 2.61 years (Group 1=>5.09 + 2.87 years; Group 2=4.75+3.15
years; Group 3 = 5.35 + 2.20 years; p > 0.05). The tibial plateau angle showed no statical differences
between groups (p > 0.05) (Group 1=26.16 + 1.61°; Group 2 =25.75 + 1.48° Group 3 =26 + 1.75°).

3.2. Ultrasonographic Examination

Upon ultrasonographic examination, all dogs showed alterations in the echostructure of the
patellar ligament. The cross-sectional diameter of the patellar ligament was 2.4 + 0.55 mm in Group
1,2.1 + 0.35 mm in Group 2, and 2.6 + 0.41 mm in Group 3. The evaluation of the patellar ligament’s
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diameter revealed a progressive thickening of it with increasing time between the onset of lameness
and diagnosis (Figure 1). These data expressed statistically significant differences (p < 0.05) in the
comparison between Groups 2 (16-60 days) and 3 (>60 days) (p = 0.007) and between Groups 1 (0-15)
and 3 (>60 days) (p = 0.037) (Figure 2).

Figure 1. Ultrasonography of the patellar ligament of a dog affected by cranial cruciate ligament
rupture. It appears to be thickened (delimited by yellow bracket) and characterized by an
inhomogeneous echostructure.
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Figure 2. Graphical representation of patellar ligament thickness (millimeters) at different times
between the onset of cranial cruciate ligament rupture and diagnosis and treatment.

3.3. Elastosonographic Examination

Similarly, the patellar ligament tended to become harder with increasing days after rupture,
although there were no significant differences between groups (Figures 3 and 4). After comparison
with the study group of healthy dogs, it was found that the patellar ligament of dogs with cranial
cruciate ligament rupture is harder than that of dogs with healthy stifles [24]. Specifically, the degree
of hardness (HRD) was 25.5% in healthy dogs and 30.1% in CCL rupture-affected dogs, while the
softness (SFT) was 74.5% in healthy dogs and 69.9% in the affected group of dogs (Figures 5 and 6).
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Figure 3. Graphical representation of patellar ligament hardness (%) with increasing time (days)
between the onset of cranial cruciate ligament rupture and diagnosis.
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Figure 4. Graphical representation of patellar ligament softness (%) with increasing time (days)
between the onset of cranial cruciate ligament rupture and diagnosis.

Figure 5. Elastosonography of the patellar ligament (delimited by the yellow brace) of dogs with
cranial cruciate ligament rupture. It shows harder areas (green) and soft areas (red).
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Figure 6. Elastosonography of the patellar ligament (delimited by yellow brace) of a healthy dog. It
appears homogeneously soft (red).

4. Discussion

This is the first study to evaluate the alteration of the patellar ligament in subjects affected by
cranial cruciate ligament rupture. The results showed increased patellar ligament thickness and
rigidity in dogs with chronic CCL rupture. Specifically, there were significant differences between
Groups 1 and 3 and between Groups 2 and 3 in the thickness of the patellar ligament. This means
that alteration occurs gradually and is not related to acute trauma. Desmitis of the patellar ligament
is an overstress condition. The pathogenesis and precise identification of intrinsic risk factors, in both
humans and dogs, are not yet fully understood. Patellar ligament disease is a rare disorder in dogs
and horses, while it may have an incidence of 53% in human athletes [26]. This condition is commonly
associated with thickening of the ligament without symptoms. In some cases, however, desmitis of
the patellar ligament may appear with pain and lameness. Human and veterinary histological studies
have reported the inconstant and variable presence of inflammatory cells in subjects affected by
patellar ligament thickening. For this reason, the term desmopathy or tendinopathy is more
appropriate because the patellar ligament undergoes a degenerative process [28].

The diagnosis of patellar ligament desmopathy is mainly clinical but should be investigated by
means of instrumental investigations aimed at detecting the extent of the damage. Some different
diagnostic imaging techniques have been described to evaluate the alteration of the patellar ligament.
X-ray examination allows one to see the general aspect of the ligament; however, it has limitations in
subjects with a moderate or severe grade of inflammation. Ultrasound and magnetic resonance
imaging (MRI) are primarily used for the evaluation of the patellar ligament [29]. The first is cost
effective and widely used and has the advantage of being dynamic, unlike MRI. B-mode ultrasound
has high sensitivity and specificity in detecting patellar tendinopathy, and it clearly shows ligament,
paratenon, and periligamentous tissue. MRI, through different sequences, is able to precisely identify
the damage [30]. The advantages of MRI in patellar ligament desmopathy are related to its greater
ability to pathologically image associated structures, such as the infrapatellar fat pad, that can coexist
[31].
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Warden et al. reported that ultrasonography was more accurate than MRI in confirming
clinically diagnosed patellar tendinopathy. Ultrasound and MRI are both unable to provide
indications of the mechanical and functional properties of the structures examined [31].

Elastosonography is a feasible imaging modality to evaluate tissue strain and softness/stiffness
in the tendons and ligaments. In this study, we used real-time strain elastosonography to study
changes in the mechanical properties of the patellar ligament through the strain distribution resulting
from tissue compression, even though it was reported that shear elastosonography is less operator-
dependent than strain elastosonography in evaluation of the patellar ligament [32]. Elastosonography
is a quick and safe procedure, taking little time, often without the use of sedation, contrast medium,
or both [24,33,34]. According to previous studies, we performed the elastosonography in a few
minutes. In our prior study, we showed that real-time elastosonography of the patellar ligament in
healthy dogs was repeatable and reproducible. The ultrasonographic and elastosonographic
evaluations were performed by a single expert radiologist in this study.

McCagherty et al. described the elastosonographic findings of the patellar ligament in healthy
dogs in four different positions. The authors concluded that the most appropriate stifle angle to
perform elastosonography was the natural standing angle [35]. We used maximal passive flexion, as
reported in our previous study and in humans. The elastosonographic features of the patellar
ligament in dogs affected by CCL rupture were compared with those of healthy dogs, using the same
stifle position to avoid inaccurate results [24].

Similar to the patellar ligament in humans, the normal canine patellar ligament shows a very
soft elastogram [35,36]. Our study found, in dogs affected by CCL rupture, significant progressive
thickening of the patellar ligament and its increase in hardness and decrease in softness with
increasing time between the onset of lameness and diagnosis. Prior to our study, it was unclear
whether and how the patellar ligament changes after cranial cruciate ligament rupture.

Veterinary studies have shown increased patellar ligament thickening in a large percentage of
dogs undergoing tibial osteotomy (such as tibial plateau leveling osteotomy) following cranial
cruciate ligament rupture [37,38]. Some of them have correlated this occurrence with the invasiveness
of the surgical procedure itself, which could damage the ligament itself, or to the joint inspection
methods [39].

Recently, only a few studies, mostly inspired by human medicine, have begun to hypothesize
that TPLO changes the stifle biomechanics. Dan et al. described how TPLO reduces the stifle extensor
mechanism’s moment arm, meaning that a greater force is required in the patellar ligament to achieve
the same torque, so the patellar ligament is continuously under stress [26]. Zann et al. detected that
patellofemoral kinematics in TPLO-treated stifles were subtly different from normal ones,
characterized by slight cranial shifting of the patella relative to the trochlear groove. These findings
may provide further understanding of the extensor mechanism abnormalities associated with TPLO
[40]. Guenego et al. saw that after TPLO, patellar height decrease and patellar ligament tendinosis
occurred, regardless of the osteotomy position [41]. It had not yet been hypothesized that the rupture
of the cruciate ligament itself, causing continuous cranial tibial thrust in dogs (as opposed to
humans), could cause constant stress on the patellar ligament and that therefore these biomechanical
factors may be responsible for the thickening and increased hardness of the ligament in dogs even
before undergoing surgery. An excessive angle of the tibial plateau could exacerbate the cranial tibial
thrust that occurs after CCL rupture and thereby stress the patellar ligament more. In this study, the
TPA showed no statistical differences between groups, and it did not represent a variable in dogs
with an increase in patellar ligament thickness and hardness.

The first limitation of this study is the small sample size, although the groups are homogeneous
in terms of age, weight, and angle of tibial plateau. Another limitation is related to the anatomical
localization of ultrasonographic evaluations. We measured the thickness and elasticity in the middle
of the ligament, however, the main alterations probably occur in the distal portion at its attachment
on the tibial tuberosity.

Knowing the results of our study regarding the thickness and hardness of the patellar ligament
in correlation with the chronicity of the lesion before surgery can be of great use in formulating a
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prognosis in subjects who must undergo TPLO. Furthermore, these data will also act as a driving
force to stimulate owners and veterinary colleagues to treat animals affected by cranial cruciate
ligament rupture early to avoid ligament modifications resulting from chronic aberrant
biomechanical stimuli.

5. Conclusions

In conclusion, understanding that as time increases between the onset of CCL rupture and
diagnosis and treatment, the patellar ligament progressively thickens and loses its elasticity may be
helpful in timing treatment and providing a possible correlation between the onset of postoperative
desmitis and the condition of the ligament before surgery.
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