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modalities for osteoarthritis. In 2022, he became a European Specialist in Canine Sports Medicine and

Rehabilitation (Diplomate of the European College of Sports Medicine and Rehabilitation—Small

Animals; DECVSMR). In addition to osteoarthritis, he carries out research and is interested in

working dog sports medicine, photobiomodulation therapy, and canine exercise. João has published

dozens of papers and lectures on these topics.

vii





Preface

The fields of small animal orthopedic surgery, physical therapy, and rehabilitation have

undergone remarkable advancements, transforming the management of musculoskeletal conditions.

This Special Issue is dedicated to exploring these innovations, highlighting collaborative research and

practical applications aiming to enhance the quality of life for small animal patients.

Orthopedic conditions are common challenges. Addressing these issues demands a

multidisciplinary approach. Innovations in minimally invasive techniques, such as arthroscopy,

and the development of patient-specific implants through 3D printing have revolutionized surgical

outcomes. Moreover, regenerative therapies offer promising avenues for restoring joint health and

addressing chronic conditions.

Rehabilitation has also become a cornerstone of comprehensive orthopedic care. Evidence-based

protocols are now integral to post-surgical recovery and the management of chronic conditions. These

therapies not only accelerate recovery but also enhance mobility, particularly in aging animals or

those with long-standing musculoskeletal challenges.

Articles featured in this Special Issue reflect the depth and breadth of progress in small animal

orthopedic care. Studies include innovative approaches to planning patellar luxation surgeries,

advancements in tibial plateau-leveling osteotomies, and biomechanical evaluations of implant

techniques for complex cases. Additionally, novel surgical interventions, such as the reconstruction

of the quadriceps extensor mechanism and triceps brachii tendon, underscore the ingenuity required

to address unique clinical presentations. Research on the effects of photobiomodulation and

platelet-rich plasma on osteoarthritis and the impact of obesity on joint health further emphasizes

the importance of preventive and therapeutic strategies in improving outcomes.

Beyond clinical techniques, this Special Issue highlights critical considerations in the area of

broader care, with research on bacterial contamination in rehabilitation clinics underscoring the

importance of maintaining hygienic practices to safeguard patient health. Together, these studies

represent a cohesive effort addressing the multifaceted challenges of small animal orthopedic and

rehabilitation care.

The future of this field is promising, with continued advancements poised to redefine standards

of care, ultimately improving the lives of companion animals worldwide.

We extend our gratitude to the authors who contributed their expertise, the reviewers who

ensured the rigor of the studies, and MDPI’s editorial and management teams for their dedication

to presenting this collection. This Special Issue serves as both a reflection of progress and a call

to action for further exploration and innovation in small animal orthopedics, physical therapy, and

rehabilitation. Together, we can ensure that our patients lead healthier, more active, and pain-free

lives.

L. Miguel Carreira and João Alves

Guest Editors
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Simple Summary: The proximodistal patellar position in canine pathologies, including patella
luxation, cruciate ligament rupture, and osteoarthrosis, is not fully understood, while this topic is
much better understood in human medicine. Various methods are used to confirm the proximodistal
patellar position, but they all require calculations and are infrequently used in everyday practice. In a
two-step study with three observers, we investigated, for the first time in veterinary medicine, the
applicability of a new, simple method derived from human medicine called the tibial plateau–patella
angle (TPPA). This method is independent of the knee angle and magnification, does not require
any calculations, and consists of just two lines. This study started with cadavers at different stifle
angles. Subsequently, we used 100 X-rays at the optimal stifle angle based on these findings. In both
study phases, our results revealed strong agreement among observers. The TPPA varied with the
stifle angle but remained consistent across the different weight groups. We concluded that the TPPA
is directly dependent on the stifle angulation and tends to be lower with a higher stifle extension
angle. It could be difficult for some observers to establish the exact caudal border of the tibial plateau
while measuring the TPPA. While the TPPA method shows promise, further evaluation, including
breed-specific and pathological considerations, is necessary.

Abstract: Estimating a dog’s patellar position involves various methods, which categorize it as norma,
alta (high), or baja (low). However, they require various calculations. We aimed to evaluate the
clinical applicability of a new method, the tibial plateau–patella angle (TPPA). This could aid in
planning patella luxation surgery, estimating the patella position after TPLO and various osteotomies.
We conducted a two-step study: first, on 15 stifles without pathologies from nine canine cadavers, and
second, using 100 patient X-rays from the archive. Three stifle angle positions (45 ± 5◦, 90 ± 5◦, and
135 ± 5◦) and three weight groups (S, M, and L) were evaluated in the first part of this study. Based
on these results, the second part of this study was conducted using 100 pathology-free radiographs
at the optimal stifle angle (90 ± 5◦) from the archive. All radiographs were measured by three
observers with varying levels of experience. Our results indicate that the stifle angle significantly
impacted the TPPA, whereby lower values were detected with higher stifle angles, which remained
consistent within the weight groups. High inter- and intra-observer agreement was achieved. The
physiological TPPA values ranged from 26.7◦ to 48.8◦, remaining consistent within the various weight
groups. Observer 3 in Group S exhibited a 20% (insignificant) deviation, possibly due to challenges
in determining the caudal point of the tibial plateau. In contrast with humans, TPPA values in dogs
are negatively correlated with stifle angles, independent of weight. Our reliable and reproducible
protocol suggests the potential benefits of training on small-breed dogs stifles.

Keywords: TPPA; proximodistal patellar position; radiography; joint angulation; dog

Animals 2024, 14, 1798. https://doi.org/10.3390/ani14121798 https://www.mdpi.com/journal/animals1
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1. Introduction

The patella is the largest sesamoid bone, sliding in the femoral trochlea, and is crucial
to the biomechanics of the stifle joint. Patellar luxation is one of the most common stifle
joint pathologies in dogs. Medial patellar luxation is more frequent and classified as
congenital, developmental, or traumatic. The underlying issue is not precisely understood;
however, most patients show structural abnormalities [1–3]. Cranial cruciate ligament
disease and patellar luxation, the most common clinical stifle conditions in dogs, lead to
the development of osteoarthrosis [4,5]. The influence of the patellar height on clinical
pathologies in canines is not precisely defined.

None of the most commonly used indices are ideal for measuring the proximodistal
position of the patella [6]. In human medicine, the impact of the patellar height is much
more thoroughly researched. For instance, it is known that patella alta can be responsible
for stifle pain, patellofemoral instability, a reduced range of motion, and reduced long-term
implant survival (total stifle arthroplasty) [7–12]. Patella alta is also associated with Osgood–
Schlatter disease, a painful patellofemoral syndrome in humans [13–15]. In humans, patella
baja is a common cause of osteoarthritis (OA) in the patellofemoral joint and represents
a significant complication following stifle surgeries, traumas, or immobilization. It can
also lead to the shortening of the patellar tendon, fibrosis of the infrapatellar fat pad, intra-
articular adhesions, etc. Patella baja is a component of infrapatellar contracture syndrome
(IPCS), where the lowering of the patella results from scarring due to inflammation in the
peripatellar fat pad, triggered by trauma from surgery [16,17]. Patellofemoral OA is a more
common cause of pain in the front of the knee than OA in the tibiofemoral joint [18]. In an
experimental study on rats, Bei et al. [19] demonstrated that patella baja may be responsible
for the development of osteoarthritic changes.

Radiography is the most common imaging method for orthopedic assessments in
small animal practice. Radiological determination of the proximodistal patellar position
can be complicated by factors such as osteophytes, joint effusion, an unusual patellar
morphology, abnormalities in the tibial tuberosity, and an atypical distal attachment of the
patellar tendon [7,20–23].

In veterinary medicine, several studies have evaluated patellar height in dogs. The
most commonly used methods for determining patellar height include the (modified)
Insall–Salvati index (ISI) [24–27], the Blackburne–Peel index (BPI) [6,26], the de Carvalho
index (CDI) [6], the ratio of the patellar ligament length (PLL) to the patellar length (PL)
(PLL:PL or L:P), and the ratio of the distance from the proximal aspect of the patella (A) to
the femur condyle and patellar length (PL) (A:PL) [21,22,28].

In 2011, Portner and Pakzad [29] developed the tibial plateau–patella angle (TPPA)
for determining patellar height, aiming for it to be independent of human knee angle. The
measurement is conducted on a mediolateral X-ray knee image (with a minimum flexion of
30◦). The advantages of this method include easy reproducibility, no need for calculations,
independence from magnification errors, and the degree of limb flexion [29], making it a
simple and fast way to determine the proximodistal patellar position in everyday practice.
TPPA measurements in dogs have been performed to compare the pre- and post-operative
outcomes in TPLO and TTA patients, but without knowledge of its physiological range [26].

Previous studies in dogs have found that an L:P ratio of >1.97–2.06 or an A:PL ratio of
>2.03 indicates patella alta [21,22,28]. Patella alta is highly prevalent in German Shepherd
dogs, even without a relevant stifle joint pathology; however, these dogs have twice the
risk of developing canine hip dysplasia [25]. Unlike in large dogs, the PLL:PL ratios in
small dogs without a stifle joint pathology and with patellar luxation showed no significant
difference. According to this study, assessing the proximodistal patellar position using
only the PLL:PL ratio may not be feasible [30]. In two different studies, it was concluded
that small-breed dogs with medial patellar luxation did not have a proximally positioned
patella compared with a control group without medial patellar luxation [30,31].

In Figure 1, we present a simplified scheme of the most commonly used methods for
dog stifle measurement, compared to the TPPA.
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length; Dash line and distal Solid line: perpendicular distance to the distal articular surface from a 
line extended along the tibial plateau), black lines represent the tibial plateau–patella angle (TPPA: 
a detailed description follows in this study).  

Since the TPPA in dogs has not been previously described and there is no available 
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measurement method for assessing patellar height in dogs. We divided this study into 
two parts: part one involved a cadaver study, and part two involved a patient study. 

In the first part of this study, we aimed to evaluate the impact of the stifle angle on 
the TPPA, examine observer influence, evaluate the influence of body weight, and 
determine the optimal stifle angle for measuring the TPPA. The second aim was to 
evaluate whether observers could reliably identify all the important anatomical points for 
TPPA measurements. 

The main goals of the second part of this study were to measure the TPPA at the 
optimal stifle angle, establish a physiological range, assess the impact of body weight on 
TPPA values, and control the identification of anatomical measuring points. We 
hypothesized that the stifle angulation would influence the TPPA in dogs and both inter- 
and intra-observer variability would be low. Due to its easy applicability, this method 
may be useful in everyday practice, such as establishing a normal or pathological patellar 
height in the pre-operative planning of patellar luxation surgery or the insertion of a stifle 
endoprosthesis. 
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Figure 1. Simplified schematic presentation of the most commonly used indices for estimating
patellar height on a dog’s stifle. Green lines represent the Insall–Salvati index (ISI: Solid line = patellar
length; Dash line = patellar ligament lenght); red lines represent the de Carvalho index (CDI: Solid
line = articular patellar length; Dash line = distance from distal articular surface to closest tibial
cortex); blue lines represent the Blackburne–Peel index (BPI: proximal Solid line: articular patellar
length; Dash line and distal Solid line: perpendicular distance to the distal articular surface from a
line extended along the tibial plateau), black lines represent the tibial plateau–patella angle (TPPA: a
detailed description follows in this study).

Since the TPPA in dogs has not been previously described and there is no available ev-
idence for observer reliability, we intended to establish the TPPA as a reliable measurement
method for assessing patellar height in dogs. We divided this study into two parts: part
one involved a cadaver study, and part two involved a patient study.

In the first part of this study, we aimed to evaluate the impact of the stifle angle
on the TPPA, examine observer influence, evaluate the influence of body weight, and
determine the optimal stifle angle for measuring the TPPA. The second aim was to evaluate
whether observers could reliably identify all the important anatomical points for TPPA
measurements.

The main goals of the second part of this study were to measure the TPPA at the
optimal stifle angle, establish a physiological range, assess the impact of body weight
on TPPA values, and control the identification of anatomical measuring points. We hy-
pothesized that the stifle angulation would influence the TPPA in dogs and both inter-
and intra-observer variability would be low. Due to its easy applicability, this method
may be useful in everyday practice, such as establishing a normal or pathological patellar
height in the pre-operative planning of patellar luxation surgery or the insertion of a stifle
endoprosthesis.

2. Study Part One: Cadaver Study
2.1. Materials and Methods

The first part of this study was a cadaver study that provided TPPA measurements of
15 canine stifle joints derived from 9 dog cadavers. The dogs were euthanatized for reasons
unrelated to our study. The cadavers were fresh and free from stifle pathologies. To ensure
this, after euthanasia, each cadaver stifle was clinically examined for the persistence of
joint effusion, crepitations, cranial/caudal cruciate ligament rupture, patellar luxation, or
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medial and lateral stifle joint instability. After a stifle was found to be compatible with
these criteria, we performed control radiographs (craniocaudal and mediolateral) to rule
out malalignments, malformations, or osteoarthrosis. If any of these abnormalities (clinical
or radiographic) were persistent, the cadaveric stifle was excluded from this study. We
obtained written approval from the owner for every cadaver used.

Based on body weight, three different weight groups were defined (S—small: <15 kg,
M—medium: ≥15–<30 kg, and L—large: ≥30 kg). Six of the dog cadavers were females
(three spayed), and three were males (two castrated). Four dog cadavers (six stifles)
belonged to the S weight group, two (three stifles) to M, and three (six stifles) to L. The
mean age of the dog cadavers was 9.1 ± 2.8 (range: 4–13) years.

Mediolateral X-rays at three different angles (45◦, 90◦, and 135◦) were performed
on each stifle, with a tolerance level of 5◦. The ~45◦ (40–50◦) angulation was defined
as Group 1, ~90◦ (85–95◦) as Group 2, and 135◦ (130–140◦) as Group 3. The angulation
was directly measured on the cadavers during positioning using a goniometer and later
verified in the digital X-ray images using the angle function. All the radiographs provided
a clear identification of the relevant anatomical points. The 45 X-rays were numerically
anonymized. In this study, the authors agreed that a measurement difference between
observers of ±5◦ was negligible and should not significantly impact the final results or, for
example, the decision on surgical intervention. The angle consists of two lines. The distal
line is drawn tangentially to the tibial plateau, extending from its cranial point to its most
caudal point. The proximal line is drawn from the distal margin of the patellar articular
surface to the caudal point of the distal line on the tibial plateau (Figure 2) [32].
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Figure 2. Two lines (distal and proximal) forming the TPPA in human knee.

Establishing the anatomical reference points on a dog stifle was a key factor when
conducting this study. The tibial plateau was determined using the conventional Slocum
method [33,34]. The tibial plateau was measured as a tangent to the medial tibial plateau
comparable to the TPLO measurements (cranial to caudal point of plateau), strictly parallel
to the tibial epiphyseal line [26,29]. We established the long axis of the tibia by connecting
a line from the tibial intercondylar eminence to the center of the talar body.

The resulting TPPA was automatically calculated and documented as the TPPA mea-
surement (Figure 3).
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Figure 3. The distal line indicates the tibial plateau from its most cranial to its most caudal point.
The proximal line extends from the caudal end of the tibial plateau to the distal end of the patellar
articular surface.

Three observers with varying levels of experience measured the TPPAs (using Portner
and Pakzad’s method (2011) [29]) in the randomized X-rays in random order, twice and
one month apart. Before commencing the measurements, all three observers underwent
training on the anatomical points in various stifle X-rays.

One of the three observers was a young veterinarian with 4 years of experience in
veterinary medicine (O1), another was an ECVS diplomate with over 30 years of surgical
experience (O2), and the third had completed a surgical residency, with over 15 years of
experience in imaging diagnostics (O3). The measurements were performed with RadiAnt™
DICOM Viewer (Version Nr: 5.0.2.21911, Copyright C 2009–2022 Medixant, Poznan, Poland)
using the angle function.

2.2. Statistical Analysis

All the statistical analyses were performed using IBM SPSS v.27. Confirmation of a
normal distribution was assessed using the Kolmogorov–Smirnov test. Besides descriptive
statistics, we analyzed the agreement between the first and second TPPA measurements
for every observer using the dependent-samples t-test. We used the interclass correlation
coefficient (ICC) to determine the correlations between observers and analyze the agree-
ment between the three observers regarding different stifle angles, weights, and the TPPA
(Groups 1, 2, and 3). We used a mixed model to analyze the TPPA in the first and second
measurement rounds for the different stifle angles and weight groups and to compare the
differences within the stifle angle and weight groups. ANOVA was used to determine the
correlations between the different stifle angles and weight groups. A p-value below 5%
(p < 0.05) was considered significant for all the statistical analyses. A difference of ±5◦

between observers was not considered significant.

2.3. Results of the Cadaver Study

The tibial plateau–patella angle (TPPA) significantly differed between the three stifle angle
groups (p < 0.001). The mean TPPA was 40.61 ± 4.21◦ in Group 1 (45◦), 35.18 ± 4.21◦ in Group
2 (90◦), and 27.92 ± 4.21◦ in Group 3 (135◦). Figure 4 presents the TPPA measurement at
various stifle angles.
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Figure 4. TPPA measurement at various stifle angles. (A) 45◦; (B) 90◦; (C) 135◦.

Group 1 exhibited significant differences compared with Group 2 (p = 0.002); Group 2
differed from Group 3 (p = 0.001); and there was a significant difference between Groups
1 and 3 (p = 0.001). The higher the stifle angle, the lower the TPPA. The inter-observer
agreement was high (r = 0.852; p < 0.001). Moreover, the intra-observer agreement was high
for the first (r = 0.931; p < 0.001), second (r = 0.876; p < 0.001), and third (r = 0.899; p < 0.001)
observer. Observers 2 and 3 did not show a significant difference between the first and
second measurements. The first observer showed a significant difference between their first
and second measurements (r = 0.8769; p = 0.017), but it still fell within the tolerance range
of ±5◦. Nevertheless, the overall correlation for the first and second measurements across
the three observers was not significant and showed a difference of SD ± 3.07◦. The inter-
and intra-observer variability was not statistically significant. The TPPA values decreased
with a higher stifle angulation for all three observers (Figure 5).

Figure 5. Measurements 1 and 2 across stifle angle and weight groups for all three observers. Values
are presented in degrees on the vertical and diagonal axes. The reduction in TPPA values with higher
stifle angulation is obvious and consistent across all three observers. Goniometry = stifle angle.
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The various stifle angle groups did not influence the measurements across all three
observers. Furthermore, the weight group did not have an impact on the measurements by
the observers. The measurements in the first and second rounds across the different stifle
angles are presented in Figure 5. Body weight did not significantly (p = 0.347) influence the
mean TPPA in any stifle angle group across all observers. The TPPA values across different
weight groups and various stifle angles are presented in Figure 6 and Table 1. None of the
groups showed significant variations in the mean TPPA values across the different stifle
angle and weight groups. Specifically, the mean TPPA was 40.68◦ (SD ± 4.28◦) in Group 1
(45 ± 5◦); 35.26◦ (SD ± 3.88◦) in Group 2 (90 ± 5◦); and 28.23◦ (SD ± 3.54◦) in Group 3 (135
± 5◦) (Table 1).
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Table 1. Different weight groups across various stifle angles.

Weight Group Stifle Angle Mean TPPA ±SD 1

~45◦
L 43.67◦

M 40.28◦

S 37.92◦

Across groups 2 40.68◦ ±4.28◦

~90◦
L 35.12◦

M 34.80◦

S 35.62◦

Across groups 35.26◦ ±3.88◦

~135◦
L 29.32◦

M 26.37◦

S 28.06◦

Across groups 28.23◦ ±3.54◦

1 Standard deviation. 2 Mean TPPA across stifle angle groups.
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3. Study Part Two: Patient Study
3.1. Materials and Methods

In this part of the study, we analyzed archival radiographs based on the influence of
the stifle angle on the TPPA in the cadaver study. We chose a positioning of 90 ± 5◦ because
it is the most commonly used clinical projection for stifle joint diagnostics and has excellent
inter- and intra-observer reliability. We applied the same inclusion and exclusion criteria
as in the cadaver study. For instance, if a dog presented with hind leg lameness and we
diagnosed cranial cruciate ligament rupture on one side, we utilized the radiograph of the
contralateral (healthy) side for our measurements. We found the radiographs from previous
examinations in our archive on optimal angulation and then checked our medical records
to determine whether the patient had any current clinical stifle abnormalities. Additionally,
a few radiographs from patients exhibited questionable tarsal or hip joint pathologies at the
optimal stifle joint angle, allowing us to use both sides for our study. All these radiographs
had to meet the same criteria as in the cadaver study to be included in the measurement
process.

Therefore, 100 canine stifle radiographs with an angulation of 90 ± 5◦ were measured
to evaluate the physiological limits of the TPPA. A total of 71 dogs were identified in
the 100 X-rays, including 37 females (25 spayed) and 34 males (19 neutered). Of the
100 X-rays, 38 belonged to weight Group S, 24 to Group M, and 38 to Group L. The
mean ± SD age of the dogs was 6.07 ± 3.5 years (1–13 years). The 100 X-rays from the
archive were anonymized and measured in a randomized order once by the same three
observers. As in the cadaver study, we allowed a difference of ±5◦ between observers
because we believed this difference would not influence the results of surgical planning.
We measured the radiographs under the same conditions and used the same weight
categorization as in the cadaver study.

3.2. Statistical Analysis

We employed the ICC, Pearson’s correlation coefficient for the inter-observer agree-
ment, and descriptive statistics to analyze the 100 radiographs. We used a mixed model to
establish the relationships between observers and different weight groups. We used the
same parameters as in the cadaver study. Moreover, we analyzed how many radiographic
measurements exceeded the tolerance range of ±5◦ between observers within different
weight groups for a more in-depth understanding.

3.3. Results of the Patient Study

The TPPA measurements in all 71 dogs (100 radiographs) at stifle angulation of
90 ± 5◦ ranged from 26.7◦ to 48.8◦ (Figure 7). The average TPPA for each observer (±SD) is
presented in Table 2 and Figure 7.

Table 2. Average TPPA with ±SD for each observer.

Observer Mean TPPA ±SD

1 36.22◦ ±4.52◦

2 37.10◦ ±5.29◦

3 39.37◦ ±4.66◦

The inter-observer agreement was high (r = 0.861; p < 0.001). The correlation be-
tween each pair of observers—Observers 1 and 2 (r = 0.858; p < 0.001), Observers 1 and 3
(r = 0.890; p < 0.001), and Observers 2 and 3 (r = 0.856; p < 0.001)—was also substantial.
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This difference could also be observed when comparing how many of the 100 X-ray
measurements between observers exceeded the tolerance range of ±5◦. Just four (4%)
radiographs of the 100 X-rays measured by Observers 1 and 2 exceeded the tolerance range
of ±5◦ (one in Group L, two in Group M, and one in Group S). The difference was 14 out
of 100 (14%) between Observers 1 and 3 (5 in Group L, 4 in Group M, and 5 in Group S).
The largest difference of 20 out of 100 (20%) was observed between Observers 2 and 3 (6
in Group L, 4 in Group M, and 10 in Group S). Generally, the results did not significantly
deviate from the tolerance range of ±5◦. The variations in the differences between each
observer and the mean deviations (MDs) are presented in Table 3.

Table 3. Variations and mean deviations (MDs) between three observers.

Observer Observer Difference MD

1 2 3.62–4.69◦ 4.15◦

1 3 1.48–2.34◦ 1.95◦

2 3 2.21–3.29◦ 2.75◦

4. Discussion

In this study, we aimed to investigate the influence of difference stifle angle groups
on the TPPA, establish the physiological TPPA value range in dogs, and assess the inter-
and intra-observer reliability of the measurements within various stifle angle and weight
groups.

The TPPA values significantly changed at various stifle angles. Compared with studies
in humans, different stifle angle groups significantly influenced the TPPA in dogs. This
negative correlation (the lower the stifle angle, the higher the TPPA) was consistent and
confirmed by all three observers. This can probably be explained by the greater distance
between the tibial plateau and the patella at a lower stifle angle. We confirmed our
hypothesis that the TPPA in dogs, unlike humans, depends on the stifle angulation.

Obtaining a high-quality radiograph without condylar overlay can be challenging in
the 45◦ stifle position. It is often necessary to capture multiple radiographs to achieve an
ideal image.
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The patellar height position changes in relation to different tibial plateau angulations,
and it has been suggested that a reduction in the tibial plateau increases the load on the
patellar ligament. Consequently, the risk of patellar fractures increases as the tibia plateau
angle decreases after TPLO [35].

In another study, different stifle angles (75◦, 96◦, 113◦, 130◦, and 148◦) did not influence
the measurements of the PLL-to-PL ratio [31], unlike our TPPA measurements. This
represents a significant advantage of the PLL–PL ratio over TPPA measurements because
angulation is not a limiting factor.

In a study on human stifles published in 2016, the TPPA was compared with other
measurement methods such as the Insall–Salvati (I/S), Caton–Deschamps (C/D), and
Blackburne–Peel (B/P) indices [32]. The results indicate that the TPPA values are consistent
with those obtained using other methods but change if the surgery includes a tibial slope.
Capkin and colleagues [36] reached the same conclusion when comparing the TPPA with
the Insall–Salvati, modified Insall–Salvati, Blackburne–Peel, and Caton–Deschamps indices.
The TPPA demonstrated higher reliability than the other methods.

The TPPA was pre- and post-operatively evaluated in dogs undergoing TPLO and
tibial tuberosity advancement (TTA). The TPPA inconsistently correlated with the Insall–
Salvati and Blackburne–Peel indices [26]. The main disadvantage of the study was the
absence of a control group and a physiological TPPA value.

The TPPA in the dogs’ stifles showed a negative correlation with the Insall–Salvati
index but a positive correlation with the differences in the Blackburne–Peel index. It is
difficult to compare our results with those of this study because we lack information about
the stifle angle in each case [37].

In another study, the proximodistal BPI, ISI, and CDI did not reliably distinguish be-
tween healthy stifle joints and joints with medial patellar luxation in small-breed dogs [38].

Small-breed dogs with second-grade medial patellar luxation had a more proximally
positioned patellar ligament insertion compared to the control group. This is also a cause
of the more proximally positioned patella in the femoral trochlea and probably plays an
important role in the pathology of medial patellar luxation [39].

Unfortunately, there is no evidence of pathological TPPA values in dogs, so we can
hardly direct compare our results with other studies on the proximodistal patella position.

The physiological TPPA values in our study ranged from 26.7◦ to 48.8◦, with a mean
value of 37.75◦ and MD of ±11.05◦. We estimated the physiological TPPA range via our
patient study in the 90 ± 10◦ stifle position. Based on these values, we postulate that angles
below 26.7◦ could be classified as patella baja and angles above 48.8◦ as patella alta.

In her master’s thesis in 2019 [37], Winkler compared the pre- and post-operative
(TPLO and TTA) TPPA, Insall–Salvati, and Blackburne–Peel indices in 39 different-sized
dogs. She noted changes in the TPPA pre- and post-operatively, with the TPPA values
ranging from 14.6◦ to 45.5◦ pre-operatively and from 14.6◦ to 51.4◦ post-operatively. This
difference in the TPPA range may be explained by the cranial cruciate ligament or the low
level of experience of one observer who performed the measurements. In Winkler’s study,
the stifle angle ranged from 30◦ to 90◦ and did not influence the evaluation of the TPPA.
The TPPA post-TPLO was higher in 35 dogs and lower in 4 dogs. This may have been due
to the reduction in the TPA. The TPPA post-TTA was lower in 36 dogs and higher in 4 dogs.
However, Winkler concluded that TPLO increases and TTA surgery decreases the TPPA
value post-operatively.

Like our study on dogs, a study on the TPPA in cat stifles confirmed that an increasing
stifle extension results in a reduction in the TPPA [40]. Our analysis indicates that the
TPPA measurements were reproducible for all three observers, and they exhibited strong
correlations and reproducibility in the cadaver and patient studies.

The stifle angle group did not influence the reproducibility of the TPPA measurements.
As such, the observers could identify all three important anatomical points for measuring
the TPPA at different stifle joint angles, but its value changed.
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Only the third observer showed a significant difference of ±0.9◦ between the first and
second measurements. However, considering our tolerance range of ±5◦, this difference
was not considered significant. This deviation in the third observer could be explained by
them having less experience than Observers 1 and 2.

The key to obtaining correct and reproducible measurements was the exact identifica-
tion of all three anatomical points: 1. The cranial edge of the tibial plateau, 2. the caudal
tibial plateau, and 3. the distal end of the articular patellar surface. In our experience, the
main difficulty is establishing the caudal point of the tibial plateau, where disagreement
leads to differences in the TPPA measurements.

The second observer exhibited fewer differences in their measurements than the first
and third observers. This could be attributed to the second observer’s higher experience
level in establishing landmarks on the tibial plateau, as seen in tasks such as planning TPLO
(tibial plateau leveling osteotomy) surgery. Determining the proximodistal patellar position
can be complicated by factors such as osteophytes, an unusual patellar morphology, and an
atypical distal attachment of the patellar ligament [14,20,22,30,41].

The examinations in the patient study revealed no significant differences between the
observers, considering our tolerance range of ±5◦. Observer 3 continuously measured
higher angles than Observers 1 and 2. Observer 3 showed a larger deviation in the S group,
which could be because anatomical deformities occur more often in small-breed dogs [3,42]
or because the observer experienced more difficulty in identifying the caudal border of
the tibial plateau in small-breed dogs. We consistently remained within our tolerance
range, demonstrating the reproducibility of the TPPA measurements by the independent
observers.

Evaluations of the TPPA in humans also revealed high inter- and intra-observer
reliability [29,32,36].

In our experience, we can rely on measurements made by a single observer; how-
ever, additional training in small-breed dogs could be beneficial for precisely establishing
anatomical points.

All the observers produced consistent TPPA measurements in the different weight
groups (S, M, and L) without significant deviations; therefore, weight did not influence
the identification of anatomical points. This is important for establishing future studies,
for example, on breed-specific TPPA values. No difficulties in detecting the anatomical
landmarks for the TPPA in humans have been reported, but poor-quality radiographs were
also excluded from study [29].

Considering weight, the TPPA in the cadaver study did not change in relation to the S,
M, or L groups. The small deviation in Group M could be due to the very small number
of patients in this group (20%). The statistically visible variation in the S group could be
explained by the larger deviation in the measurements performed by Observer 3.

Future studies should explore whether the TPPA is reliable for distinguishing between
dogs with patellar luxation, cranial cruciate ligament rupture, and normal stifles. One
possibility is to evaluate breed-specific TPPA values, particularly in small-breed dogs. A
larger sample could allow us to analyze whether taking TPPA measurements in low-weight
dogs are more challenging. These studies should compare the physiological reliability of
the TPPA with that of other measurement methods.

5. Conclusions

Unlike in a human stifle, the TPPA varies at different stifle angles in dogs. The
physiological range of the TPPA spans from 26.7◦ to 48.8◦. The protocol for measuring the
TPPA was proven to be reliable and reproducible for various observers. The observer’s
level of experience may influence the achievement of precise TPPA measurements. Weight
is not a significant factor for the successful measurement of the TPPA. Some observers may
experience difficulty in establishing the caudal point of the tibial plateau in small-breed
dogs.

11



Animals 2024, 14, 1798

Author Contributions: Conceptualization, N.Z. and K.L.; methodology, N.Z., B.B., K.L., D.L. and
A.T.; validation, N.Z., B.B., K.L., D.L. and A.T.; formal analysis, N.Z. and A.T.; investigation, N.Z., K.L.
and D.L.; resources, N.Z., K.L. and D.L.; data curation, N.Z., K.L. and D.L.; writing—original draft
preparation, N.Z. and K.L.; writing—review and editing, N.Z., K.L., D.L., B.B. and A.T.; visualization,
N.Z., K.L., D.L., B.B. and A.T.; supervision, B.B.; project administration, N.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding. Open Access Funding by the University of
Veterinary Medicine Vienna.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. There are described therapies for anomalies. This case was special due to ectrodactyly in
combination with polydactyly. It was not an experiment, so it does not need ethical approval.

Informed Consent Statement: For every cadaver used, we obtained written approval from the
owner.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: All of the cadavers and radiographic images used in this article were from
“Chirurgisches Zentrum für Kleintiere Dr. Lorinson”. The authors are grateful to Elisabeth Branka
and Jana Auer for helping with conducting the radiographs.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. LaFond, E.; Breuer, G.J.; Austin, C.C. Breed susceptibility for developmental orthopedic diseases in dog. J. Am. Anim. Hosp. Assoc.

2002, 38, 467–477. [CrossRef]
2. L’Eplattenier, H.; Montavon, P.M. Patellar luxation in dogs and cats: Management and prevention. Compe. Conti. Educ. Pract. Vet.

2002, 24, 292–298.
3. Roush, J.K. Canine patellar luxation. Vet. Clin. N. Am. Small Anim. Pract. 1993, 23, 855–868. [CrossRef] [PubMed]
4. Gilbert, S.; Langenbach, A.; Marcellin-Little, D.J.; Pease, A.P.; Ru, H. Stifle joint osteoarthritis at the time of diagnosis of cranial

cruciate ligament injury is higher in Boxers and in dogs weighing more than 35 kilograms. Vet. Radiol. Ultrasound 2019, 60,
280–288. [CrossRef] [PubMed]

5. Roy, R.G.; Wallace, L.J.; Johnston, G.R.; Wickstrom, S.L. A retrospective evaluation of stifle osteoarthritis in dogs with bilateral
medial patellar luxation and unilateral surgical repair. Vet. Surg. 1992, 21, 475–479. [CrossRef]

6. Miles, J.E.; Dickow, M.; Nielsen, D.H.; Jensen, B.R.; Kirpensteijn, J.; Svalastoga, E.L.; Eriksen, T. Five patellar proximodistal
positioning indices compared in clinically normal Greenland sled dogs. Vet. J. 2012, 193, 529–534. [CrossRef]

7. Browne, C.; Hermida, J.C.; Bergula, A.; Colwell, C.W.; D’Lima, D.D. Patellofemoral forces after total knee arthroplasty: Effect of
extensor moment arm. Knee 2005, 12, 81–88. [CrossRef] [PubMed]

8. Figgie, H.E.; Goldberg, V.M.; Heiple, K.G.; Moller, H.S.; Gordon, N.H. The influence of tibial-patellofemoral location on function
of the knee in patients with the posterior stabilized condylar knee prothesis. J. Bone Jt. Surg. Am. 1986, 68, 1035–1040. [CrossRef]

9. Floren, M.; Davis, J.; Peterson, M.G.; Laskin, R.S. A mini-midvastus capsular approach with patellar displacement decreases the
prevalence of patella baja. J. Arthroplast. 2007, 22, 51–57. [CrossRef]

10. Ghandi, R.; de Beer, J.; Leone, J.; Petruccelli, D.; Winemark, M.; Adili, A. Predictive risk factors for stiff knees in total knee
arthroplasty. J. Atrhroplasty 2006, 21, 46–52.

11. Luyckx, T.; Didden, K.; Vandenneucker, H.; Labey, L.; Innocenti, B.; Bellemans, J. Is there a biomechanical explanation for anteror
knee pain in patients with patella alta?: Influence of patellar height on patellofemoral contact force, contact area and contact
pressure. J. Bone Jt. Surg. Br. 2009, 91, 344–350. [CrossRef] [PubMed]

12. Thaunat, M.; Erasmus, J.P. Recurrent patellar dislocation after medial patellofemoral ligament reconstruction. Knee Surg. Sport.
Traumatol. Arthrosc. 2008, 16, 40–43. [CrossRef] [PubMed]

13. Aparicio, G.; Abril, J.C.; Calvo, E.; Alvarez, L. Radiologic study of patellar height in Osgood-Shaltter disease. J. Pediatr. Orthop.
1997, 17, 63–66. [CrossRef] [PubMed]

14. Hirano, A.; Fukubayashi, T.; Ishii, T.; Ochiai, N. Relationship between the patellar neight and the disorder of the knee extensor
mechanism in immature athletes. Pediatr. Orthop. 2001, 21, 541–544. [CrossRef]

15. Visuri, T.; Pihlajamäki, H.K.; Mattila, V.M.; Kiuru, M. Elongated patellae at the final stage of Osgood-Shaltter disease: A
radigraohic study. Knee 2007, 14, 198–203. [CrossRef] [PubMed]

16. Drexler, M.; Dwyer, T.; Marmor, M.; Sternheim, A.; Cameron, H.U.; Cameron, J.C. The treatment of acquired patella baja with
proximalize the tibial tuberosity. Knee Surg. Sports Traumatol. Arthrosc. 2013, 21, 2578–2583. [CrossRef] [PubMed]

17. Paulos, L.E.; Rosenberg, T.D.; Drawbert, J.; Manning, J.; Abbott, P. Infrapatellar contracture syndrome: An unrecognize cause of
knee stiffness with patella entrapment and patella infera. Am. J. Sports Med. 1987, 15, 331–341. [CrossRef] [PubMed]

12



Animals 2024, 14, 1798

18. Schiphof, D.; Middelkoop, M.; Klerk, B.M.; Oei, E.H.G.; Hofman, A.; Koes, B.W.; Weinans, H.; Zeinstra, S.M.A. Crepitus is a first
indication of patellofemoral osteoarthritis (and not of tibiofemoral osteoarthiris). Osteoa. Carti. 2014, 22, 631–638. [CrossRef]

19. Bei, M.; Tian, F.; Liu, N.; Zheng, Z.; Cao, X.; Zhang, H.; Wang, Y.; Xiao, Y.; Dai, M.; Zhang, L. Anovel Rat Model of Patellofemoral
Osteoarthritis Due to Patella Baja, or Low-Lying Patella. Med. Sci. Monit. 2019, 13, 2702–2717. [CrossRef]

20. Grelsamer, R.P.; Meadows, S. The modified Insall-Salvati ratio for assessment of patellar height. Clin. Orthop. Relat. Res. 1992, 282,
170–176. [CrossRef]

21. Johnson, A.L.; Probst, C.W.; DeCamp, C.E.; Rosenstein, D.S.; Hauptman, J.G.; Kern, T.L. Vertical position of the patella in the stifle
joint of clinically normal large-breed dogs. Am. J. Vet. Res. 2002, 63, 42–46. [CrossRef] [PubMed]

22. Mostafa, A.A.; Griffon, D.J.; Thomas, W.M.; Constable, P.D. Proximodistal alignment of the canine patella: Radiographic
evaluation and association with medial and lateral patellar luxation. Vet. Surg. 2008, 37, 201–2011. [CrossRef] [PubMed]

23. Vincenti, S.; Knell, S.; Pozzi, A. Surgical treatment of a proximal diaphyseal tibial deformity associated with partial caudal and
cranial cruciate ligament deficiency and patella baja. Schweiz. Arch. Tierheilk. 2017, 159, 237–242. [CrossRef] [PubMed]

24. Knazovicky, D.; Ledecky, V.; Hluchy, M.; Durej, M. Use of modified Insall Salvati method for determination of vertical patellar
position in dogs with and without cranial cruciate ligament rupture considering the morphology of the cranio-proximal tibia.
Acta. Vet. Brno 2012, 81, 403–407. [CrossRef]

25. Lojszczyk, S.A.; Slimanowicz, P.; Komsta, R.; Osinski, Z. Determination of reference values and frequency of occurrence of patella
alta in German shepherd dogs: A retrospective study. Acta Vet. Scand. 2017, 59, 36. [CrossRef] [PubMed]

26. Lorinson, K.; Winkler, M.; Lorinson, D.; Tichy, A. Radiographische Evaluierung der prä- und post-operativen Patellahöhe bei
TPLO und TTA Patienten. Wien. Tierarztl. Monat- Vet. Med. Austria 2022, 109, Doc1. [CrossRef]

27. Ocal, M.K.; Seyrek-Intas, D.; Cagatay, S. Comparison of Insall-Salvati Index and its modification in normal dogs from four
different body weight groups. Vet. Comp. Othop. Traumatol. 2020, 33, 110–115. [CrossRef] [PubMed]

28. Johnson, A.L.; Broaddus, K.D.; Hauptman, J.G.; Marsh, S.; Monsere, J.; Sepulveda, G. Vertical patellar position in large-breed dogs
with clinically normal stifles and large-breed dogs with medial patellar luxation. Vet. Surg. 2006, 35, 78–81. [CrossRef] [PubMed]

29. Portner, O.; Pakzad, H. The evaluation of patellar height: A simple method. J. Bone Jt. Surg. Am. 2011, 93, 73–80. [CrossRef]
30. Murakami, S.; Shimada, M.; Harada, Y.; Hara, Y. Examination of the Proximodistal patellar position in small dogs in relation to

anatomical features of the distal femur and medial patellar luxation. PLoS ONE 2021, 5, e0252531. [CrossRef]
31. Wangdee, C.; Theyse, L.F.H.; Hasewinkel, H.A.W. Proximo-distal patellar position in three small dogs breeds with medial patellar

luxation. Vet. Comp. Orthop. Traumatol. 2015, 28, 270–273. [PubMed]
32. Bonadio, M.B.; Torres, J.A.P.; Filho, V.M.; Helito, C.P. Plateau-patella angle: An option for assessing patellar height on proximal

tibia osteotomy. Acta Orth. Bras. 2016, 24, 127–130. [CrossRef] [PubMed]
33. Slocum, B.; Slocum, T.D. Tibial plateau leveling osteotomy for repair of cranial cruciate ligament rupture in the canine. Vet. Clin.

N. Am. Small Anin. Pract. 1993, 23, 777–795. [CrossRef] [PubMed]
34. Reif, U.; Dejardin, L.M.; Probst, C.W.; DeCamp, C.E.; Flo, G.L.; Johnson, A.L. Influence of limb positioning and measurement

method on the magnitude of the tibial plateau angle. Vet. Surg. 2004, 33, 368–375. [CrossRef] [PubMed]
35. Geier, M.C.; Frederick, S.W.; Cross, A.R. Evaluation of the risk of patella fracture as the result of decreasing tibial plateau angle

following tibial plateau leveling osteotomy. Vet. Surg. 2021, 50, 984–989. [CrossRef] [PubMed]
36. Capkin, S.; Guler, S.; Sezgin, E. Comparison of five patellar height measurement methods in a Turkish adult cohort. Ann. Med.

Res. 2020, 27, 1549–1553. [CrossRef]
37. Winkler, M. Radiologische Evaluierung der Patellaposition Anhand Spezifischer Indizes Bei Tibia Plateau Leveling Osteotomy

und Tibial Tuberosity Advancement Bei Hunden. Master’s Thesis, The University of Veterinary Medicine, Vienna, Austria, 2019.
38. Garnoeva, R.S. Evaluation of Proximodistal patellar alignment in small breed dogs with or without patellar luxation using the

Insall-Salvati, Caton-Deschamps, and Blackburne-Peel indices. Open Vet. J. 2023, 13, 663–667. [CrossRef] [PubMed]
39. Feldmane, L.; Theyse, L.F.H. Proximodistal and caudocranial position of the insertion of the patellar ligament on the tibial

tuberosity and patellar ligament length of normal stifle and stifle with grade II medial patellar luxation in small-breed dogs. Vet.
Surg. 2021, 50, 1017–1022. [CrossRef] [PubMed]

40. Lorinson, K.; Kneissl, S.; Tichy, A.; Lorinson, D. Radiographic Measurement of the Patellar Height in Cats Using the Tibia
Plateau-Patella Angle (TPPA). Biomed. J. Sci. Tech. Res. 2023, 49, 40929–40933.

41. De Carvalho, A.; Andersen, A.H.; Topp, S.; Jurik, A.G. A method for assessing the height of the patella. Internat. Orthop. 1985, 9,
195–197. [CrossRef]

42. Bound, N.; Zakai, D.; Butterworth, S.J.; Pead, M. Clinical features and radiographic evidence of limb deviation. Vet. Comp. Orthop.
Traumatol. 2009, 22, 32–37. [PubMed]

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.

13



Citation: Nam, S.; Jeon, Y.; Lee, H.;

Jeong, J. Effects of the Direction of

Two Kirschner Wires on Combined

Tibial Plateau Leveling Osteotomy

and Tibial Tuberosity Transposition

in Miniature Breed Dogs: An Ex Vivo

Study. Animals 2024, 14, 2258.

https://doi.org/10.3390/

ani14152258

Academic Editors: L. Miguel Carreira

and João Alves

Received: 8 July 2024

Revised: 24 July 2024

Accepted: 2 August 2024

Published: 3 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Effects of the Direction of Two Kirschner Wires on Combined
Tibial Plateau Leveling Osteotomy and Tibial Tuberosity
Transposition in Miniature Breed Dogs: An Ex Vivo Study
Sanghyun Nam † , Youngjin Jeon † , Haebeom Lee and Jaemin Jeong *

Department of Veterinary Surgery, College of Veterinary Medicine, Chungnam National University,
Daejeon 34134, Republic of Korea; nmdanny86@gmail.com (S.N.); orangee0115@gmail.com (Y.J.);
seatiger76@cnu.ac.kr (H.L.)
* Correspondence: klmie800@cnu.ac.kr
† These authors contributed equally to this work.

Simple Summary: This study investigates how the direction of wire placement affects the stability of
combined tibial plateau leveling osteotomy and tibial tuberosity transposition surgery in miniature-
breed dogs suffering from two common stifle problems: a torn cruciate ligament and patella luxation.
Using the bones from 21 small dogs, we tested pin placement in two directions: proximal (proximal
osteotomized segment) and distal. This study also tested different wire thicknesses and the use of
tension bands. The results showed that distal pin placement provided better stability in the 0.56 mm
tension band group. This finding is important because it offers a solution for cases where there is not
enough space to place pins in the proximal direction. In situations where there is inadequate space
for proximal pin placement, distal pin placement can achieve similar stability. This research provides
valuable insights that can lead to better surgical outcomes for small animal surgeons.

Abstract: This study evaluates the impact of Kirschner wire (K-wire) insertion direction on the
biomechanical properties of combined tibial plateau leveling osteotomy (TPLO) and tibial tuberosity
transposition (TTT) procedures in small-breed dogs with cranial cruciate ligament rupture and medial
patella luxation. Twenty-one cadaveric tibiae were divided into two groups; the specimens were
divided into two groups; one underwent TPLO-TTT with a proximal pin placement (Group TTP),
and the other received TPLO-TTT with a distal pin placement (Group TTD). For both pin placements,
two additional subgroups were formed: one with a 0.56 mm tension band (Groups TTP0.56 and
TTD0.56) and the other with a 0.76 mm tension band (Groups TTP0.76 and TTD0.76). The tensile force
was applied, and failure load and mode were recorded. The distal pin direction in Group TTD0.56
exhibited a significantly higher mean failure load (380.1 N) compared to the proximal pin direction in
Group TTP0.56 (302.2 N, p = 0.028). No significant differences were observed among the other groups.
This study concludes that distal pin placement can provide similar or improved mechanical stability
in cases with limited space for proximal pin placement during combined TPLO and TTT procedures.

Keywords: tibia plateau leveling osteotomy; tibial tuberosity transposition; Kirschner wire angle;
tension band technique; dog

1. Introduction

Medial patellar luxation (MPL) and cranial cruciate ligament rupture (CCLR) represent
predominant causes of hindlimb lameness within the canine population, exhibiting a
particularly high prevalence among small-breed dogs [1–4]. According to previous studies,
small breeds are significantly more susceptible to MPL, with a reported incidence rate up
to 12 times higher than that observed in larger breeds [5,6]. Moreover, the occurrence of
concurrent CCLR in patients diagnosed with MPL ranges from 22% to 44%, underscoring
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the clinical complexity and necessitating effective surgical interventions to restore limb
function [7,8].

Surgical techniques for treating MPL commonly include a variety of techniques such
as soft-tissue realignment, trochleoplasty, tibial tuberosity transposition (TTT), and distal
femoral osteotomy [4]. The TTT method, specifically, addresses congenital or acquired
malalignments of the quadriceps mechanism, a condition frequently accompanying MPL.
A TTT is a common procedure performed in surgical correction of the medial patellar
luxation in dogs [2,4]. This technique involves the osteotomy and subsequent reposition-
ing of a tibia tuberosity segment to counteract the luxation direction, secured in its new
location with surgical implants [1,3,4,9]. In cases of CCLR, procedures like tibia plateau
leveling osteotomy (TPLO), CORA-based leveling osteotomy (CBLO), and tibia tuberosity
advancement (TTA) are integrated to effectively address joint instability [10,11].

Recent studies have reported several methods that address concurrent MPL and
CCLR within a single session. These methods, including modified TPLO (mTPLO), tibia
tuberosity transposition advancement (TTTA), and combined TPLO with TTT, aim to
address quadriceps malalignment and stabilize the CCL-deficient stifle joints [10–14].
Various techniques have been explored to improve the mechanical stability and clinical
outcomes of these procedures. Although previous ex vivo studies evaluating combined
TPLO-TTT report that TPLO-TTT has weaker mechanical stability compared to TTT or
TPLO alone [15], it has been shown to provide relatively good short- to long-term outcomes
in retrospective clinical studies [11,16,17].

However, performing combined TPLO-TTT in miniature-breed dogs can be challeng-
ing in surgical precision, particularly with the insertion of Kirschner wire (K-wire) for TTT
fixation. This difficulty mainly arises from the impingement of pins on TPLO screws in
the rotated proximal tibial plateau segment. Alternatively, K-wires can be inserted in the
distal direction instead of the proximal direction into the proximal tibial plateau segment.
However, there is a lack of studies on how the biomechanical properties of TTT fixation in
TPLO-TTT change when the insertion direction of these K-wires is altered.

Therefore, the purpose of this study is to analyze the biomechanical effects of the
Kirschner wire insertion angle (KWIA), in the combined TPLO-TTT technique in 2–5 kg
miniature-breed dogs. Our hypothesis was that there would be no difference in load at
failure or mode of failure between the direction of the K-wire, regardless of whether a
tension band (TB) was applied or the size of the TB wire if applied.

2. Materials and Methods
2.1. Specimens and Preparation

Twenty-one donated miniature-breed cadavers weighing between 2 and 5 kg, eutha-
natized for reasons unrelated to this study, were included in the ex vivo study. The ethics
approval for the cadaveric study protocol was not required by the Institutional Animal
Care and Use Committee of Chungnam National University. Cadavers were preserved at
−20 ◦C and thawed to room temperature (21 ◦C) prior to experimentation. Comprehensive
craniocaudal and mediolateral radiographic of each tibia were performed with a 25 mm
radiographic marker for precise measurement. The specimens were then divided into six
groups based on the specific surgical technique applied and the size of the tension band
(TB). Each group included 6 tibiae, representing either the left or right hindlimb from one
individual dog.

The groups were divided as follows: Group TTP: TPLO + TTT with the proximal
insertion of two K-wires, no tension band; Group TTD: TPLO + TTT with the distal insertion
of two K-wires, no tension band; Group TTP0.56: TPLO + TTT with the proximal insertion
of two K-wires and a 0.56 mm tension band; Group TTD0.56: TPLO + TTT with the distal
insertion of two K-wires and a 0.56 mm tension band; Group TTP0.76: TPLO + TTT with
the proximal insertion of two K-wires and a 0.76 mm tension band; and Group TTD0.76:
TPLO + TTT with the distal insertion of two K-wires and a 0.76 mm tension band.
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A coin flip method was used to assign the left or right hindlimb of each group. For
example, if the left hindlimb was assigned to the TTP group, the right hindlimb from the
same dog was assigned to the TTD group, ensuring that each dog provided paired samples
for comparison. The two K-wires were inserted parallel to each other at the same level. This
process was similarly applied to the TTP0.56 group (TTP + 0.56 mm TB) and the TTD0.56
group (TTD + 0.56 mm tension band wire), as well as the TTP0.76 group (TTP + 0.76 mm
tension band wire) and the TTD0.76 group (TTD + 0.76 mm tension band wire) (Figure 1).
The remaining three pairs of the hindlimb were included as a control group, which only
underwent TPLO.

Animals 2024, 14, x FOR PEER REVIEW 3 of 11 
 

the proximal insertion of two K-wires and a 0.76 mm tension band; and Group TTD0.76: 
TPLO + TTT with the distal insertion of two K-wires and a 0.76 mm tension band. 

A coin flip method was used to assign the left or right hindlimb of each group. For 
example, if the left hindlimb was assigned to the TTP group, the right hindlimb from the 
same dog was assigned to the TTD group, ensuring that each dog provided paired sam-
ples for comparison. The two K-wires were inserted parallel to each other at the same level. 
This process was similarly applied to the TTP0.56 group (TTP + 0.56 mm TB) and the 
TTD0.56 group (TTD + 0.56 mm tension band wire), as well as the TTP0.76 group (TTP + 
0.76 mm tension band wire) and the TTD0.76 group (TTD + 0.76 mm tension band wire) 
(Figure 1). The remaining three pairs of the hindlimb were included as a control group, 
which only underwent TPLO. 

 
Figure 1. Craniocaudal and mediolateral radiographs of the TTP0.76 (A,B) and TTD0.76 (C,D) 
groups. The tension band was applied in a figure-eight pattern, and the pins were 1.0 mm and 0.8 
mm. 

2.2. Surgical Techniques 
Preoperative TPLO planning was performed using digital software vPOP (vPOP Pro 

version 2.9.6, VetSOS Education Ltd., Shrewsbury, UK). TPLO and TTT were conducted 
on all 36 tibiae following established protocols from a previous study [9,18]. A 12 mm 
crescentic saw blade was used for the osteotomy, placing the intercondylar eminence as 
the central point. Temporary fixation was performed with a 1.0 K-wire after rotation of 
the tibial plateau segment and achieving a tibial plateau angle (TPA) of 6°, and a 2.0 mm 
TPLO bone plate (Able Inc., Jeonju, Republic of Korea) was used for osteotomy stabiliza-
tion [19]. Following plate application, TTT was performed using an oscillating saw 
(DePuy Synthes Vet, Oberdorf, Switzerland) to ensure a linear osteotomy and to preserve 
the craniodistal periosteal attachment. The osteotomized segment was laterally translated 
into a distance of one-third of the tibia tuberosity’s width. K-wires were inserted at the 
proximal insertion point of the patellar ligament to secure the segment, passing through 

Figure 1. Craniocaudal and mediolateral radiographs of the TTP0.76 (A,B) and TTD0.76 (C,D) groups.
The tension band was applied in a figure-eight pattern, and the pins were 1.0 mm and 0.8 mm.

2.2. Surgical Techniques

Preoperative TPLO planning was performed using digital software vPOP (vPOP Pro
version 2.9.6, VetSOS Education Ltd., Shrewsbury, UK). TPLO and TTT were conducted
on all 36 tibiae following established protocols from a previous study [9,18]. A 12 mm
crescentic saw blade was used for the osteotomy, placing the intercondylar eminence as
the central point. Temporary fixation was performed with a 1.0 K-wire after rotation of the
tibial plateau segment and achieving a tibial plateau angle (TPA) of 6◦, and a 2.0 mm TPLO
bone plate (Able Inc., Jeonju, Republic of Korea) was used for osteotomy stabilization [19].
Following plate application, TTT was performed using an oscillating saw (DePuy Synthes
Vet, Oberdorf, Switzerland) to ensure a linear osteotomy and to preserve the craniodistal
periosteal attachment. The osteotomized segment was laterally translated into a distance of
one-third of the tibia tuberosity’s width. K-wires were inserted at the proximal insertion
point of the patellar ligament to secure the segment, passing through and emerging from
the opposite tibial cortex. TB was applied as a single twist to the TTP-0.56, TTD-0.56,
TTP-0.76, and TTD-0.76 groups.
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2.3. Radiographic Measurements

Orthogonal radiographs of each pair of tibiae were obtained to assess the pin insertion
angle and postoperative TPA using commercially available radiographic software (Zetta
PACS Viewer 2001, Taeyoung Soft Co., Ltd., Gwacheon, Republic of Korea). K-wire inser-
tion angles were determined on lateral radiographs by measuring the angle between the
osteotomy line and the inserted K-wire, as described in a previous study (Figure 2) [20].
The two K-wires were assigned as P1 and P2, and the data were obtained as the mean
standard deviation of the K-wire angle by calculating [P1 + P2]/2.
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Figure 2. K-wire insertion angle (KWIA) was measured using Zetta PACS (Taeyoung Soft Co., Ltd.,
Gwacheon, Republic of Korea). The angle formed by the K-wire and the osteotomy line (red dotted
line) was measured. The two K-wires were assigned as P1 and P2 (yellow dotted line), and the data
were obtained as the mean standard deviation of the K-wire angle by calculating [P1 + P2]/2.

2.4. Mechanical Testing

Specimens were mounted in a 35 mm internal diameter stainless steel pipe using
methyl methacrylate resin (Trayplast, Vertex, Soesterberg, The Netherlands) and then
attached to a loading cell within a custom-designed jig. The tibiae were then secured to
the load cell using a custom-designed jig. The patellar tendon was secured to the actuator
using a custom-made clamp (Figure 3). The jig was configured to hold the tibia and patellar
ligament at 135 degrees to mimic the midstance angle of the stifle of dogs [21]. A testing
machine (WL2100C, WITHLAB Co., Ltd., Gunpo, Republic of Korea) was used to perform
vertical distraction at a displacement rate of 20 mm/min until failure of the tibia construct
was observed. The load at failure (Newtons) and the mode of failure were recorded for
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each specimen. All testing was video-recorded (iPhone 14, Apple Inc., Cupertino, CA, USA)
with the load display and tibias on the same screen (Figure 3).
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Figure 3. Biomechanical testing setup. Specimens were mounted using methyl methacrylate resin
(Trayplast, Vertex, Soesterberg, The Netherlands) in a stainless steel pipe with an inner diameter of
35 mm. The specimens were secured to the loading cell, and the patellar tendon was fixed at an angle
of 135◦ in a custom-designed clamp.

2.5. Statistical Analysis

Based on the results of a previous study [20], a prospective power analysis was
conducted using statistical software (G*Power V3.1.9.2x Dusseldorf, Germany), and it was
determined that a sample size of 6 constructs (n = 6 tibia/group) would have alpha = 0.05,
power = 0.8 and an estimated effect size (ES, d = 1.4790362). Statistical analysis was
performed using commercially available software (IBM SPSS Statistics 24.0, IBM Corp.,
Chicago, IL, USA). Data were nonparametrically distributed, and postoperative K-wire
angle and load at failure were evaluated between the groups using the Wilcoxon test and
Kruskal–Wallis test. The Mann–Whitney U test was used for post hoc analysis. Statistical
significance was set at a value of p < 0.05.

3. Results

All cadavers met the criteria with a total of 36 stifles and were skeletally mature. The
median body weight was 3.6 kg (range: 2–5 kg), and there were 13 intact females, 2 spayed
females, and 3 intact males. The most dominant breed was Poodle (n = 9), followed by

18



Animals 2024, 14, 2258

Maltese (n = 4), Bichon (n = 2), Chihuahua (n = 1), and Pomeranian (n = 1). Descriptive data,
including body weight, failure modes, preoperative tibial plateau angle, postoperative
plateau angle, and the K-wire insertion number, are described in Table 1. Biomechanical
test results and KWIA are described in Table 2.

Table 1. Comparison of body weight, tibial plateau angle (TPA), pin insertion number, and fail-
ure mode.

Body Weight
(Kg)

Preoperative
TPA

Postoperative
TPA

Pin
Insertion Number Failure Mode

Group 1 TTP 3.62 ± 0.38 28.90 ± 4.35◦ 6.33 ± 2.34◦ 0 (n = 1),1 (n = 2),
2 (n = 2), 3 (n = 1) Avulsion (n = 6)

Group 2 TTD 3.62 ± 0.38 28.67 ± 3.37◦ 5.33 ± 1.51◦ 0 (n = 5), 1 (n = 1) Avulsion (n = 6)

Group 3 TTP0.56 3. 92 ± 0.71 30.70 ± 3.16◦ 6.33 ± 2.73◦ 0 (n = 1), 1 (n = 2),
2 (n = 3)

Avulsion (n = 3),
Fracture (n = 3)

Group 4 TTD0.56 3. 92 ± 0.71 30.13 ± 3.07◦ 5.83 ± 2.99◦ 0 (n = 5), 1 (n = 1)
Tendon rupture (n = 2),

Avulsion (n = 3),
Fracture (n = 1)

Group 5 TTP0.76 3.34 ± 0.37 30.63 ± 3.13◦ 6.67 ± 2.07◦ 1 (n = 2), 2 (n = 1),
3 (n = 2) Fracture (n = 6)

Group 6 TTD0.76 3.34 ± 0.37 30.20 ± 3.12◦ 6.33 ± 1.51◦ 0 (n = 6) Fracture (n = 6)
Control TPLO 3.45 ± 0.45 25.47 ± 6.45◦ 7.17 ± 1.33◦ Fracture (n = 6)

TTP, TPLO-TTT with proximal pin; TTD, TPLO-TTT with distal pin; TTP0.56, TPLO-TTT with proximal pin and
0.56 tension band; TTD0.56, TPLO-TTT with distal pin and 0.56 tension band; TTP0.76, TPLO-TTT with proximal
pin and 0.76 tension band; TTD0.76, TPLO-TTT with distal pin and 0.76 tension band.

Table 2. Comparison of load at failure, yield force, periosteal bridge failure, and K-wire insertion
angle by group.

Group 1
TTP

Group 2
TTD

Group 3
TTP0.56

Group 4
TTD0.56

Group 5
TTP0.76

Group 6
TTD0.76

TPLO
Control

Load at failure (N) 124.23
±102.62

142.54
±97.01

302.24
±52.92 a

380.15
±58.30 a

255.20
±44.50

241.07
±66.41

242.38
±31.98

Yield force (N) 119.36
±107.05

132.61
±105.61

229.48
±126.57

282.53
±100.06

210.42
±32.22

172.24
±32.55

214.23
±69.95

Periosteal bridge
failure 6/6 6/6 3/6 5/6 N/A N/A N/A

K-wire
insertion angle (◦)

72.58
±3.71 b

48.52
±9.14 b

73.81
±3.87 a

46.94
±11.87 a

76.26
±8.16 c

47.48
±2.54 c N/A

TTP, TPLO-TTT with proximal pin; TTD, TPLO-TTT with distal pin; TTP0.56, TPLO-TTT with proximal pin and
0.56 tension band; TTD0.56, TPLO-TTT with distal pin and 0.56 tension band; TTP0.76, TPLO-TTT with proximal
pin and 0.76 tension band; TTD0.76, TPLO-TTT with distal pin and 0.76 tension band; a p-value between Group 3
and 4 showed a significant difference, b p-value between Group 1 and 2 showed a significant difference, c p-value
between Group 5 and 6 showed a significant difference; p < 0.05 was set as significant difference.

In the comparison of the proximal pin load at failure, TTP0.56 exhibited significantly
greater strength compared to TTP (p = 0.016). Similarly, TTP0.76 demonstrated significantly
greater strength than TTP (p = 0.037). However, the difference between TTP0.56 and
TTP0.76 was not statistically significant, although it was close to significance (p = 0.078).
For the distal pin load at failure, TTD0.56 showed significantly greater strength compared
to TTD (p = 0.004). Additionally, TTD0.56 demonstrated significantly greater strength than
TTD0.76 (p = 0.01). However, the difference between TTD and TTD0.76 was not significant
(p = 0.109).

In the TTP and TTD groups, in which a TB was not applied, tibial tuberosity avulsion
failure was observed (Figure 4). However, fractures were observed in some of the 0.56
tension band (TB) groups (TTP0.56 and TTD0.56) and all the 0.76 tension band (TB) groups
(TTP0.76 and TTD0.76) as failure modes. The fracture occurred at the level where the tibia
was embedded in the resin, precisely at the most superficial interface between the two

19



Animals 2024, 14, 2258

materials. The number of fractures observed per group is specified in Table 1. In specimens
that had more than one trial of proximal K-wire insertion, pin bending (Figure 5A) and
locking screw damage was observed (Figure 5B). In the proximal pin groups (TTP, TTP0.56,
and TTP0.76), damaged locking screws were found in proximal locking screws, whereas in
the distal pin groups (TTD, TTD0.56, and TTD0.76), no screw damage was observed.
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20



Animals 2024, 14, 2258

The comparison of KWIA between the proximal pin groups and the distal pin groups
was significant (p = 0.000). The TTP and TTD groups showed a significant difference
(p = 0.028), as did the TTP0.56 and TTD0.56 groups (p = 0.028); similarly, the TTP0.76 and
TTD0.76 groups showed a significant difference (p = 0.028).

4. Discussion

This study evaluated the biomechanical properties of combined TTT and TPLO de-
pending on the direction of the Kirschner wire insertion angle and the application of the
tension band. Our hypothesis posited that there would be no significant difference in the
biomechanical integrity, load at failure, or mode of failure between proximal pin placement
and distal pin placement. This hypothesis was partially accepted, as groups TTP, TTD,
TTP0.76, and TTD0.76 showed no difference in load at failure and mode of failure. However,
between the TTP0.56 and TTD0.56 groups, a significant difference was observed in the load
at failure, with the distal pin group showing higher mechanical strength.

According to previous studies [20,22–24], inserting the pin in a caudodistal or trans-
verse direction is known to provide better counteraction against the patellar tendon force
during TTT surgery. Additionally, the AO principle for TB to manage fractures recommends
the placement of two parallel pins across and perpendicular to the fracture plane [25]. How-
ever, in the current study, inserting the K-wire perpendicular to the TTT osteotomy line and
into the proximal tibial plateau segment to stabilize the osteotomized tuberosity segment
posed a challenge. This difficulty arose because of the conflict between the pins and the
proximal locking screw due to the narrow space in the proximal tibial plateau segment,
especially in miniature breed dogs. Therefore, in the proximal pin groups, the pin was
inserted at a mean angle of 74.23 degrees to the osteotomy line.

Inserting the K-wire into the proximal tibial plateau segment caused resistance with
the proximal locking screw, resulting in multiple insertion attempts in groups TTP, TTP0.56,
and TTP0.76. Although the wire eventually flexed slightly and passed through, this process
caused damage to the threads of the locking screw (Figure 5A). Additionally, these attempts
increased the space where the K-wire passed through, which can lead to implant loosening
in a clinical setting.

The failure mode observed in groups TTP, TTD, TTP0.56, and TTD0.56 was similar
to that reported in studies on TPLO-TTT with or without a tension band, involving distal
tibial crest displacement and rupture of the patellar ligament [15,26]. However, fracture
occurred at the diaphysis of the tibia in four specimens, with three in TTP0.56 and one in
TTD0.56 groups. This failure mode was consistent with observations from a previous TTT
study [23]. The occurrence of such failures may be attributed to histological damage during
freeze–thaw process of the specimens or differences in bone quality between specimens.
However, if such failures were to occur in a clinical setting, they could have catastrophic
consequences. Therefore, further research is necessary to assess the stress distribution in
TPLO-TTT constructs with and without a tension band.

One of the interesting findings in the current study was that the failure mode in
the TTP0.76 and TTD0.76 groups involved fractures at the junction between the tibia
and the resin. In contrast to the 0.56TB group, where two out of the four fractured spec-
imens experienced distal periosteum breakage, the specimens in the 0.76TB group all
had intact distal periosteum. Although the actual mechanical test results showed that
the 0.56TB specimens performed better than the 0.76TB specimens, the test results and
failure modes may be attributed to the stress shielding effect [27,28] or stress concentra-
tion occurring at the junction where the tibia and cement, which have different material
properties [29–31]. This result presents a clinical dilemma when choosing the appropriate
tension band size in practice. Despite the expectation that the thicker 0.76TB would with-
stand higher mechanical loads, tibia diaphyseal fractures occurred at lower loads compared
to the avulsion fractures observed in the 0.56TB group. These findings are in contradiction
with the results reported by Neat and colleagues, which showed that larger TB sizes gener-
ally provide higher mechanical strength in an olecranon osteotomy model [32]. Therefore,
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further research is needed to determine the appropriate TB size based on bone size or
patient weight. Additionally, it should be noted that this study used only one twist knot
for securing the tension band wire due to the small bone size. According to a previous
study, placing two knots results in more rigid fixation to the construct compared to a single
knot [33]. One twist knot may not provide uniform tension across the entire wire, especially
in larger bones, potentially resulting in less effective tightening compared to using two
twist knots.

According to a previous study, the approximate quadriceps muscle force during
walking for dogs in the weight range of the current study is 33.68 N [34]. All groups in our
experiment, regardless of TB application and pin direction, exhibited forces higher than
this value. However, in the TTP and TTD groups in which only pins were applied, the load
at failure ranged from 39.37 N to 301.11 N, suggesting a potential risk of construct failure
under conditions of higher forces such as those encountered during trotting. In contrast,
the 0.56 TB groups showed a load at failure ranging from 227.56 N to 480.03 N, and the
0.76 TB groups exhibited a load at failure ranging from 164.16 N to 349.46 N. These results
suggest significantly improved mechanical stability when a TB is applied. Therefore, it is
cautiously recommended to apply TBs during TPLO-TTT in a clinical setting.

Our study has limitations, and caution is required for direct clinical application. First,
since our study was designed ex vivo, with muscles and ligaments removed from the
tibia except for the quadriceps muscle and patellar tendon. Therefore, the results may not
fully replicate the actual weight-bearing situation. In clinical settings, the soft tissue and
callus formation around the proximal tibia may provide additional resistance. Secondly,
since all surgical procedures were performed by a single surgeon, outcomes related to
experience may vary, including a potential bias where the 0.56 mm wire might have been
tightened more stably due to ease of manipulation compared to the thicker 0.76 mm wire
when applying the TB. Thirdly, we could not clarify the mechanism of fracture observed in
the 0.76 TB groups. Although the results showed no significant differences based on pin
direction in the 0.76 TB groups, further study is necessary, as different outcomes may arise
when conducting the procedure on larger bone specimens.

5. Conclusions

In conclusion, our study primarily aimed to analyze the biomechanical effects of the
Kirschner wire insertion angle in the combined TPLO-TTT technique for 2–5 kg miniature-
breed dogs. Our finding suggests that, in general, the direction of the K-wire does not
significantly affect stability, except when using a 0.56 mm tension band. When a 2.0 mm
TPLO plate and a 0.56 TB are used for the combined TPLO and TTT, inserting the K-wire
distally may be considered if proximal pin insertion is challenging due to the proximal
locking screw. Furthermore, significant differences were observed when a TB was not
applied during TPLO-TTT compared to the TB-applied group. Therefore, in clinical settings,
the application of TBs is recommended during TPLO-TTT to avoid the risk of construct
failure.
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Simple Summary: This case report follows the recovery of a seven-month-old Pomeranian who had
a serious fracture in its forelimb. The patient needed two surgeries to fix the fracture and help the
bone heal using advanced methods. First, an external frame was used to keep the bone in place, along
with a special material to help the bone grow. Although the bone initially healed well, problems
with the frame caused the need for a second surgery. In the second surgery, a plate was added to
support the bone, and a new healing material was used. After almost five years, the patient had less
movement in the injured leg but did not seem to be in pain. X-rays showed only small changes in
the joints, and although CT scans showed differences in leg length and bone density, the patient’s
ability to bear weight on the treated leg improved significantly. This case shows that combining these
advanced techniques can be a good approach for treating complex fractures in veterinary practice.

Abstract: A seven-month-old male Pomeranian presented with left forelimb lameness after a fall.
Radiographic assessment confirmed proximal radial head and ulnar comminuted fracture. The
initial surgical intervention involved the use of hybrid external skeletal fixation (ESF) to stabilize
the radial head, concomitant with the application of a composite of bone morphogenetic protein
type 2 (BMP-2)-loaded hydroxyapatite and gelatin microparticles at the fracture site. Although
successful radial head healing was achieved, the ESF pinholes caused a defect in the proximal ulnar
diaphysis. Subsequently, the ESF was removed, and a locking plate was applied in conjunction with
the BMP-2-loaded collagen membrane to correct the radius defect. Clinical follow-up at 4.8 years
postoperatively revealed a mildly decreased range of motion of the affected elbow joint, but no clinical
symptoms such as lameness. Radiography revealed minimal degenerative changes and a radioulnar
synostosis. Computed tomography revealed differences in the leg length and bone density. Gait
analysis revealed that the left forelimb had a significant improvement in weight-bearing capacity
based on weight distribution–peak vertical force metrics, compared with the right forelimb. Based on
clinical outcomes, the combined application of hybrid ESF and bone tissue engineering techniques
can be considered a feasible alternative treatment for radial head fractures.

Keywords: radial head fracture; bone tissue engineering; hybrid ESF; gait analysis; canine

1. Introduction

The prevailing fracture sites of small and toy breed dogs regarding age and body
size are as follows: radius/ulna, tibia, femur, and humerus [1–3]. The radius and ulna
are relatively thin and long in small and toy breed dogs, making fractures more common
when excessive pressure is applied to their forelimbs, particularly during activities such as
jumping, or following external impacts such as falls. Most radial and ulnar fractures occur in
the distal region, whereas fractures in the proximal region are less common. Proximal radial
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fractures are rare and challenging to access surgically because of anatomical constraints [4].
Although internal fixation provides greater stability in typical proximal radial transverse
fractures, placement of implants onto the radial head becomes challenging in cases of more
comminuted radial head and neck fractures. In such situations, external skeletal fixation
(ESF) devices can be employed as a surgical approach [3,5,6].

ESF offers the advantage of minimizing soft tissue damage, making it an effective
option for fractures in regions with relatively little soft tissue [7–10]. Additionally, the
surgeon can apply a bilateral or biplane frame to further stabilize the fracture. The hybrid
ESF technique, which combines both linear and circular external fixation components, is
commonly recommended for fractures involving the juxta-articular bone segments near
the joints. This is particularly valuable in cases where the application of plate screws
is challenging [7]. Furthermore, in cases of complex fractures affecting the radial head
and neck, the use of a hybrid ESF may be indicated to float the radial head and maintain
its position, utilizing a linear ESF that secures the olecranon proximally and the radius
distally, thereby allowing the radial head to be floated and stabilized by the surrounding
soft tissues [4].

In recent years, extensive research has been conducted in the fields of tissue engineer-
ing and regenerative medicine to identify methods for enhancing bone healing [11,12]. Bone
tissue engineering (BTE) focuses on the development of innovative biomedical techniques
to treat skeletal injuries and is a promising treatment method for animals with fractures.
BTE strategies involve the application of bone grafts to a scaffold, which are subsequently
implanted in vivo to target bone defects; however, its long-term outcomes have not been
sufficiently characterized yet.

To the authors’ knowledge, there are currently no documented cases in the veterinary
field that apply hybrid ESF in conjunction with BTE for fractures of the proximal radius, and
no cases have confirmed the bone status through long-term follow-up after the application
of BTE. This paper reports the bone status and gait of a small breed dog treated with hybrid
ESF using BTE techniques 4.8 years after the procedure.

2. Case Description

A 7-month-old, 3.3 kg, intact male Pomeranian suffered a complex fracture of the
left proximal radius and ulna after falling. A tie-in IM pin was placed to fix the fracture
at a private veterinary clinic; however, the fixation failed, and the fracture recurred. At
referral, the patient could not weight-bear on the left forelimb during the standing physical
examination. For subjective evaluation, the clinical lameness scores were used, which were
based on six factors such as lameness score, range of motion (ROM), and pain, with each
factor evaluated on a scale of 1 to 4 or 5 points (total score range: 6 to 27) [13]. Assessment
using the clinical lameness score criteria revealed 24 points out of 27 points. Radiographs
revealed poor bone healing due to the previous pin fixation and a comminuted fracture
of the left proximal radius and ulna (Figure 1A). As the fracture was near the radial
head, the bone structure was not clearly visible on radiography, necessitating a computed
tomography (CT) scan for accurate fracture assessment and appropriate surgical planning.
CT revealed a proximal non-reducible radial head fracture, which was fractured into three
proximal fragments (6.5 mm × 5.9 mm, 7.5 mm × 2.9 mm, 10.4 mm × 4.1 mm), along with
a proximal ulnar fracture (Figure 1B). Articular surface damage was also observed. Based
on comprehensive examination, it was determined that stabilizing the radial head was
essential to preserve the affected forelimb. Due to the radial head’s non-reducible fracture,
direct stabilization through implant fixation was not feasible. Therefore, as a surgical
treatment strategy, it was decided to apply a type II hybrid ESF, combining a bilateral
uniplanar linear system with an Ilizarov-type circular system, to create space for the
placement of two screws on the radial head.
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gery followed by 0.1 mg/kg PO starting 24 h after surgery for 14 days. 

 

B A 

Figure 1. (A) Preoperative radiography image. (B) Preoperative computed tomography reconstruc-
tion image.

2.1. Surgical Treatment I

After obtaining a CT image of the left forelimb, a 3D anatomical model was fabricated
for preoperative planning and surgical rehearsal using an ESF device.

The first surgical treatment was performed one week after referral (Figure 2A–C). The
patient was premedicated with 0.2 mg/kg of intravenous (IV) midazolam (midazolam,
Inj®; Bukwang Pharm, Seoul, Republic of Korea). Anesthesia was induced with 6 mg/kg
of IV propofol (Anepol, Inj®; Hana Pharm, Seoul, Republic of Korea) and maintained
with inhaled isoflurane (Ifran; Hana Pharm, Seoul, Republic of Korea) in oxygen. Cefa-
zolin (Cefazolin, Inj®; Chong Kun Dang Pharm, Seoul, Republic of Korea) a prophylactic
antimicrobial agent, was administered before surgery and intraoperatively at an initial
dose of 25 mg/kg IV, with repeat doses every 90 min throughout the procedure. The dog
was positioned in lateral recumbency, with the affected limb placed in the uppermost
position. The skin was aseptically prepared for surgery. After palpating the olecranon,
a craniomedial skin incision was made at the proximal radius. Proximal radial defects were
observed, and a predesigned hybrid ESF (IMEX™ Veterinary, Inc., Longview, TX, USA) was
applied, combining type II linear ESF at the proximal site of the fracture and two circular
ESFs at the distal site of the fracture. The linear ESF was equipped with six connecting
clamps and fixation pins in the form of sequential wires (1.0 mm, 0.9 mm, and 1.0 mm)
from the most proximal to the distal part of the olecranon. Circular ESFs were implanted
using two 0.9 mm k-wires at a distal radius. A bone graft mixture comprising recombinant
human bone morphogenetic protein type-2 (rhBMP-2) (0.25 mg; NOVOSIS, Seoul, Republic
of Korea) loaded with hydroxyapatite (HA) and gelatin microparticles (GMP) was inserted
into the defect site to expedite bone healing. The dosage of rhBMP-2 was determined as
described by Massie et al. [14]. After insertion of the bone graft, the muscles and skin
layers were closed routinely. Postoperatively, cephalexin (Phalexin capsules, Donghwa
Pharm, Seoul, Republic of Korea) was administered at 25 mg/kg q12h PO for 5 days.
Postoperative analgesia involved intermittent tramadol 4 mg/kg PO (Tridol, Yuhan Pharm,
Seoul, Republic of Korea) as necessary. Meloxicam (Metacam, Boehringer Ingelheim, Seoul,
Republic of Korea) was administered at 0.2 mg/kg IV on the day of surgery followed by
0.1 mg/kg PO starting 24 h after surgery for 14 days.
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Figure 2. Intraoperative images taken during the first surgery. (A) Gelatin microparticle (GMP)
loaded with BMP-2; (B) simulation of the external skeletal fixation (ESF) device on a 3D-printed
model; (C) insertion of the BMP-2 loaded HA and GMP mixture at the radius defect site.

2.2. Surgical Treatment II

One month after the first surgery, radiography revealed bone regeneration at the radial
head. Two months following surgery, bone continuity and sufficient size (18.8 mm × 7.5 mm)
of the proximal radial head fragment for screw placement were observed. However,
loosening of the proximal pins and widening of the ESF pinholes were also noted, leading
to the decision that revision surgery was necessary.

The anesthesia protocol was identical to that used in the previous surgery. A cran-
iomedial incision was made to access the surgical site, elevate the extensor carpi radialis
muscle, and separate it from the supinator muscle using a periosteal elevator. In the initial
procedure of the second surgery, a segment of the previously implanted bone-substitute
material and adjacent bone tissue from the proximal radial head were harvested while
trimming the callus that had formed on the radial surface as part of the bone healing
process, prior to plate application for internal fixation. A collagen membrane loaded with
rhBMP-2 was placed around the defective area to enhance osteogenesis. Fracture fixation
was subsequently performed using a locking plate (24-holes 2.0 mm, straight plate, ARIX
Vet) (Figure 3A–C). The supinator muscle was then sutured to the surrounding muscles,
and the skin layers were closed routinely.
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Figure 3. Intraoperative images of the second surgery. (A) The collagen membrane loaded with BMP-
2; (B) a collagen membrane covering the radius defect area; (C) locking plate fixation of the radius.

2.3. Statistical Data Analysis

All data were analyzed with GraphPad Prism 10 (GraphPad Software, Inc., La Jolla,
CA, USA). The HU values of the affected and contralateral radii were compared using the
Mann–Whitney U test. The gait analysis data were analyzed with a repeated measures
analysis of variance (ANOVA) followed by a post hoc Šídák multiple comparisons test.
Statistical significance was defined as p < 0.05.

2.4. Diagnostic Assessment and Outcomes

One month after the first surgery, radiographic evaluation revealed bone regeneration
of the radial head, with maintenance of the ESF and connection of the proximal three
fragments. Two months after surgery, the upper radial head formed a single segment
(18.8 mm × 7.5 mm), allowing sufficient space for plate fixation, even without hybrid
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ESF. Therefore, a revision surgery was performed using plate fixation to correct the radius
defects and provide a more stable biomechanical environment for the healing bone.

The bone specimens harvested during the revision surgery were histologically pro-
cessed with hematoxylin and eosin (H&E) and Masson’s trichrome (MT) staining to evaluate
the regenerated bone tissue morphology. In histological analysis of bone regeneration,
H&E staining revealed newly formed bone tissue around the HA, with osteoblasts and
osteoclasts observed at the HA border (Figure 4A). MT staining of the same area revealed
that immature bone tissue was stained blue, whereas mature bone tissue rarely stained
brick red (Figure 4B).
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fragment. I: implant (black dotted lines). NB: new bone. Arrow: osteoblast. Asterisks: osteoclast.
Scale bar: 20 µm.

Two weeks after the second surgery, the ROM of the affected limb’s elbow joint was
found to be mildly reduced by 10–20% compared to that of the normal limb. Radiography
revealed that the radial head was positioned below the typical location, resulting in de-
creased joint congruity. However, the overall condition of the joint improved compared
to that at the initial visit, and continuity of the bone within the defect areas was observed.
Five weeks after the second surgery, partial recovery of the asymmetrical gait was revealed.
Nine weeks after the second surgery, the patient’s gait had improved, and the clinical
lameness score criteria revealed 8 points out of 27 points.

At the 4.8 years long-term follow-up visit, the owner reported no forelimb-related
clinical signs such as lameness. Radiographically, evidence of synostosis between the
proximal ulna and radius along with mild osteoarthritis were observed in the affected
elbow joint (Figure 5). Furthermore, on CT, while the lengths of both humeri were nearly
the same, the right radius was 83.5 mm and the left radius was 70 mm, meaning that the
length of the affected limb was approximately 17% shorter than that of the normal limb.

CT was performed to compare and evaluate the bone properties of the contralateral
and affected radii (window level, 450 HU; window width, 4500 HU). Based on the 3D
reconstructed images of the patient’s normal radius and the surgically treated radius, the
Hounsfield unit (HU) value was measured at 70–80% of the distal to proximal length of
the affected forelimb where the bone graft was implanted. The cross-sectional areas of
the bones were concurrently measured. For the normal radius, the HU measurements
were obtained at the same level as those for the affected radius (Figure 6A). In addition,
a region-of-interest tool was used to measure the HU at the midpoints of the cortices (Cmed,
Clat, Ccran, and Ccaud). The HU values of the normal bone tissue on the right side were
significantly higher than those in the area with bone graft insertion (p < 0.0001) (Figure 6B).
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The gait analysis after the second surgery was objectively evaluated using a pressure
sensor walkway (Walkway, Tekscan Inc., Norwood, MA, USA), and the symmetry index
(SI) and weight distribution (WD) were assessed using the data obtained from Tekscan
software (Walkway 7.66). The gait analysis results at 12 days, 5 weeks, and 4.8 years post
second surgery revealed a reduction in the difference between the peak vertical force (PVF)
and vertical impulse (VI) for both forelimbs (Figure 7). Compared with pre-operative
values, the SI and WD analysis showed an increase in both PVF and VI in the affected
limb (one-way RM ANOVA, p < 0.0001). Additionally, the SI-PVF value became negative,
indicating an increase in the PVF of the left limb compared with that of the right limb. This
suggests an improvement in walking ability at 4.8 years post second surgery.
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difference in the mean HU value between bilateral radii can be observed.
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Figure 7. Gait analysis of the pressure sensor walkway. (A,B) The symmetry index of the left forelimb
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bilateral limbs revealed a tendency towards restoration of the left forelimb function. PVF: peak
vertical force; VI: vertical impulse; RF: right forelimb; LF: left forelimb; * significant change from
pre-operation; † significant change from 12 days after fixation of radius locking plate.
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3. Discussion

Stabilization of complex fractures involving small segments near the joint can be
challenging. The length and shape of the fractured segment must be carefully considered
during the fixation. Otherwise, instances such as very short proximal segments may not
provide sufficient space for internal fixation [4,7]. Alternatively, procedures such as radial
head ostectomy or elbow arthrodesis are available as salvage interventions [15–18]. ESF
is an effective treatment for the minimally invasive correction and fixation of complex
tibia and radius fractures [8]. The Ilizarov method of circular ESF is commonly used for
angular limb deformity correction, limb lengthening, and complex juxta-articular fractures.
Nevertheless, considering the angle of the elbow joint in a normal standing position, a pure
Ilizarov full ring frame may impede elbow movement, which could negatively affect joint
mobility during recovery. To minimize interference with elbow flexion, specific rings such
as “stretch” or “partial” rings could be used at the proximal part of the frame. However,
in the case of juxta-articular fractures of the upper portion of the radius, applying hybrid
ESF, which combines the advantages of both linear and circular ESF, may provide a more
beneficial solution. Linear ESF offers static axial stiffness for fractures near the joint in the
proximal region where screw insertion for plate fixation is challenging. The application of
fine-wire fixation to a circular ring further provides strong stability to small bone fragments.
Moreover, tensioned wires crossing the ring offer rigid fixation while generating nonlinear
dynamic axial micromotion at the fracture site, promoting faster callus formation compared
to conventional healing. Furthermore, fixation wires offer multiple fixation points even for
extremely small bone fragments [7,10,19]. However, while hybrid ESF provides significant
advantages, their overall weight may restrict functional ambulation in underweight patients.
Although manufacturers produce systems specifically designed for miniature and small
breeds, it is advisable to consider replacing conventional fixators with lighter alternatives,
such as acrylic ESF, to maintain comparable biomechanical efficacy while alleviating the
mechanical load on low-body-weight patients [4,20]. A hybrid linear-circular ESF can be
used to bridge the antebrachium using a hybrid rod attached to the ring, which enables
the placement of transfixation pins on the lateral side of the olecranon and extends to the
radius and ulna, distal to the fracture site. This method allows the proximal radius to
‘float’, while still being attached to the ulna by ligaments and a joint capsule to maintain
its position [4,21]. As the proximal radial region is relatively stable owing to the ulna
and ligaments, inserting linear pins into the olecranon and affixing the ring to the distal
radius could provide stability. In this case, a hybrid ESF was utilized to preserve the radius
without directly stabilizing the fracture site, allowing for temporary floating of the radial
head. Although this method aids in maintaining the position of the fractured radial head,
the successful union of the fragmented radial head remains uncertain. Consequently, tissue
engineering techniques may be considered to enhance bone regeneration and facilitate
successful healing.

Bone tissue can regenerate naturally following minor damage without exceeding the
critical size threshold. However, substantial defects beyond this threshold require clinical
intervention for functional recovery and eventual complete healing [22,23]. The applica-
tion of bone fixation plates, bone allografts, or autografts is the standard treatment for
substantial bone defects [24]. Despite these approaches, concerns regarding the necessity
for subsequent removal and the potential side effects persist. The BTE strategy aims to
develop materials that promote bone regeneration at defect sites without causing these
problems [25]. These biomaterials promote bone regeneration through one or more of
the following processes: osteoinduction, osteoconduction, or osteogenesis. In orthopedic
defects of load-bearing anatomical sites, such as long bones, the development of new bone
tissue must occur quickly to alleviate pain. It is preferable to use osteoconductive materials
that provide a three-dimensional structure at the defect site along with osteoinductive
materials that induce ossification [26]. In this case, HA and BMP-2 were applied as osteo-
conductive and osteoinductive materials, respectively (Figure 2). HA (Ca10(PO4)6(OH)2)
fills the void space at the implant site while providing a three-dimensional structure that
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allows the growth of the microvasculature, surrounding tissues, and osteoprogenitors
into the bone interior [27,28]. BMP-2 stimulates the differentiation and proliferation of
mesenchymal stem cells into osteoblasts, thereby promoting bone formation, maturation,
and ossification [25]. However, the direct administration of high doses of BMP-2 can lead to
side effects, including osteoclast activation and inflammatory responses [14]. Furthermore,
as bone healing occurs over several months, it is crucial that BMP-2 be released slowly.
Experimental studies [29,30] have demonstrated successful bone regeneration through the
utilization of BMP-2-loaded GMP and a collagen membrane, inducing sustained release
of BMP-2, thus facilitating osteogenesis. Woven bone with irregular collagen fibers is
immature and typically found in developing bones and fracture healing sites. This material
is subsequently replaced by lamellar bone, comprising of organized collagen layers [31]. In
this case, histological analysis with H&E and MT staining revealed regions of bone matrix
containing both irregularly woven and multilayered lamellar bone (Figure 4). The presence
of blood vessels and bone cells such as osteoblasts and osteoclasts suggests active bone
remodeling, growth, and maintenance in areas where HA is present [28,32]. The observed
histological evidence supports the osteoconductive properties of HA and osteoinductive
properties of BMP-2 at the fracture site, promoting osteogenesis and bone regeneration.

CT is increasingly recognized as a valuable tool for the noninvasive measurement
of bone mineral density, utilizing the HU scale based on the standard linear attenuation
coefficient [33,34]. For the quantitative assessment based on CT images, the HU values
were measured at the midpoints of the cortices (Figure 6A). In this present case, radioulnar
synostosis (Figure 5F), a common complication of radioulnar fracture repair in dogs and
cats was observed, resulting in an inconsistent bone shape. CT examination revealed that
the affected radius had lower HU values than the opposite forelimb. In addition, the
cross-sectional area of the distal left radius, where there was no plate, was larger than the
corresponding area of the right radius. Lower HU values and increased cross-sectional areas
were observed because the left forelimb was 17% shorter than the right forelimb, as shown
in the CT scan. Generally, leg length discrepancy results in shorter leg dragging during
walking, leading to increased vertical movement of the center of gravity and, consequently,
increased energy consumption [35]. Stress refers to the resistance within bone tissue that
develops in response to loads such as compression, bending, and torsion applied to the
bone. According to Wolff’s law, when a specific bone is subjected to increased loads, it
remodels over time to become stronger and to withstand such loads, resulting in increased
bone thickness [34,36]. Bone density depends on the applied load; a decreased load leads
to decreased density and can cause osteoporosis over time. When a plate with a high
Young’s modulus is used to fix a fractured bone, the load is transferred to the plate, thereby
altering the stress distribution. This reduces bone stress, causing stress shielding, which
decreases bone density and elasticity, progressively weakening the bone [37,38]. In this case,
surgery was performed at the age of 1, a highly active age, allowing the bone to experience
a significant load-bearing environment as walking improved postoperatively. To adapt
to the increased vertical movement of the center of gravity and the resulting increase in
impact, the left radius was speculated to have thickened and strengthened. However, the
lower HU values on the left side of the CT scan were attributed to the plate causing less
stress to the bone, leading to the activation of osteoclasts that perceived unnecessary bone
tissue, resulting in a relative decrease in bone density.

Recently, gait analysis has been increasingly applied to objectively detect and monitor
lameness in small animals with musculoskeletal or neurological disorders [39,40]. In this
case, kinetic gait analysis based on paw pressure was used to assess postoperative gait.
At 12 and 5 weeks after the second surgery (Figure 7), the differences in the PVF and VI
between the affected and normal limbs tended to decrease, approaching an SI of zero. At
4.8 years, distinctive gait characteristics of the shorter left limb were observed, including
increased vertical displacement of the center of mass and decreased stance time, stride
length, and walking speed [35]. The patient also exhibited these characteristics in the
shorter left forelimb, resulting in an increased PVF and decreased VI. Consequently, the
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SI-PVF value becomes negative, whereas the SI-VI value remains positive. At 4.8 years,
the absolute mean values of SI-PVF and SI-VI were 3.53% and 11.64%, respectively. Even
in healthy dogs, there can be a maximum of <6% asymmetry between limbs [41]. The SI
generally records the differences between normal and pathological gaits and evaluates
changes in asymmetry due to enhanced pathological conditions [42]. Although the SI-
VI value was relatively more asymmetric, owing to the reduced stance time of the left
limb compared to that of the normal limb, the SI-PVF fell within the range of asymmetry
observed in normal dogs.

This study has several limitations. First, as we presented only a single case, additional
prospective studies are required to validate the feasibility and repeatability of the hybrid
ESF and BTE techniques in promoting proper bone regeneration. The use of threaded pins,
which offer better bone holding power, is recommended for linear ESF applications [43].
Unfortunately, smooth pins were used in this study, and periodic monitoring was conducted
to minimize potential instability. Despite the non-ideal pins, BMP-2 was applied to the
fracture site, resulting in successful bone healing. Furthermore, fusion of the radius and
ulna occurred after the procedure, resulting in impaired physiological joint movements.
This complication has also been reported in previous studies [21], highlighting the need for
further investigations to prevent such complications. In addition, it is possible to consider
removing the screws while checking the bone density through periodic monitoring.

4. Conclusions

In conclusion, the patient experienced a radial head fracture during the growth period.
Long-term follow-up revealed complications, including decreased joint congruity, radioul-
nar synostosis, and arthritis development. Despite these issues, joint preservation remains
a meaningful outcome. However, it is important to recognize that this is based on a single
clinical case and may not be widely applicable without further research. Additionally, the
patient’s low body weight likely contributed to an easier adaptation to biomechanics. The
successful application of hybrid ESF and BTE techniques to unite complex radial head
fractures and defects highlights the potential of this approach as a viable treatment option,
prioritizing joint preservation over salvage interventions.
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Simple Summary: In feline tibia fractures, limited tissue coverage may lead to complications such
as open fractures and delayed healing. Non-union, attributed to factors such as poor blood supply,
malnutrition, bone misalignment, infections, and bone damage, necessitates bone grafting for repair.
While autografts are preferred, they may be insufficient for extensive defects, prompting the use
of allografts and xenografts created through xenotransplantation processes such as deproteinized
bovine bone. Past graft options were limited, but contemporary alternatives encompass a broader
range, incorporating xenografts, demineralized bone matrix (DBM), and calcium-based materials.
When combined with growth factors or cells, these materials significantly enhance their effectiveness.
This case describes the treatment of a cat’s tibia defect using an autologous cancellous bone graft,
recombinant human bone morphogenetic protein-2, and a xenograft derived from canines mixed
with DBM. Despite the initial use of external skeletal fixation and antibiotic therapy for infection,
a significant defect persisted even after bone healing was complete, necessitating a multifaceted
approach involving additional plate placement, autograft, and xenograft. As a result, the long-term
prognosis was favorable with no complications observed in the subject’s bone healing.

Abstract: A 17-month-old domestic short-hair cat was referred due to a non-union in the left tibia.
The initial repair, conducted 3 months prior at another animal hospital, involved an intramedullary
(IM) pin and wire to address a comminuted fracture. Unfortunately, the wire knot caused a skin tract,
resulting in osteomyelitis. Although the wire knot was removed at that hospital, the draining tract
persisted, continuously discharging exudate. Upon evaluation, the first surgery was reassessed and
revised, involving the removal of the IM pin and the application of external skeletal fixation alongside
an antibiotic susceptibility test. After 118 days post-revision surgery, while some cortical continuity
was observed, a significant bone defect persisted, posing a substantial risk of refracture should the
implant be removed. A second revision surgery was performed, utilizing a bone plate combined with
cancellous bone autograft, recombinant human bone morphogenetic protein-2, and xenograft featur-
ing a canine-derived cancellous chip mixed with demineralized bone matrix. Remarkably, the bone
completed its healing within 105 days following the subsequent surgery. Radiography demonstrated
successful management of the large bone defect up to the 2-year postoperative check-up. During
telephone follow-ups for 3.5 years after surgery, no complications were identified, and the subject
maintained a favorable gait.

Keywords: cats; demineralized bone matrix; large bone defect; non-union; osteomyelitis; xenograft

1. Introduction

The tibia ranks as the most frequent fracture site in cats, comprising 18.0% of all
fractures, and notably contributing to 61.1% of reported non-union cases [1]. The limited

Animals 2024, 14, 690. https://doi.org/10.3390/ani14050690 https://www.mdpi.com/journal/animals37



Animals 2024, 14, 690

soft tissue coverage along the tibia’s medial surface increases the risk of complications,
including open fractures, periosteal stripping, and delayed bone revascularization during
the healing phase [2–4].

The etiology of non-union may involve multiple factors. A poor blood supply to the
affected area, coupled with a suboptimal nutritional status, can predispose to non-union
fractures [5,6]. Poor apposition of the fractured bone ends, pathological fractures, large
quantities of necrotic bone, or infections have also been reported as potential etiological
factors [6]. Bone grafts play a crucial role in improving healing in delayed unions, non-
unions, osteotomies, arthrodesis, and multi-fragmentary fractures, as well as in replacing
bony loss [7–10]. While autografts traditionally prove effective in repairing defects caused
by comminuted fractures and non-unions, offering necessary mechanical stability, their
application becomes challenging when dealing with extensive defects due to the limited
availability of bone [11–13]. This limitation encourages exploring the use of allografts and
xenografts as substitutes [14].

Xenotransplantation, involving the intentional transfer of living cells, tissues, or
organs from one species to another, results in the creation of xenografts [15]. The most
extensively researched and commonly employed xenograft material is deproteinized and
heat-treated bovine bone [16–20]. Recently, canine-derived allografts with demineralized
bone matrix (DBM) products have been developed, and related research on their application
has been published [21–23]. However, comprehensive studies on the healing of bony
defects in cats using canine-derived xenografts have not been fully evaluated. This case
report aims to present the healing of a feline tibia with large defects after revision surgery
using autologous cancellous bone grafts, recombinant human bone morphogenetic protein
(BMP)-2 (rh-BMP2), and xenografts with canine-derived cancellous chips mixed with DBM.

2. Case Presentation
2.1. History and Clinical Examination

A 17-month-old, 4.91 kg, castrated male domestic short-haired cat presented with a
3-month history of non-weight-bearing lameness in the left hindlimb. The subject had sus-
tained a fracture in an accident 3 months prior and had subsequently undergone treatment
involving intramedullary (IM) pinning and wiring at a different hospital. However, complica-
tions arose as the knot on the wire became abscessed, necessitating its removal, leaving only
the IM pin in place. Upon arrival at our facility, the left tibia exhibited palpable crepitus, and
evident signs of inflammation, including edema, redness, warmth, and pain, were observed.
Additionally, a suppurative exudate was evident through the skin tract (Figure 1A). However,
the patient had not received any prescribed medications, including antibiotics, at the previous
hospital, with only chlorhexidine being used for skin disinfection.
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observed on the medial side of the subject’s tibia, which was accompanied by exudate discharge 
(arrow). A sample was collected from this area and sent for antibiotic susceptibility testing. (B) Me-
diolateral and (C) craniocaudal radiographs of left tibia. (L: left) 

2.2. Anesthesia and Surgical Treatment 
The subject’s pre-anesthesia examinations, including blood work and thoracic radi-

ography before surgery, were unremarkable. Before IM pin removal, a sample for antibi-
otic susceptibility testing was taken from the skin tract, and the infection site was thor-
oughly irrigated with normal saline until it appeared pale. Preoperative medication in-
cluded prophylactic cefazolin (25 mg/kg IV; Cefazolin injection 1 g, Chongkundang, 
Seoul, Republic of Korea) and premedication with acepromazine (0.03 mg/kg IV; Sedaject 
injection, Samu median, Yesan, Republic of Korea), and ketamine (5 mg/kg IV; Ketamine 
HCl injection, Huons, Seongnam, Republic of Korea). General anesthesia induction em-
ployed propofol (6 mg/kg IV; Provive injection 1%, Phambio Korea, Seoul, Republic of 
Korea), and maintenance was carried out with isoflurane (Ifran liq., Hana Pharm, Seoul, 
Republic of Korea) inhalation anesthesia at an oxygen flow rate of 2 L/min. The proximal 
part of the IM pin was observed to protrude into the stifle joint and was therefore excised 
aseptically through a stab incision, employing a combination of chlorhexidine gluconate 
and alcohol for skin asepsis. Subsequent radiographic examination revealed a non-union 
in the mid-diaphysis of the left tibia (Figure 1B,C). For external skeletal fixation, the sub-
ject, positioned in left recumbency, underwent aseptic surgery. Utilizing fluoroscopy, ex-
ternal skeletal fixation was placed using a 2.0 mm positive threaded pin. The proximal 
tibial fragment was stabilized in a type 1a configuration, while the distal fragment was 
secured in a type 1b configuration. The pin ends were appropriately bent to align parallel 
to each other and then secured with wire before being further reinforced with epoxy putty 
(Figure 2A). 

Figure 1. The appearance of the subject during the initial visit and subsequent radiographs following
the removal of the intramedullary pin. (A) Following clipping, a skin tract and suture knot were ob-
served on the medial side of the subject’s tibia, which was accompanied by exudate discharge (arrow).
A sample was collected from this area and sent for antibiotic susceptibility testing. (B) Mediolateral
and (C) craniocaudal radiographs of left tibia. (L: left).

2.2. Anesthesia and Surgical Treatment

The subject’s pre-anesthesia examinations, including blood work and thoracic ra-
diography before surgery, were unremarkable. Before IM pin removal, a sample for
antibiotic susceptibility testing was taken from the skin tract, and the infection site was
thoroughly irrigated with normal saline until it appeared pale. Preoperative medica-
tion included prophylactic cefazolin (25 mg/kg IV; Cefazolin injection 1 g, Chongkun-
dang, Seoul, Republic of Korea) and premedication with acepromazine (0.03 mg/kg IV;
Sedaject injection, Samu median, Yesan, Republic of Korea), and ketamine (5 mg/kg IV;
Ketamine HCl injection, Huons, Seongnam, Republic of Korea). General anesthesia in-
duction employed propofol (6 mg/kg IV; Provive injection 1%, Phambio Korea, Seoul,
Republic of Korea), and maintenance was carried out with isoflurane (Ifran liq., Hana
Pharm, Seoul, Republic of Korea) inhalation anesthesia at an oxygen flow rate of 2 L/min.
The proximal part of the IM pin was observed to protrude into the stifle joint and was therefore
excised aseptically through a stab incision, employing a combination of chlorhexidine gluconate
and alcohol for skin asepsis. Subsequent radiographic examination revealed a non-union in
the mid-diaphysis of the left tibia (Figure 1B,C). For external skeletal fixation, the subject,
positioned in left recumbency, underwent aseptic surgery. Utilizing fluoroscopy, external
skeletal fixation was placed using a 2.0 mm positive threaded pin. The proximal tibial fragment
was stabilized in a type 1a configuration, while the distal fragment was secured in a type 1b
configuration. The pin ends were appropriately bent to align parallel to each other and then
secured with wire before being further reinforced with epoxy putty (Figure 2A).
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nal skeletal fixation with 2.0 mm positive thread pins and epoxy putty. (A) Immediately after sur-
gery; (B) 14 days post-surgery; (C) 56 days post-surgery; and (D) 118 days post-surgery. 
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The patient was anesthetized and prepped in the same manner as for the initial revi-
sion surgery. During the medial approach of the tibia, a closed IM cavity was observed 
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followed by rimming the bone marrow cavity with a drill bit to ensure better visibility of 
blood flow (Figure 3B,C). All procedures were conducted with chilled saline to prevent 
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Figure 2. Craniocaudal postoperative radiographs of the left tibia depicting the utilization of external
skeletal fixation with 2.0 mm positive thread pins and epoxy putty. (A) Immediately after surgery;
(B) 14 days post-surgery; (C) 56 days post-surgery; and (D) 118 days post-surgery.

2.3. Postoperative Management and Prognosis

After the surgery, the subject remained in the hospital for 2 weeks. By the
third postoperative day, the subject initiated small steps, progressing to a gradual im-
provement in gait, eventually resulting in discharge from the hospital with restored normal
ambulation. Following the revision surgery, the patient received cefazolin at a dosage of
25 mg/kg intravenously twice a day (BID), famotidine at 0.5 mg/kg intravenously BID,
tramadol at 2 mg/kg intravenously BID, and meloxicam at 0.3 mg/kg subcutaneously as a
single shot, along with once-daily dressing changes. On the fifth day post-revision surgery,
antibiotic susceptibility testing revealed cephalosporin resistance, prompting a change in antibi-
otic therapy. The antibiotic susceptibility test confirmed Enterococcus spp., resistant to various
antibiotics, but susceptible to amoxicillin–clavulanate (AMC). Consequently, the subject re-
ceived a 1-month course of AMC (12.5 mg/kg PO, twice a day; Amocla Tab. 375 mg, Kuhnil,
Seoul, Republic of Korea) with a gastric protectant in addition to the treatment.

The exudation from the tibia ceased a week after the revision surgery, and the infection
was successfully resolved with complete wound healing observed at 10 days after the revision
surgery; however, the bone gradually became more osteolytic without forming a callus
(Figure 2B–D). Ultimately, while some cortical continuity was observed in the caudo-lateral
aspect of the tibia, a substantial defect remained in the cranio-medial aspect of the tibia,
and the potential for re-fracture was deemed significantly high if the external fixator were
to be removed. Consequently, a decision was made, following the evaluation of 118-day
post-operative radiographs, to remove the external fixator and address the defect by filling it
with bone substitutes, which was accompanied by additional fixation utilizing a plate.

The patient was anesthetized and prepped in the same manner as for the initial
revision surgery. During the medial approach of the tibia, a closed IM cavity was observed
(Figure 3A). The inactive bone margin was debrided using a burr and rongeur, which was
followed by rimming the bone marrow cavity with a drill bit to ensure better visibility of
blood flow (Figure 3B,C). All procedures were conducted with chilled saline to prevent
thermal damage and aimed to minimize bone loss. Subsequently, the tibia was stabilized
using a 1.5/2.0 mm locking compression plate (DePuy Synthes Vet, Solothurn, Switzerland)
positioned on the medial surface and secured with 2.0 mm locking screws. Three screws
were inserted into the proximal bone fragment, and two screws were placed in the distal
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bone fragment. Following the application of plates and screws, autologous cancellous bone
was aseptically harvested from the left humeral head. This bone was then combined with
synthetic substitutes, cancellous bone derived from canines mixed with DBM (NatraOss;
Veteregen, Hanam, Republic of Korea), along with rh-BMP2 (Novosis; CGBIO, Seoul,
Republic of Korea). The bone graft mixture was meticulously applied to fill the large defect
beneath the plate, and the skin was closed routinely (Figure 3D). The subject exhibited
good mobility both before and after the surgery, prompting their discharge home on the
third day post-operation.
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exhibited an uneventful physical exam, a normal gait, and radiographic evidence indicat-
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Figure 3. Intraoperative photos illustrating the subject’s procedure. (A) Immediately after soft tissue
separation, significant defects and obstructed medullary cavities were revealed (arrows); (B) the final
size of the proximal defect is shown in the lateral view (arrow). The proximal bone margin underwent
decortication and was rimmed with a burr, rongeur, and drill-bit; (C) craniocaudal perspective
displaying the distal bone after decortication, indicating visible blood supply from the bone (arrow);
(D) application of bone substitutes to fill the defect after plate application (arrow). This included a
mixture of autologous cancellous bone, recombinant human bone morphogenetic protein-2, and a
canine-derived cancellous chip mixed with demineralized bone matrix.

At 28 days after the second revision surgery, the radiographic examination revealed
cortical bridging, and the bone graft exhibited signs of resorption, although some areas re-
mained unbridged (Figure 4B). However, by the 105-day mark post-surgery, a subsequent
check confirmed complete cortical bridging across all areas, which was accompanied by
bone remodeling (Figure 4C). At the 2-year postoperative follow-up, the subject exhibited
an uneventful physical exam, a normal gait, and radiographic evidence indicating further
cortical bone remodeling and reshaping compared to the previous assessment at the graft
site (Figure 4D). Subsequently, phone follow-ups regarding the subject were undertaken until
3.5 years post-surgery, confirming normal walking ability and the absence of any complications.
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tween cortical and cancellous bone. Craniocaudal postoperative radiographs of the left tibia: (E) 
immediately after surgery; (F) 42 days post-surgery; (G) 105 days post-surgery; (H) two years post-
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ductive stimulus, mechanical stability, and adequate vascular supply [24]. Deficiency in 
any of these elements can lead to delayed union or non-union, with non-union fractures 

Figure 4. Mediolateral postoperative radiographs of the left tibia were taken with slight internal rotation
to assess the plate-concealed bone area. (A) At 7 days after surgery, there was no bridging of the cortex
observed, and the bone substitutes remained visible (arrow); (B) at 28 days after surgery, the bridging of
the cortex was confirmed; however, there was still no continuity observed in certain areas (arrow); (C) at
105 days post-surgery, bridging of the cortex was observed in all sections; (D) two years post-surgery,
further bone remodeling occurred, enhancing the distinction between cortical and cancellous bone.
Craniocaudal postoperative radiographs of the left tibia: (E) immediately after surgery; (F) 42 days
post-surgery; (G) 105 days post-surgery; (H) two years post-surgery.
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3. Discussion

Fracture healing necessitates osteogenic cells, an osteoconductive matrix, an osteoin-
ductive stimulus, mechanical stability, and adequate vascular supply [24]. Deficiency in
any of these elements can lead to delayed union or non-union, with non-union fractures
developing under various circumstances, including inadequate fixation, compromised
blood supply, infection, presence of soft tissue between fragments, or substantial gaps
between fracture fragments [1,25,26]. In our subject’s case, osteomyelitis and insufficient
mechanical stability due to inadequate implant selection (IM pin and wire) led to non-union
at presentation. Additionally, the distal location of the fracture in the tibia, commonly asso-
ciated with longer healing durations compared to proximal long bones, could be attributed
to diminished soft tissue coverage and a relatively poorer blood supply [1]. To address
these issues, we implemented external skeletal fixation and antibiotic therapy to treat the
infection, which was followed by the restoration of the bone defect using a xenograft along
with bone plate application.

External skeletal fixation was chosen as the primary method to address the infection
due to concerns that plates might exacerbate it by extending the affected area. Additionally,
suspected low bone density resulting from the infection and lack of use necessitated the
need for bone stabilization. The external skeletal fixator can be removed once clinical union,
defined as the presence of a bridging callus on three of four cortices on two orthogonal
radiographic views, has been reached [27]. However, in our case, even though the surgical
site infection was effectively treated and confirmed partial bone healing following the
initial revision surgery, the substantial defect within the bone created a high likelihood of
bone re-fracture if the implant was to be removed. Hence, our strategy entailed addressing
the bone defect by employing bone graft material and reinforcing stabilization with an
additional plate fixation.

Segmental cortical defects averaging 1.5 times the bone diaphyseal diameter are known
to impair bone healing in dogs and cats [26]. Enhanced bone regeneration is justified in
cases of non-union not only to provide support and fill existing lacunae but also to enhance
biological repair when the skeletal defect reaches the so-called critical size [28]. Over the
years, the use of bone substitute materials has traditionally been limited to cancellous and
cortical autografts or allografts; however, modern alternatives now encompass a range of
bone graft substitutes, including xenografts, DBM, and calcium-based materials. Ongoing
research explores the incorporation of growth factors, osteoprogenitor cells, or both, in
combination with bone grafts or graft substitutes [29]. The final selection of which bone
substitute material to use is subsequently based on the specific requirements of the actual
clinical situation [30].

In our subject, the limited availability of cancellous bone autograft compared to the
defect size prompted the exploration of additional methods to comprehensively address the
issue. To address this clinical situation, we adopted a product combining canine-derived
cancellous bony chips with DBM as a xenograft and rh-BMP2, alongside cancellous bone
autograft, aiming to increase the engraftment success rate for this subject [31]. Although
xenografts are convenient for storage and use, they possess considerably less capacity
for osteoinduction and osteoconduction compared to autografts [14]. To address the
shortcomings of these xenografts, additional materials, such as rh-BMP2 and cancellous
bone autograft, have been incorporated.

The incorporation of cancellous bone xenografts combined with DBM, derived through
the decalcification of cortical bone, significantly enhances osteoinductive properties. This
process reduces mineral content, enhancing graft flexibility for precise placement. Moreover,
combining DBM with adjuncts like hydroxyapatite, autografts, or bone marrow aspirate
further refines its manipulative qualities and mechanical strength. Consequently, we
integrated it with a small quantity of autograft harvested from the humeral head [20,32].

Furthermore, the integration of BMPs was employed to bolster osteoinductive capabil-
ities. BMPs serve as differentiation factors, which are primarily responsible for prompting
the transformation of undifferentiated mesenchymal cells into chondroblasts [33]. It was
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suggested that BMP2, BMP6, and BMP9 may play an important role in inducing the osteoblast
differentiation of mesenchymal stem cells, whereas, in contrast, most BMPs are able to stim-
ulate osteogenesis in mature osteoblasts [34]. Recent recombinant technology has allowed
the isolation, production, and application of these synthesized molecules for osteoinductive
and osteoconductive purposes required for healing bone defects [35]. Interspecies amino acid
sequence homology for rh-BMP2 is 100% in most mammalian species, thus allowing for its
use in all species that are commonly treated by veterinary fields [14].

The most commonly used xenograft is bovine-derived, and there have been several
successful applications in humans, dogs, and cats [16,36,37]. Xenografts demonstrate
promise; however, it is essential to take into account the possibility of immune rejection,
which has been primarily attributed to the presence of a cell and matrix surface carbohy-
drate antigen known as the α-galactosyl epitope [38]. The presence of foreign material
can trigger an antigenic response, heightening the risk of graft rejection, with a greater
likelihood of rejection observed when utilizing pure bone xenografts [14]. To address these
issues, the process for bovine-derived cancellous bone material involves boiling, defatting,
and deproteination while aiming to preserve the stiffness, internal structure, and minimize
immune responses [39].

Recent reports have documented successful applications of allografts in dogs, but using
dog-derived bone grafts in cats remains undocumented [22]. Foreseeing decreased complica-
tions owing to the xenograft’s pre-processing and anticipating diminished immune reactivity
in our subjects, the adoption of a canine-derived xenograft was contemplated to potentially
aid the bone-healing mechanism, leading to its selection for our subject’s treatment.

This report represents the first instance, to the authors’ knowledge, of using a canine-
derived xenograft to address non-union in a cat. Nevertheless, certain limitations exist
within this case report. Firstly, due to its nature as a case report rather than a research study,
objective comparisons with other established grafts for effectiveness were not feasible.
Secondly, during the initial 2 years, the subject underwent radiographic follow-ups; how-
ever, subsequent monitoring has solely relied on phone follow-ups. While the subject’s gait
remains favorable, conducting longer-term bone assessments has not been feasible, posing
limitations in tracking bone status over time. Despite some limitations, this case demon-
strated successful bone union and regained normal gait without complications. The use
of canine-derived xenografts, similar to conventional bovine-derived xenografts, presents
promising advantages in addressing significant non-union bone defects in cats, particu-
larly when applied alongside autologous bone and various other bone graft substitutes to
enhance outcomes.

4. Conclusions

In cases of significant bone defects resulting from non-union, exclusive reliance on
autografts may be insufficient, prompting the need for alternative approaches. Our subject
exhibited positive outcomes following treatment with a canine-derived xenograft, akin to
the commonly used bovine-derived xenograft, complemented by autograft and rhBMP-2 to
mitigate xenograft limitations [20]. This combined therapeutic regimen resulted in the
subject’s successful recovery devoid of complications, indicating the potential efficacy
of canine-derived xenografts as a viable treatment option for feline subjects managing
substantial bone defects.
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Simple Summary: In small-breed dogs, medial patellar luxation and cranial cruciate ligament rup-
ture often occur concurrently in the adult dog, presenting through diverse mechanisms. Numerous
methods have been developed to treat these conditions together. The combined osteotomy method
may elevate the risk of joint instability and fractures. Therefore, a pre-contoured modified tibial
plateau leveling osteotomy plate was designed to achieve the dual effect of tibial tuberosity transposi-
tion, a surgery performed in kneecap dislocation correction, alongside reducing the tibial plateau
angle. In this cadaveric study, we examined the efficacy and stability of this modified plate. The
findings indicate that this pre-contoured plate effectively prevents forward displacement of the tibia
(shinbone) and medial (inner) dislocation of the kneecap while maintaining stability.

Abstract: In small-breed dogs with concurrent cranial cruciate ligament rupture (CCLR) and medial
patellar luxation (MPL), correcting both disorders is are essential for restoring normal gait. However,
the previously described surgical treatment, using two osteotomy technique, poses a high risk of frac-
ture and instability. Addressing CCLR and MPL with a single osteotomy and implant was considered
superior to the conventional method. Therefore, a pre-contoured modified tibial plateau leveling
osteotomy (PCM–TPLO) plate facilitating medial shifting of the proximal tibia was developed. We
compared postoperative alignment and strength between this novel plate group and a conventional
tibial plateau leveling osteotomy (TPLO) plate group using eight small-breed dog cadavers each.
Additionally, we investigated the potential of the novel plate as an alternative to tibial tuberosity
transposition. Postoperative alignment and strength were assessed through radiographs and mechan-
ical testing. Measurements including tibial plateau angle, mechanical medial proximal tibial angle,
and number of screws within the joint were also analyzed. There were no significant differences in all
measured parameters. For the novel plate, the medial displacement ratio of the proximal tibia was
confirmed to be approximately 30%, and the result was thought to be appropriate. These findings
suggest that the PCM–TPLO plate could be a promising alternative for treating concurrent CCLR and
MPL in small-breed dogs.

Keywords: cranial cruciate ligament rupture; medial patellar luxation; tibial plateau leveling
osteotomy; tibial tuberosity transposition; modified tibial plateau leveling osteotomy; dogs

1. Introduction

Cranial cruciate ligament rupture (CCLR) and medial patellar luxation (MPL) are
widely recognized as prevalent causes of hindlimb lameness in dogs [1,2]. While MPL and
CCLR can manifest independently, their concurrent occurrence has been observed in 6–25%
of cases in small-breed dogs, with older dogs being more susceptible [3–6]. Although the
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exact etiology of concurrent MPL and CCLR remains unclear, a wide range of anatomical
and biomechanical factors are considered to play a role in their occurrence [1,4,7]. The
pathogenesis of MPL is often characterized by an aberrant arrangement of the muscles
responsible for the quadriceps mechanism and bone deformities of the femur and tibia,
leading to persistent joint instability and abnormal tibial movement [8,9]. This, in turn, may
culminate in increased stress on the ligaments, potentially resulting in cruciate ligament
tears and laxity [4,10,11]. Conversely, partial damage to the cruciate ligament, resulting in
joint instability, may induce joint laxity and subsequently contribute to the development of
MPL [3]. A thorough understanding of the onset and impact of these diseases is crucial for
effective surgical intervention [12].

Various surgical procedures have been developed for dogs with concurrent MPL and
CCLR [12–15]. Among these, the tibial plateau leveling osteotomy (TPLO) procedure
is widely used for treating CCLR [13,16]. Initially introduced by Slocum in 1993, TPLO
involves making a circular osteotomy in the proximal portion of the tibia and rotating it
to reduce the angle of the tibial plateau, thereby alleviating cranial tibial thrust [12,17].
To correct MPL, procedures such as trochleoplasty and tibial tuberosity transposition
(TTT) are commonly used [13,18]. These methods aim to reposition the patella and sta-
bilize the extensor mechanism. TTT, a significant component of MPL surgery, involves
making a partial osteotomy of the proximal tibial tuberosity and lateral repositioning of
this [13]. These surgical interventions significantly alleviate lameness associated with
MPL and CCLR [12]. Combining TTT and TPLO is emerging as a preferred method for
correcting both conditions simultaneously [15,16]. However, performing TPLO surgery
and trochleoplasty, especially TTT, concurrently in small-breed dogs presents challenges
due to anatomical constraints [12,15,16,19–21]. Limited space increases the likelihood of
interference between screws and pins, often leading to improper placement of the implant
and compromised stability [15,19,21]. Additionally, this procedure carries an increased risk
of tibial tuberosity fracture or avulsion due to the creation of two osteotomy lines in the
proximal tibia [15,19,21]. Performing these surgeries separately poses challenges due to
increased risks associated with anesthesia and prolonged recovery times [12,20]. Given
that these conditions typically coexist in elderly dogs [3], addressing both issues in a single
surgical procedure appears reasonable [12,14,15,22,23].

To mitigate these risks, modified TPLO surgical techniques have been developed to re-
duce costs and minimize the risks associated with anesthesia in multiple
procedures [12,14,15,19–21]. This modification involves adapting the standard TPLO plate to
enable medial shifting fixation of the proximal tibia, potentially combining the benefits of
both TPLO and TTT procedures [12,14,15,22]. However, the process of contouring the plate
during surgery may prolong operation time and result in varied outcomes depending on
the surgeon’s experience [14]. To address these challenges, several pre-contoured plates and
patient-specific implants using 3D printing techniques have been specifically developed for
small-breed dogs [9]. During the TPLO procedure, the application of a pre-contoured plate
post-osteotomy facilitates medial shifting of the proximal segment, effectively replicating
the outcomes of TTT [20]. A novel design of a pre-contoured TPLO plate, angled medially
by 2 mm, has been introduced for small-breed dogs, offering advantages such as reduced
operation time and increased consistency between surgeons [20]. Despite these advantages,
there is currently no confirmation regarding whether contouring affects plate stability and
provides adequate medialization in small-breed dogs [12,14].

This study aimed to assess and confirm the efficacy of the pre-contoured modified
TPLO (PCM–TPLO) plate through a comparative analysis with the traditional TPLO plate
group. The study focused on evaluating bone alignment and the capacity for adequate
medialization in small-breed dogs, incorporating mechanical testing to assess the stability
of the interface between the bone and the plate. The underlying hypothesis suggests that
the PCM–TPLO plate not only offers a feasible alternative to TTT but also ensures stability
and alignment comparable to that of the traditional TPLO plate.
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2. Materials and Methods
2.1. Plates

The 1.5/2.0 mm PCM–TPLO plate (Jeil Medical Corp., Seoul, Republic of Korea),
made of 316 L stainless steel, was designed to improve alignment and stability in surgical
repairs for small-breed dogs (Figure 1). Notably, the newly developed PCM–TPLO plate is
engineered with a 2 mm medial inclination, specifically crafted to promote a 2 mm lateral
shift of the distal segment upon application (Figure 1D) [24]. The three proximal holes
and two distal holes are designed to be engaged with locking screws. The other hole is a
dynamic compression hole, providing axial compression when used with a cortical screw.
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Figure 1. These figures depict a conventional tibial plateau leveling osteotomy (TPLO) plate, showing
its frontal view (A) and side profile (C). The pre-contoured modified TPLO plate is presented in the
frontal view (B) and side profile (D). The pre-contoured plate is specifically shaped to conform closely
to the medial aspect of the tibia, intended to induce a relative medial shift of the proximal segment by
2 mm. The white arrows highlight the region of medialization.

2.2. Specimens

Sixteen stifle joints from eight small-breed dog cadavers were used in this study. All
dogs were owned by clients and were euthanized for reasons unrelated to this research, then
generously donated to our research team. The cadavers, each weighing between 3 and 5 kg,
had no prior history of orthopedic conditions, including MPL or CCLR. A radiographic
examination was conducted to confirm the absence of any anatomical abnormalities. Before
the procedure, the cadavers were frozen and stored at −20 ◦C, then thoroughly thawed
at room temperature. The 16 stifle joints were randomly divided into two groups: the
conventional TPLO plate and PCM–TPLO plate groups, each comprising eight stifles. Care
was taken to ensure that the stifle joints from an individual cadaver were evenly distributed
between the two groups.

2.3. Surgical Procedures

Mediolateral and craniocaudal radiographs were obtained to assess the osteotomy site
and identify any anatomical deformities (Figure 2). The same surgical planning approach
was maintained for both groups throughout the study by a surgeon (E.B.J). The tibial plateau
angle (TPA) was measured in the mediolateral view, following the method described by
Slocum and Devine [25], while the mechanical medial proximal tibial angle (mMPTA) was
measured in the craniocaudal view using the approach described by Dismukes et al. [26,27].
Specific measurements denoted as D1, D2, and D3 were taken to determine the osteotomy
site using the standard method previously described [20].
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Figure 2. Pre- and postoperative mediolateral and craniocaudal radiographs for TPLO. Preoperative
mediolateral radiographs illustrating measurements of the tibial plateau angle (TPA), D1 is the
distance from the perpendicular cranial straight edge of the tibial crest at the most cranio-proximal
point of the tibial tuberosity to the intended osteotomy site. D2 extends from the most cranio-
proximal point of the tibial tuberosity to where the intended tibial osteotomy intersects the cranial
tibial subchondral bone. D3 measures from the subchondral bone at the most caudal margin of
the tibial plateau to where the intended tibial osteotomy intersects the caudal tibial cortex (A). The
preoperative measurement of mMPTA is depicted in (B). Postoperative radiographic measurements
conducted on craniocaudal radiographs for the PCM–TPLO group (C) include tibial osteotomy
width (red line), bone–plate gap (blue arrow), and medialization distance (green arrowhead). The
postoperative measurement of TPA is shown in (D).

All subsequent procedures were performed by a single surgeon (E.B.J) based on the
earlier surgical planning. The TPLO surgery aimed to achieve a postoperative TPA of
5◦ [17,24]. The surgeon selected either an 8 or 10 mm saw TPLO blade depending on the
size of the cadaver. In cases involving the PCM–TPLO plate, the surgery followed the same
method, with an emphasis on maximizing contact between the plate and bone to displace
the proximal tibial fragment medially (Figure 2C,D).

2.4. Postoperative Measurements
2.4.1. Radiographic Measurements

Following the surgical procedure, mediolateral and craniocaudal radiographs were ob-
tained following the same protocol. Postoperative measurements, including TPA, mMPTA,
the number of screws within the joint, bone–plate gap, medialization distance, and tibial
osteotomy width, were then conducted based on these radiographic images and gross
assessment (Figures 2 and 3). For cases involving PCM–TPLO, an assessment of the extent
of medial translation was performed. This parameter was assessed as the percentage value
between medialization distance and tibial osteotomy width.
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Figure 3. Intraoperative images illustrating the attachment of the TPLO plate (A) and the pre-
contoured modified (PCM) TPLO plate (B) to the tibia. Measurements of the dissected tibiae of the
PCM–TPLO groups (C–E). Medial, anterior, and posterior views after removal of soft tissues and
the fibula attached to the tibia (C–E). The extent of medial translation of the proximal segment was
measured using calipers (yellow arrows), while the gaps between the bone and plate were measured
(red arrows).

2.4.2. Compression Test

Following postoperative radiography, we surgically removed all soft tissues and the
fibula attached to the tibia. To prevent any interference with the compression test, a 5 mm
distal section from the widest part of the tibial tuberosity was excised. An osteotomy was
then performed 60 mm distal to the furthest point of the TPLO plate. The mechanical axis
of the tibial bone model was aligned perpendicular to the table and securely affixed to
a 3D resin jig using plaster (Mungyo Corp., Gimhae, Republic of Korea). This ensured
that neither the plate nor the screws were obstructed by the plaster. Similarly, we secured
the proximal part of the bone model to prevent the plate and screws from being covered
by the plaster. The cadaveric specimens, integrated with the 3D resin jig made from 3D
printing UV-sensitive resin (Anycubic, Shenzhen, China), were then positioned in a static
load testing machine (Z010 TN; Zwick Roell, Ulm, Germany) equipped with a stainless-
steel jig designed to accommodate the 3D resin jig (Figure 4). After applying a preload of
5 N, an axial compressive force was applied at a rate of 2 mm/min until implant failure
occurred [28]. Standard force–time curves were generated under these test conditions, with
implant failure being defined as the maximum load immediately before a sudden decrease
in the continuously applied load [29].

2.5. Statistical Analysis

Prior to conducting the study, we performed a priori power analysis using statistical
software (G*Power V3.1.9.7) to determine the required number of cadavers [30]. We
determined a sample size of four stifle joints based on the following parameters: α = 0.05,
power = 0.8, and estimated effect size (d) = 2.5766667, derived from the mean and standard
deviation (SD) observed in a pilot study involving four cadavers. However, the final
sample included sixteen stifle joints from the pilot study, equally distributed among the
two groups. Data were analyzed using SPSS software version 29 (IBM SPSS, Chicago, IL,
USA). Additionally, the Kolmogorov–Smirnov test was employed to assess the normal
distribution of continuous variables. Differences in data, excluding the number of intra-
articular screws, were assessed using an independent t-test for each group. The number of
intra-articular screws within each group was compared using the Mann–Whitney U test. A
p-value of <0.05 was considered statistically significant.
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between March 2023 and September 2023. All cadavers weighed between 3 and 5 kg, in-
cluding Chihuahua (3), Maltese (3), and mixed breeds (2). During the compression test, 
two hindlimbs had to be excluded from both the PCM–TPLO plate and the TPLO plate 
groups due to unintentional intraarticular screw placement.  

3.2. Radiographic Measurements 
The mean TPA and mMPTA values were measured from eight hindlimbs in each 

group (Table 1). In both groups, the postoperative TPA appeared to be 5°, as targeted, and 
no significant differences were found between the two groups (p = 0.878). There was also 

Figure 4. Photograph of the compression test. Mechanical testing stainless-steel jig affixed to the
servo-hydraulic testing machine. A 3D resin jig is firmly positioned within a stainless-steel jig, and
a compressive load is applied vertically downward (A). The tibia with the TPLO plate is securely
fastened to the proximal and distal 3D resin jigs, ensuring that neither the plate nor the screws are
embedded in plaster (B).

3. Results
3.1. Specimens

Sixteen hindlimbs were obtained from eight small-breed canine cadavers collected
between March 2023 and September 2023. All cadavers weighed between 3 and 5 kg,
including Chihuahua (3), Maltese (3), and mixed breeds (2). During the compression test,
two hindlimbs had to be excluded from both the PCM–TPLO plate and the TPLO plate
groups due to unintentional intraarticular screw placement.

3.2. Radiographic Measurements

The mean TPA and mMPTA values were measured from eight hindlimbs in each
group (Table 1). In both groups, the postoperative TPA appeared to be 5◦, as targeted,
and no significant differences were found between the two groups (p = 0.878). There was
also no significant difference in postoperative mMPTA between the two groups, and the
changes before and after surgery were considered not statistically significant. However, in
the PCM–TPLO plate group, there was a tendency for a decrease in postoperative mMPTA
compared with preoperative mMPTA.

The number of screws within the joint was measured. Within the PCM–TPLO plate
group, two dogs had one or two screws, respectively, entering the joint capsule (median, 1.5;
range: 0–2). In contrast, the TPLO plate group showed no screws entering the joint capsule
in any dog, and the difference between the two groups was not significant (p = 0.442).

The mean values of the bone–plate gap for each group are presented in Table 1. In
the TPLO plate group, there was virtually no distance between the bone and plate, while
the PCM–TPLO plate group exhibited a 1.9 mm gap, indicating a significant difference
between the two groups.

The medialization distance and tibial osteotomy width were exclusively calculated
for the PCM–TPLO plate group, demonstrating mean values and standard deviations of
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2.275 ± 0.578 mm and 7.674 ± 0.763 mm, respectively. The calculated mean and standard
deviation of the degree of medial translation were 0.30 and 0.08.

Compression tests for load to failure were conducted (Table 1). The plates of both
groups were able to withstand forces > 700 N. Notably, no significant differences were
observed between the two groups.

Table 1. Descriptive data for the TPLO and PCM–TPLO plate groups (mean ± SD).

Parameters
TPLO Plate Group PCM–TPLO Plate Group

p Value
Mean SD Mean SD

Preoperative TPA (◦) 25.00 2.00 25.25 2.86 0.798
Postoperative TPA (◦) 5.48 1.66 5.38 2.15 0.878
Preoperative mMPTA

(◦) 96.96 4.33 96.13 6.17 0.721

Postoperative mMPTA
(◦) 97.04 1.84 94.34 4.38 0.131

Bone–plate gap (mm) 0.59 0.54 1.90 0.44 0.001
Load to failure (N) 798.80 375.02 721.50 292.02 0.818

TPLO: tibial plateau leveling osteotomy, PCM–TPLO: pre-contoured tibial plateau leveling osteotomy, TPA: tibial
plateau angle, mMPTA: mechanical medial proximal tibial angle.

4. Discussion

In our investigation, we conducted a comparative anatomical and biomechanical
analysis using cadaver specimens to examine alignment and compression resistance be-
tween the traditional TPLO and PCM–TPLO plates. We evaluated the role of PCM–TPLO
plates in mediating surgical outcomes. We found that pre-contouring the plate did not
alter postoperative TPA or mMPTA, nor did it increase the incidence of screw penetration
into the joint capsule. Although applying the PCM–TPLO plate led to a slightly larger
bone–plate gap, this did not compromise the integrity of the plate strength.

TPLO surgery aims to counteract the forward-directed force on the tibia by adjusting
the TPA [14,19]. Following surgery, a TPA of 5–6.5◦ should be maintained to prevent the
tibia from moving forward while avoiding backward movement [17,25,31]. Clinically, gait
improvement has been reported when the postoperative TPA is within 0–14◦ [32]. In our
study, both the traditional TPLO and PCM–TPLO groups showed mean postoperative TPA
values within these recommended parameters, with no marked difference between the
two groups. These findings imply that plate contouring does not significantly affect the
alignment of the tibial plateau. Therefore, the PCM–TPLO plate is likely to be effective in
restoring normal leg function by protecting against both forward and backward thrust of
the tibia.

Following TPLO and MPL corrective surgeries, instances of improper bone alignment
have been reported, often attributed to suboptimal surgical
techniques [24,31,33–35]. Misalignments, such as varus or valgus deformities, can be
detected by measuring mMPTA [25,36]. According to previous studies, the standard value
for mMPTA is around 95.1 ± 3.2◦ [33,36]. Consistent with this, our study found that both
the control (TPLO) and PCM–TPLO plate groups maintained normal mMPTA values before
and after surgery. However, a slight increase in postoperative mMPTA was observed in the
PCM–TPLO group, contrary to the findings of previous research, but there was no statistical
significance [14]. Although there was a minor adjustment, it stayed within the normal limits
and showed no significant variance when compared with the standard TPLO plate group.
From this, we infer that the PCM–TPLO plate can mediate the medial displacement of the
proximal tibial segment while preserving the integrity of the limb’s overall alignment.

The PCM–TPLO plate was designed to enable a medial shift of the tibia by 2 mm. A
previous study noted that the application of a pre-contoured T-plate, designed for 2 mm
medial displacement on a tibial model, typically resulted in a medial shift typically of
0.05–1 mm [20]. Our findings indicate a median medialization distance of 2.275 ± 0.58 mm,
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corresponding to approximately 30 ± 8% of the total length of the osteotomy site. The
increased medialization observed could be attributed to the unique design of our plate
and the effects of the surrounding soft tissue. Previous clinical successes in treatment
of MPL grades I, II, and III were reported with an average medialization of 20% [14,20].
Furthermore, for optimal bone healing, the repositioned bone segment should cover at
least 50% of the osteotomy gap [8]. Our data, demonstrating approximately 70% coverage,
suggest that the PCM–TPLO plate facilitates suitable medialization without compromising
bone healing. Nonetheless, further clinical studies are essential to fully ascertain the
practical implications of these findings.

In our study, we observed a slightly larger gap between the bone and plate in the
PCM–TPLO plate group compared with the standard TPLO plate group. Prior research
suggested that a larger gap could decrease stability, raising concerns about the surgery’s
success [20]. However, our results revealed that the maximum force the plates could
withstand did not significantly differ between groups. Both were capable of supporting
average forces greater than 700 N, thereby highlighting the superior mechanical properties
of the PCM–TPLO plate compared to those observed in previous studies [28,37]. This
discrepancy may be attributable to the differences in plate designs used and methods for
measuring force in our study. Considering the typical weight support of a dog’s pelvic
limb, which is approximately 20% of its body weight during the convalescent period after
surgery, and the maximum force it experiences during activities such as trotting, the PCM–
TPLO plate is estimated to handle approximately 70–80% of the dog’s weight [28,38]. The
other research indicated that peak force can significantly increase during more vigorous
activities [39]. Based on these considerations, for a dog weighing 5 kg, the leg might be
subjected to a load of approximately 100 N. Yet, our findings indicate that the PCM–TPLO
plate can withstand considerably higher loads than this estimate, even with a 2 mm gap
between the bone and the plate. Thus, we conclude that the PCM–TPLO plate remains a
reliable and effective option for dogs weighing less than 5 kg, without any increased risk
of failure. The adaptation of the PCM–TPLO plate for medialization has raised concerns
regarding a potentially higher risk of screw penetration into the joint space. Originally,
TPLO plates were designed to prevent the entry of screws into the joint due to the potential
for intraarticular screws to inflict meniscal injuries or degenerative changes [40,41]. In the
PCM–TPLO group, two screws were observed to penetrate the joint capsule. However,
since the PCM–TPLO plate was designed similarly to conventional TPLO plates to prevent
screws from intruding into the joint space, such occurrences are likely attributed to the
surgeon. Additionally, there was no statistically significant difference between the two
groups. Therefore, despite these instances, the use of the PCM–TPLO plate remains a
viable surgical option, capable of withstanding significant loads without causing additional
damage to the patient.

This study had several limitations. First, a limited number of cadaveric specimens were
used. While cadavers provide a closer approximation to the physiological environment, it
is important to note that such specimens may differ from the bones of living specimens
regarding bone quality. Bones of living animals are typically more robust, and additional
anatomical structures contribute to their ability to withstand force, implying that they
might endure even higher loads. Additionally, the cadavers used in this study did not have
concurrent orthopedic diseases of the stifle joint; thus, the pathological arthrokinematics
regarding MPL could not be evaluated. Second, the mechanical test was conducted in only
one direction, failing to reflect the combinations of forces from various directions that may
occur in real-life scenarios. Because repetitive forces similar to clinical conditions were not
assessed, further studies are required to evaluate the practical clinical applications of this
technique. Finally, there are limitations to the procedure of lateralizing the tibial tuberos-
ity. High-grade MPL with associated bone deformities, such as femoral varus deformity,
decreased femoral anteversion angle, and tibial valgus deformity, cannot be adequately
addressed solely by lateralization of the tibial tuberosity to realign the quadriceps muscles.
These cases may necessitate additional corrective osteotomies.
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5. Conclusions

We conducted a comparison between the conventional TPLO group and the PCM–
TPLO plate group using cadavers of small dogs weighing between 3 and 5 kg. Our
findings from postoperative radiography and mechanical tests confirmed that the PCM–
TPLO plate effectively adjusts TPA without increasing the risk of additional complications.
Furthermore, owing to its appropriate rearrangement effect of tibial tuberosity related to
the extensor mechanism, this innovative plate is expected to emerge as a favorable surgical
option for small-breed dogs with concurrent CCLR and MPL.
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Simple Summary: Chronic triceps brachii tendon disruptions in dogs can lead to significant lameness
and discomfort, often requiring surgical intervention for effective treatment. This case report details
the surgical reconstruction of bilateral chronic triceps brachii tendon disruptions in a 2-year-old female
Pomeranian using a novel suture-mediated anatomic footprint repair technique. The technique,
adapted from human medicine, involves creating a precise attachment of the tendon to the olecranon
through specialized suturing and bone tunneling, which aims to restore normal anatomy and function.
Following the surgery, the dog experienced significant improvement in forelimb function and was
able to maintain a normal gait over a three-year follow-up period. This report demonstrates the
successful application of a human surgical technique in veterinary medicine, providing a promising
option for managing this rare but challenging condition in dogs. The technique’s success suggests its
potential utility in similar cases, offering insights that could benefit surgical practices in veterinary
orthopedics.

Abstract: A 2-year-old, intact female Pomeranian presented with bilateral forelimb lameness, char-
acterized by the olecranon making contact with the ground. The patient experienced two separate
incidents of falling, occurring four and three weeks before admission, respectively. Following each
episode, non-weight-bearing lameness was initially observed in the left forelimb, followed by the
development of crouch gait. Based on the physical examination, radiographic, and ultrasonographic
findings, bilateral triceps brachii tendon disruption was diagnosed. Intraoperatively, excessive
granulation tissue at the distal end of the tendon was excised. The footprint region of each triceps
brachii tendon was decorticated with a high-speed burr until bleeding was observed. The triceps
brachii tendon was reattached to completely cover its footprint on the olecranon using the Krackow
suture technique. This method involves anchoring the suture through bone tunnels in the ulna.
Trans-articular external skeletal fixation was applied to both forelimbs to immobile and stabilize
the elbow joints for nine weeks. Subsequently, the dog gradually increased its walking activities
while on a leash over a six-week period. At the three-year follow-up, the patient exhibited improved
forelimb function and maintained a normal gait without signs of lameness. Suture-mediated anatomic
footprint repair proved useful in this single case and may be an effective surgical alternative for the
management of chronic triceps brachii tendon disruption in dogs.

Keywords: chronic triceps brachii tendon disruption; footprint repair; suture-mediated anatomic
repair; Krackow suture; trans-articular external skeletal fixation; dog
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1. Introduction

Disruption of the triceps brachii tendon, characterized by the tearing or detachment
from its insertion on the olecranon, is rarely reported in small animals [1–5]. The etiology
of this condition in small animals typically involves trauma, surgical interventions near
the tendon attachment, and local or systemic corticosteroid injections, with trauma being
the predominant cause [1,2]. Clinically, this condition is often manifested by non-weight-
bearing lameness, soft tissue swelling, and pain upon palpation [1,2,4].

Diagnosis of triceps brachii tendon disruption relies on comprehensive physical and
imaging examinations [1,2,6]. Physical examination may reveal a nodular formation and
a palpable gap proximal to the olecranon of the affected limb. It is noteworthy that the
squeeze test, which assesses tendon injury, may often be inconclusive [7]. Radiographic
evaluations typically identify a flake sign at the triceps brachii tendon attachment, indicative
of a potential avulsion injury [1,4]. Ultrasonography generally shows discontinuity or an
abnormal appearance of the tendon fibers [5]. Magnetic resonance imaging (MRI) is
considered the preferred method for diagnosing and differentiating complete from partial
triceps brachii tendon disruption [7,8].

Given that tendon disruptions rarely heal with conservative therapy, surgical in-
tervention is the standard treatment [2,9]. These disruptions can be categorized into
three patterns as follows: myotendinous junction, central part of the tendon, and osseo-
tendinous junction [1]. Disruption at the central part requires a tendon–tendon suture,
while osseo-tendinous disruption necessitates a tendon–bone suture through bone tun-
nels [1,10]. Techniques for tendon–bone sutures include trans-osseous, suture anchor, and
hybrid trans-osseous–suture anchor approaches [9,11]. The restoration of the anatomical
footprint and the prevention of postoperative gap formation are crucial for tendon healing,
as they significantly impact the biomechanical strength and speed of recovery [11–13].
In human medicine, traditional cruciate repair techniques utilized for tendon restoration
have demonstrated a 21% recurrence rate because of the limited contact area between the
tendon and bone. This limited contact reduces mechanical strength and delays healing.
Consequently, techniques employing suture anchors are preferred for their strong holding
strength and ease in reconstructing the footprint, which leads to successful outcomes [9,11].

Such footprint restoration techniques, while established in human medicine, have not
been commonly applied in veterinary medicine, especially for small-breed dogs.

The application of anchors in small dogs can be challenging because of the limited
bone availability at the olecranon [9]. Moreover, in chronic cases, excessive scar tissue,
tendon retraction, and muscle atrophy can occur following tendon degeneration, resulting
in a large gap [3,14–17]. The poor tissue quality of tendon ends may also adversely affect the
suture’s holding strength [3]. Therefore, a trans-osseous technique that can mechanically
withstand long-term stress and prevent gap formation while reconstructing the footprint
seems indicated for dogs with chronic triceps brachii tendon disruption. This report
describes the successful outcome of surgical treatment using a novel suture-mediated
anatomic footprint repair in a dog with chronic bilateral triceps brachii tendon disruptions.

2. Case Description

A 2-year-old, 4.5 kg, intact female Pomeranian was referred to a veterinary medicine
teaching hospital with bilateral open wounds (Video S1, Figure 1A) at the olecranon region.
The dog presented with a history of bilateral forelimb lameness and crouch gait (Figure 1B)
as follows: four weeks in the left forelimb and three weeks in the right forelimb, each
following a fall from a height. Physical examination revealed a pain response and nodular
formation in the proximal region of the olecranon, with no extension response during the
triceps brachii squeeze test. Radiographs revealed radiolucent opacities on both sides of the
olecranon (Figure 2A,B), and ultrasonography identified defects (Figure 3A,B) at the triceps
brachii tendon and olecranon junction, accompanied by inflammation and edema. Notably,
the distal end of the proximal tendon appeared hyperechoic compared with the normal
tendon. Based on the diagnosis of bilateral triceps brachii tendon disruption, believed to
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be of traumatic origin, and with the exact cause remaining open to interpretation, surgical
repair was indicated. The initial management of the open wounds involved sugar dressing
and debridement. Pre-anesthetic evaluation through blood samples, assessing electrolytes,
and complete blood count (CBC), revealed all values within normal limits.
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The surgical procedures were performed with informed consent from the owner. The
dog was premedicated with midazolam (0.2 mg/kg, IV) and ketamine (0.5 mg/kg, IV),
followed by induction with propofol (6 mg/kg, IV) and maintenance of general anesthesia
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with isoflurane and oxygen via a rebreathing circuit. Analgesia was provided by constant
rate infusion of remifentanil (0.1–0.3 ug/kg), and cefazolin (22 mg/kg, IV) was administered
for prophylaxis 30 min before incision and repeated every 90 min for a total of three doses.

The dog was placed in dorsal recumbency with bilateral elbow joints placed upper-
most. To approach the humeroulnar part, a caudolateral approach to the olecranon was
made [2]. Fascia were incised and retracted, exposing the triceps brachii tendon and ole-
cranon. Granulation tissue was meticulously debrided with a rongeur and scalpel blade,
and the triceps brachii footprint (Figure 3A) on the olecranon was decorticated using an
electrically powered oval-shaped burr (Core, Stryker, Kalamazoo, MI, USA) to promote
tendon-to-bone healing [12]. The bone tunnel preparation and suture repair technique
were adopted from previously reported all-suture repair methods in human medicine, with
slight modification. Initially, the origins of the anconeus and flexor carpi ulnaris were
elevated from the olecranon to facilitate proper bone tunneling (Figure 4A). Subsequently,
two tunnels were created on the craniomedial and craniolateral aspects of the footprint.
These tunnels were drilled at 40◦ relative to the proximal anatomic axis of the olecranon,
directed caudodistally, using an aiming device and a 1.2 mm Kirschner wire (K-wire)
(Figures 4B and 5A,B). The tunnels were drilled to intersect in a “cross” pattern. Similarly,
two additional tunnels were created cranially compared to the initial pair, angled approxi-
mately 60 degrees to the proximal anatomical axis of the olecranon, to maintain the cross
pattern (Figures 4B and 5C,D). The final bone tunnel was drilled transversely across the long
axis of the ulna using a 1.6 mm K-wire, serving as an anchorage point for the suture knots
(Figures 4C and 5E).
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Figure 4. (A) The footprint (arrowhead) of the olecranon was decorticated to promote tendon-to-
bone healing. (B) A C-guide was employed to create a caudal suture hole at the footprint. (C) The
subsequent process involved the careful marking of the suture hole positions for verification using
26G needles. (D) The final stage involved the application of three Krackow stitches (arrow) for tendon
repair with 2-0 FiberWire. Pr, proximal; Di, distal.
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pattern within the footprint region, directed in craniomedial and craniolateral orientations for suture
placement. (E) The final bone tunnel was created transversely along the ulna’s long axis. (F) The
application of three Krakow sutures to the tendon, with the most proximal suture (green) passed
through the cranial bone tunnel using a suture passer, exiting laterally and medially to enable
crossing. (G) Two distal sutures (brown and blue) were passed through the caudal bone tunnels.
Each suture’s inner strand was threaded through the bone tunnel on the opposite side to create a
crossing configuration. (H) All sutures were passed and crossed through the transverse bone tunnel,
forming a knot.

A 2-0 size FiberWire suture (Arthrex, Naples, FL, USA) was employed using a locking
Krackow technique (Figure 4D), positioned at the proximal aspect of the tendon. This
ensured that enough tendon distal to the suture exits was left to completely cover the
triceps brachii footprint. The suture ends were passed through the most craniomedial
and craniolateral bone tunnels in a crossing pattern, with the lateral suture end entering
the craniolateral hole and exiting caudomedially, and the medial suture ends entering
the craniomedial hole and exiting caudolaterally (Figure 5E). Second and third locking
Krackow sutures were placed parallel on each medial and lateral side of the triceps brachii
tendon’s distal end (Figure 5F). The medial ends of each suture were passed through the
caudally positioned craniomedial hole, and the lateral ends through the caudally positioned
craniolateral hole, using a suture passer. Three limbs of the suture were threaded through
the transverse tunnel (Figure 5H). The suture exiting the proximal aspect of the tendon was
tied first, with the elbow in full extension to ensure anatomical reconstruction. After the
initial tie, the sutures emerging distally were matched and tied accordingly.

Saline lavage was performed on the surgical site, which was then swabbed for culture
and sensitivity tests before routine closure. Following closure, a trans-articular external
skeletal fixator (TAESF) was applied for joint immobilization. A circular ring was placed
on the radius using two 1.0 mm K-wires. Two 2.4 mm Duraface ESF end thread pins (IMEX
Veterinary InC., Longview, TX, USA) were inserted into the humerus and connected with
lateral connecting bars. The elbow joint angle was immobilized at 150 degrees to reduce
tension on the tenorrhaphy. The contralateral limb underwent identical treatment.

Postoperative radiographs and ultrasound images (Figure 6) were taken to confirm
the position and connectivity (Figure 7) of the tendon on the olecranon. On the right
side (Figure 6A), the transverse hole was observed to be close to the caudal cortex, while
the remaining bone tunnels were confirmed to have been drilled as intended. For anal-
gesia, remifentanil was continued for three days postoperatively at 0.1~0.3 ug/kg/min
with constant rate infusion. The other postoperative therapy including antibiotics (amoxi-
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cillin and clavulanic acid, 12.5 mg/kg BID, for 14 days/Clindamycin, 11 mg/kg BID, for
14 days), NSAID (meloxicam, 0.1 mg/kg SID for 14 days), and gastrointestinal protectant
(esomeprazole, 1 mg/kg SID for 14 days) were administered.

Animals 2024, 14, x FOR PEER REVIEW 6 of 10 
 

NSAID (meloxicam, 0.1 mg/kg SID for 14 days), and gastrointestinal protectant 
(esomeprazole, 1 mg/kg SID for 14 days) were administered. 

 
Figure 6. Immediate postoperative radiograph of the (A) right forelimb showing the transverse hole 
(arrowhead) in the caudal aspect of the ulna. (B) A corresponding image of the of the left forelimb. 
Six-month postoperative radiograph of the (C) right and (D) left forelimb. 

 
Figure 7. Ultrasound images taken two weeks postoperatively of the (A) right and (B) left forelimbs 
confirm the attachment of the triceps brachii tendon (arrowhead) to the olecranon (O). Similar find-
ings were observed in the ultrasound images six months postoperatively on the (C) right and (D) 
left forelimbs. 

Immediate postoperative weight-bearing was observed. The patient was discharged 
two weeks postoperatively with instructions for cage rest. To prevent joint ankylosis, the 
bolts and nuts were slightly loosened, and the trans-articular external skeletal fixator 
(TAESF) was progressively released six weeks postoperatively to allow a limited range of 
motion of about 10 degrees. The range of motion (ROM) was gradually increased to a 
maximum of 30 degrees, and ultimately, the TAESF was removed nine weeks postopera-
tively. The limbs were then supported in a Spica splint for an additional two weeks. 

Radiography (Figure 6C,D) and ultrasonography (Figure 7C,D) six months postop-
eratively confirmed that the transverse hole of the right side healed without any 

Figure 6. Immediate postoperative radiograph of the (A) right forelimb showing the transverse hole
(arrowhead) in the caudal aspect of the ulna. (B) A corresponding image of the of the left forelimb.
Six-month postoperative radiograph of the (C) right and (D) left forelimb.

Animals 2024, 14, x FOR PEER REVIEW 6 of 10 
 

NSAID (meloxicam, 0.1 mg/kg SID for 14 days), and gastrointestinal protectant 
(esomeprazole, 1 mg/kg SID for 14 days) were administered. 

 
Figure 6. Immediate postoperative radiograph of the (A) right forelimb showing the transverse hole 
(arrowhead) in the caudal aspect of the ulna. (B) A corresponding image of the of the left forelimb. 
Six-month postoperative radiograph of the (C) right and (D) left forelimb. 

 
Figure 7. Ultrasound images taken two weeks postoperatively of the (A) right and (B) left forelimbs 
confirm the attachment of the triceps brachii tendon (arrowhead) to the olecranon (O). Similar find-
ings were observed in the ultrasound images six months postoperatively on the (C) right and (D) 
left forelimbs. 

Immediate postoperative weight-bearing was observed. The patient was discharged 
two weeks postoperatively with instructions for cage rest. To prevent joint ankylosis, the 
bolts and nuts were slightly loosened, and the trans-articular external skeletal fixator 
(TAESF) was progressively released six weeks postoperatively to allow a limited range of 
motion of about 10 degrees. The range of motion (ROM) was gradually increased to a 
maximum of 30 degrees, and ultimately, the TAESF was removed nine weeks postopera-
tively. The limbs were then supported in a Spica splint for an additional two weeks. 

Radiography (Figure 6C,D) and ultrasonography (Figure 7C,D) six months postop-
eratively confirmed that the transverse hole of the right side healed without any 

Figure 7. Ultrasound images taken two weeks postoperatively of the (A) right and (B) left forelimbs
confirm the attachment of the triceps brachii tendon (arrowhead) to the olecranon (O). Similar
findings were observed in the ultrasound images six months postoperatively on the (C) right and
(D) left forelimbs.

Immediate postoperative weight-bearing was observed. The patient was discharged
two weeks postoperatively with instructions for cage rest. To prevent joint ankylosis,
the bolts and nuts were slightly loosened, and the trans-articular external skeletal fixator
(TAESF) was progressively released six weeks postoperatively to allow a limited range of
motion of about 10 degrees. The range of motion (ROM) was gradually increased to a max-
imum of 30 degrees, and ultimately, the TAESF was removed nine weeks postoperatively.
The limbs were then supported in a Spica splint for an additional two weeks.
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Radiography (Figure 6C,D) and ultrasonography (Figure 7C,D) six months postopera-
tively confirmed that the transverse hole of the right side healed without any complications,
and the bilateral triceps brachii tendons were well-maintained and attached to the ole-
cranon, with no specific changes in internal echogenicity or echotexture. MRI (Figure 8)
showed mild inflammatory changes near the suture knot and fibrotic scar tissue within
the tendon but confirmed firm attachment of the tendon to the olecranon. Three years
following the surgery, the patient exhibited no signs of functional loss (Video S2) or pain,
confirming the long-term success of the treatment. The owner expressed satisfaction with
the clinical outcomes.
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(C) T1- T1-weighted and (D) T2-weighted sagittal images of the left of triceps brachii tendon. These
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of the tendon.

3. Discussion

A suture-mediated footprint anatomic repair of the triceps brachii tendon was success-
fully utilized to restore full and recurrence-free forelimb function in a dog. The significance
of this case lies in its novel application of a suture technique, previously documented in
the human medical literature but adapted here for veterinary use with modification. The
procedure resulted in excellent limb function as evidenced by long-term follow-up. This
positive outcome, although in only a single case, is encouraging, and the technique can be
recommended in similar cases.

Triceps brachii tendon disruption, though rare in small animals, poses significant
challenges because of its varied etiology and the complexity of surgical repairs [1–5]. In
humans, triceps brachii tendon injuries are attributed to multiple factors, including trauma,
anabolic steroid use, weightlifting [18], local steroid injections [19], and a range of sys-
temic conditions. Similarly, in veterinary medicine, tendon disruptions have been reported
following local steroid injections [5], and breed-specific differences cannot be ruled out.
Notably, triceps brachii tendon disruptions have been observed in Pomeranians [2,4], high-
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lighting the need for further research to understand potential breed-specific predispositions.
In our Pomeranian case, the bilateral nature of the tendon disruption, precipitated by falls,
does not entirely exclude the possibility that degenerative changes, similar to those seen in
cranial cruciate ligament disease, were exacerbated by minor trauma [20]. Additionally, in-
adequate vascularization [21] or a smaller insertion site at the tendon’s insertion compared
with other regions could also be contributing factors to this disruption. Further research is
needed to explore these aspects comprehensively.

In human medicine, triceps brachii tendon disruptions typically occur at the osseo-
tendinous junction, where several repair strategies are employed, including trans-osseous,
suture anchor, and hybrid approaches [10,22]. However, traditional trans-osseous repairs,
which have a notable failure rate of approximately 21%, often fail to adequately cover the
triceps brachii footprint, leading to higher failure rates compared with those using suture
anchors [9,11]. These anchors, however, present limitations in small dogs because of the risk
of bone fracture [9]. Importantly, anatomic footprint repairs have demonstrated the highest
average failure yield load, emphasizing their effectiveness. Specifically, when comparing
gap formation rates, which are crucial for the tendon’s healing process, traditional methods
exhibit a high rate of 69%, suture anchors have a rate of 52%, and anatomic footprint repairs
show a significantly lower rate of 14% [13,17]. In light of these factors, the consideration of
anatomic footprint repair and meticulous surgical preparation is essential when addressing
tendon disruptions at the osseo-tendinous junction [9]. In this case, a suture-mediated
anatomic footprint repair technique, developed for human medicine, was adapted for a
chronic condition in a dog, utilizing triple Krackow stitches and modifying the attachment
method with two additional holes. This modification expanded the attachment surface
area, enhancing durability and reducing gap formation.

The decision to use a trans-articular external skeletal fixator (TAESF) over external
coaptation was influenced by the dog’s history of pressure sores and the need for sur-
gical wound access. TAESF, typically applied for three to eight weeks, in this case, was
maintained for approximately nine weeks because of the chronic bilateral rupture, which
anticipated a slow healing process. Adjustments were made six weeks postoperatively to
prevent elbow joint ankylosis by allowing limited movement.

Tendon structural integrity and musculotendinous change are best evaluated by
magnetic resonance imaging (MRI). In the late stages of tendon healing, tendons typically
exhibit low signal intensity across T1- and T2-weighted MRI sequences [23]. In the current
case, the bilateral triceps brachii tendons at their attachment to the olecranon demonstrated
low signal intensity in all sequences at the one-year postoperative evaluation, with the
exception of mild inflammatory changes observed near the suture knots and surrounding
scar tissues.

This case report, while offering some insights, is constrained by several limitations.
Firstly, it is based on a singular case, which may limit the broader applicability of our
findings. Without the support of more extensive diagnostic procedures, such as a biopsy,
we acknowledge our limitations in conclusively identifying other potential causes. Fur-
thermore, there is a recognized need for more comprehensive biomechanical studies to
compare the efficacy of traditional repair techniques, suture anchors, and the anatomic
footprint repair technique applied in this case. Finally, the investigation into the triceps
brachii tendon’s footprint area in dogs remains an uncharted area of study, suggesting a
valuable opportunity for future research to fill this gap in the veterinary literature.

4. Conclusions

In conclusion, this case report details the surgical management and postoperative
care of a dog with chronic bilateral triceps brachii tendon disruption, illustrating the
importance of suture-mediated anatomic footprint repair combined with trans-articular
external skeletal fixation (TAESF). It underscores the critical role of understanding and
preserving the tendon’s footprint during reconstruction for successful recovery. However,
it also acknowledges the gap in our current knowledge regarding the precise extent of the
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triceps brachii tendon’s footprint area in dogs, emphasizing the need for further research in
this area to enhance surgical outcomes in similar cases.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/ani14111687/s1, Video S1: Preoperative crouch gait. The
olecranon made contact with the ground while walking. To prevent further damage to an open
wound, the lib was supported with a sling during the gait assessment. Video S2: Postoperative gait.
A normal gait has been consistently maintained for three years postoperatively.

Author Contributions: Conceptualization, J.-P.Y., Y.-J.J., H.-B.L. and J.-M.J.; methodology, J.-P.Y.,
H.-B.L. and J.-M.J.; software, J.-P.Y., Y.-J.J. and H.-B.L.; validation, J.-P.Y., Y.-J.J., D.-H.K., S.-M.J., H.-B.L.
and J.-M.J.; formal analysis, J.-P.Y.; investigation, J.-P.Y. and H.-B.L.; resources, J.-P.Y., Y.-J.J., H.-B.L.
and J.-M.J.; data curation, J.-P.Y., D.-H.K. and S.-M.J.; writing—original draft preparation, J.-P.Y.,
H.-B.L. and J.-M.J.; writing—review and editing, J.-P.Y., Y.-J.J., D.-H.K., S.-M.J., H.-B.L. and J.-M.J.;
visualization, J.-P.Y.; supervision, H.-B.L. and J.-M.J.; projection administration, H.-B.L. and J.-M.J. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were not required because this
study is a case report of an examination and surgery for the purpose of treating the patient, and no
action contrary to treatment was performed.

Informed Consent Statement: Written informed consent was obtained from the owner of the animal
involved in this study.

Data Availability Statement: The original contributions presented in this study are included in this
article/the Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: This work was supported by the research fund of Chungnam National Univer-
sity.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of this study; in the collection, analyses, or interpretation of the data; in the writing of this
manuscript; or in the decision to publish the results.

References
1. Earley, N.F.; Ellse, G.; Wallace, A.M.; Parsons, K.J.; Voss, K.; Pugliese, L.C.; Moores, A.P.; Whitelock, R.; Stork, C.; Langley-

Hobbs, S.J.; et al. Complications and outcomes associated with 13 cases of triceps tendon disruption in dogs and cats (2003–2014).
Vet. Rec. 2018, 182, 108. [CrossRef] [PubMed]

2. Echigo, R.; Fujita, A.; Nishimura, R.; Mochizuki, M. Triceps brachii tendon injury in four Pomeranians. J. Vet. Med. Sci. 2018,
80, 772–777. [CrossRef]

3. Wood, C.J.; Cashmore, R.G. Repair of a Chronic Triceps Tendon Rupture in a Dog Using an Autogenous Thoracolumbar Fascia
Onlay Graft. Vet. Comp. Orthop. Traumatol. 2021, 4, e32–e36. [CrossRef]

4. Yoon, H.-Y.; Jeong, S.-W. Traumatic triceps tendon avulsion in a dog: Magnetic resonance imaging and surgical management
evaluation. J. Vet. Med. Sci. 2013, 75, 1375–1377. [CrossRef] [PubMed]

5. Garcia-Fernandez, P.; Martín, P.Q.; Mayenco, A.; Gardoqui, M.; Calvo, I. Surgical management and follow-up of triceps tendon
avulsion after repeated local infiltration of steroids: Two cases. Vet. Comp. Orthop. Traumatol. 2014, 27, 405–410. [CrossRef]
[PubMed]

6. Liu, S.; Xie, Y.; Chen, Q.; Sun, Y.; Ding, Z.; Zhang, Y.; Chen, S.; Chen, J. Tendon healing progression evaluated with magnetic
resonance imaging signal intensity and its correlation with clinical outcomes within 1 year after rotator cuff repair with the
suture-bridge technique. Am. J. Sports Med. 2020, 48, 697–705. [CrossRef]

7. Tom, J.A.; Kumar, N.S.; Cerynik, D.L.; Mashru, R.; Parrella, M.S. Diagnosis and treatment of triceps tendon injuries: A review of
the literature. Clin. J. Sport. Med. 2014, 24, 197–204. [CrossRef] [PubMed]

8. Bennett, M.P.; Silver, G.; Tromblee, T.; Kohler, R.; Frem, D.; Glass, E.N.; Kent, M. Case report: Nonsimultaneous bilateral triceps
tendon rupture and surgical repair in a healthy dog. Front. Vet. Sci. 2024, 10, 1294395. [CrossRef]

9. Anderson, C.N. All-Suture Anatomic Footprint Repair of the Distal Triceps Tendon. Arthrosc. Tech. 2020, 9, e2013–e2019.
[CrossRef]

10. Yeh, P.C.; El Attrache, N.S.; Mazzocca, A.; Katie, V.; Sethi, P.M. Distal Triceps Tendon Repair Using an Anatomic Footprint Repair.
Tech. Shoulder Elb. Surg. 2011, 12, 62–66. [CrossRef]

11. Yeh, P.C.; Stephens, K.T.; Solovyova, O.; Obopilwe, E.; Smart, L.R.; Mazzocca, A.D.; Sethi, P.M. The Distal Triceps Tendon
Footprint and a Biomechanical Analysis of 3 Repair Techniques. Am. J. Sports Med. 2010, 38, 1025–1033. [CrossRef] [PubMed]

66



Animals 2024, 14, 1687

12. Nakagawa, H.; Morihara, T.; Fujiwara, H.; Kabuto, Y.; Sukenari, T.; Kida, Y.; Furukawa, R.; Arai, Y.; Matsuda, K.-I.;
Kawata, M.; et al. Effect of footprint preparation on tendon-to-bone healing: A histologic and biomechanical study in a rat rotator
cuff repair model. Arthroscopy 2017, 33, 1482–1492. [CrossRef] [PubMed]

13. Wilson, L.; Banks, T.; Luckman, P.; Smith, B. Biomechanical evaluation of double K rackow sutures versus the three-loop pulley
suture in a canine gastrocnemius tendon avulsion model. Aust. Vet. J. 2014, 92, 427–432. [CrossRef] [PubMed]

14. Us, A.K.; Bilgin, S.S.; Aydin, T.; Mergen, E. Repair of neglected Achilles tendon ruptures: Procedures and functional results. Arch.
Orthop. Trauma. Surg. 1997, 116, 408–411. [CrossRef]

15. Ibrahim, S.A.R. Surgical treatment of chronic Achilles tendon rupture. J. Foot Ankle Surg. 2009, 48, 340–346. [CrossRef]
16. Buttin, P.; Goin, B.; Cachon, T.; Viguier, E. Repair of tendon disruption using a novel synthetic fiber implant in dogs and cats: The

surgical procedure and three case reports. Vet. Med. Int. 2020, 2020, 4146790. [CrossRef] [PubMed]
17. Gelberman, R.H.; Boyer, M.I.; Brodt, M.D.; Winters, S.C.; Silva, M.J. The Effect of Gap Formation at the Repair Site on the Strength

and Excursion of Intrasynovial Flexor Tendons. An Experimental Study on The Early Stages of Tendon-Healing in Dogs*. J. Bone
Jt. Surg. Am. 1999, 81, 975–982. [CrossRef] [PubMed]

18. Sollender, J.L.; Rayan, G.M.; Barden, G.A. Triceps tendon rupture in weight lifters. J. Shoulder Elbow Surg. 1998, 7, 151–153.
[CrossRef] [PubMed]

19. Stannard, J.P.; Bucknell, A.L. Rupture of the triceps tendon associated with steroid injections. Am. J. Sports Med. 1993, 21, 482–485.
[CrossRef]

20. Ichinohe, T.; Kanno, N.; Harada, Y.; Yogo, T.; Tagawa, M.; Soeta, S.; Amasaki, H.; Hara, Y. Degenerative changes of the cranial
cruciate ligament harvested from dogs with cranial cruciate ligament rupture. J. Vet. Med. Sci. 2015, 77, 761–770. [CrossRef]

21. Jopp, I.; Reese, S. Morphological and biomechanical studies on the common calcaneal tendon in dogs. Vet. Comp. Orthop.
Traumatol. 2009, 22, 119–124. [CrossRef] [PubMed]

22. Van Riet, R.P.; Morrey, B.F.; Ho, E.; O’Driscoll, S.W. Surgical Treatment of Distal Triceps Ruptures. J. Bone Jt. Surg. Am. 2003,
85, 1961–1967. [CrossRef] [PubMed]

23. Joannas, G.; Arrondo, G.; Casola, L.; Drago, J.; Barousse, R.; Rossi, I.; Rammelt, S. Value of magnetic resonance imaging in
monitoring Achilles tendon healing after percutaneous suture using the Dresden technique. Fuß Sprunggelenk 2019, 17, 210–218.
[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.

67



Citation: Kim, H.; Lee, H.; Lewis,

D.D.; Jeong, J.; Kim, G.; Jeon, Y.

Reconstruction of the Quadriceps

Extensor Mechanism with a

Calcaneal Tendon–Bone Allograft in

a Dog with a Resorbed Tibial

Tuberosity Fracture. Animals 2024, 14,

2315. https://

doi.org/10.3390/ani14162315

Academic Editors: L. Miguel Carreira

and João Alves

Received: 19 June 2024

Revised: 7 August 2024

Accepted: 8 August 2024

Published: 9 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Case Report

Reconstruction of the Quadriceps Extensor Mechanism with a
Calcaneal Tendon–Bone Allograft in a Dog with a Resorbed
Tibial Tuberosity Fracture
Hyunho Kim 1,†, Haebeom Lee 1,† , Daniel D. Lewis 2, Jaemin Jeong 1 , Gyumin Kim 3 and Youngjin Jeon 1,*

1 Department of Veterinary Surgery, College of Veterinary Medicine, Chungnam National University,
Daejeon 34134, Republic of Korea; wwkhww@hanmail.net (H.K.); seatiger76@cnu.ac.kr (H.L.);
klmie800@cnu.ac.kr (J.J.)

2 Department of Small Animal Clinical Sciences, College of Veterinary Medicine, University of Florida,
Gainesville, FL 32610, USA; lewisda@ufl.edu

3 College of Veterinary Medicine, Jeonbuk National University, Iksan 54596, Republic of Korea;
vetkgm@naver.com

* Correspondence: orangee0115@cnu.ac.kr
† These authors contributed equally to this work.

Simple Summary: This case report describes the surgical technique and clinical outcome of recon-
structing the quadriceps mechanism using a composite frozen calcaneal tendon–bone block allograft
in a dog which had resorption of the tibial tuberosity following complications resultant from a tibial
tuberosity transposition procedure. In this case, a dog exhibited chronic lameness due to the resorp-
tion of the tibial tuberosity following surgical correction of a medial patella luxation. To address these
issues, a novel surgical procedure was employed using a composite calcaneal tendon–bone block
allograft. The graft reconstructed the tibial tuberosity and facilitated reattachment of the patellar
tendon. The surgery promptly restored the quadriceps extensor mechanism, enabling the dog to
bear weight on the affected limb within 2 weeks. Twenty-nine months later, the dog had satisfactory
limb function without recurrence of patella luxation. This case demonstrates the effectiveness of
using a calcaneal tendon–bone allograft to restore the quadriceps extensor mechanism in dogs with
irreparable tibial tuberosity fracture.

Abstract: A non-reducible tibial tuberosity fracture is a rare complication of tibial tuberosity trans-
position performed during correcting of medial patella luxation (MPL) in dogs. This condition
severely disrupts the quadriceps extensor mechanism, leading to significant pelvic limb lameness.
An 11-year-old, 1.8 kg spayed female Yorkshire Terrier sustained a comminuted left tibial tuberosity
fracture during surgical correction of an MPL. Six months after surgery, the dog was markedly
lame and unable to extend the left stifle. Radiographs revealed patella alta and resorption of the
fragmented tibial tuberosity. A composite frozen allogeneic calcaneal tendon–bone block was uti-
lized to reconstruct the tibial tuberosity and reattach the patellar ligament. Initial postoperative
radiographs confirmed restoration of a normal patellar ligament to patella length ratio (1.42). Both
the allogeneic bone used for tibial tuberosity reconstruction and the tendon used to reattach the
patellar ligament were successfully integrated. The dog regained satisfactory limb function without
recurrence of patella luxation, as reported by the owners 29 months postoperatively. The use of a
calcaneal tendon–bone allograft effectively restored the functional integrity of the quadriceps extensor
mechanism, providing a viable option for addressing quadriceps insufficiency resulting from the loss
of the osseous tibial insertion.

Keywords: tibia tuberosity reconstruction; tendon injury; allogenic tendon transplantation; quadriceps
mechanism restoration
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1. Introduction

Unrepairable tibial tuberosity fractures are a rare but significant complication follow-
ing tibial tuberosity transposition performed to address medial patella luxation (MPL) in
affected dogs [1,2]. Fractures of the tuberosity can occur if the tuberosity segment is too
small: either while performing the osteotomy or during the placement of Kirschner wires
intended to stabilize the transposed tuberosity [1,2]. Fragmentation of the tibial tuberosity
can severely impair the quadriceps extensor mechanism and limb function. Restoration
of quadriceps function can be challenging as the remaining bone fragments attached to
the patellar ligament may be too small to accommodate adequate fixation. Consequently,
non-reducible tibial tuberosity fractures may necessitate a salvage procedure, such as stifle
arthrodesis or amputation [3].

The calcaneal tendon has high tensile strength and a long, broad aponeuroses, making
calcaneal tendon allografts a suitable structural and functional replacement option for
ligament reconstruction in human patients [4–6]. The allogenic tendon acts as a scaffold to
facilitate cellular migration and functional ingrowth, which eventually leads to parenchy-
mal remodeling and integration with the native tissues, yielding functionality [4,6]. An
attached segment of calcaneal bone is often harvested with the tendon to enable osseous
fixation of the graft [7,8]. These attributes have contributed to the effective use of calcaneal
tendon–bone allografts in human patients for various ligament reconstructions, including
addressing anterior cruciate ligament, calcaneal tendon, medial collateral ligament, and
biceps tendon insufficiencies [9–11]. Several studies have described the effective use of
calcaneal tendon–bone allografts to manage quadriceps extensor mechanism insufficiency
in human patients with patellar tendon rupture [12–14]. While there are a couple of reports
detailing the use of calcaneal tendon allografts to augment tendon-to-tendon repairs in dogs
with patellar tendon injuries [15,16], the application of a calcaneal tendon–bone allograft to
address irreparable tibial tuberosity fractures has not been reported.

This case report describes the surgical technique and clinical outcome associated with
the use of a composite calcaneal tendon–bone block allograft to restore the quadriceps
extensor mechanism in a dog with chronic lameness ascribed to an unrepairable tibial
tuberosity fracture. Implantation of a calcaneal tendon–bone block allograft may be a
reasonable option to address non-reducible tibial tuberosity fractures.

2. Case Description

An 11-year-old spayed female Yorkshire Terrier weighing 1.8 kg was presented with a
history of chronic left pelvic limb lameness. The dog had undergone surgical correction
of a grade III/IV MPL 6 months previously. During that surgery, the tibial tuberosity
fragmented while attempting to perform a tibial tuberosity transposition. Fragmentation
was sufficient to preclude reattachment of the patella ligament to the proximal tibia. An
attempt was made to suture the distal portion of the patella ligament to the tibial crest using
an absorbable 2-0 polydioxanone suture (PDS plus, Ethicon, Raritan, NJ, USA). Following
surgery, the dog was unable to effectively extend the affected stifle or support weight on
the limb.

On physical examination, the dog could not support weight on the left pelvic limb and
maintained the limb in a flexed posture. The thigh girth of the affected limb was decreased
by 20% compared to the contralateral pelvic limb. A patellar reflex could not be elicited in
the left pelvic limb. Cranial drawer and cranial tibial thrust were negative in both stifles.
Radiographs of the left stifle revealed proximomedial displacement of the patella relative
to the femoral trochlear groove, consistent with patella alta and the absence of the normal
protuberance of the tibial tuberosity (Figure 1).
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Additionally, an ossicle (approximately 5 mm × 1.5 mm) with reduced bone density cranial to the 
infrapatellar fat pad was observed (yellow arrow). 
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mongrel dog euthanized after sustaining a cervical vertebral fracture. The calcaneal ten‐
don  included  the  tendons of  the superficial digital  flexor, gastrocnemius, and  the con‐
joined tendons from the gracilis, semitendinosus, and biceps femoris muscles and an at‐
tached 5 mm × 12 mm bone block were harvested from the calcaneal tuberosity. The tis‐
sues were packaged  in a sterile container with an antibiotic solution consisting of gen‐
tamicin  (200 μg/mL), vancomycin  (100 μg/mL), and meropenem  (200 μg/mL)  [17]. The 
sterile container was sealed within an additional sterile plastic enclosure and frozen at −70 
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the graft had not been contaminated during the storage period.   

Figure 1. (A) Craniocaudal and (B) mediolateral radiographic views of the left stifle taken six months
following initial surgery to address a grade III/IV medial patellar luxation. The images display tibial
tuberosity absorption (white arrow) and proximal dislocation of the patella (arrowhead). Additionally,
an ossicle (approximately 5 mm × 1.5 mm) with reduced bone density cranial to the infrapatellar fat
pad was observed (yellow arrow).

Surgery involving implantation of a calcaneal tendon–bone allograft to restore the
quadriceps extensor mechanism was planned (Figure 2). Tissues had been previously
aseptically harvested, with the owner’s consent, from a 3-year-old, 4 kg, spayed female
mongrel dog euthanized after sustaining a cervical vertebral fracture. The calcaneal tendon
included the tendons of the superficial digital flexor, gastrocnemius, and the conjoined
tendons from the gracilis, semitendinosus, and biceps femoris muscles and an attached
5 mm × 12 mm bone block were harvested from the calcaneal tuberosity. The tissues
were packaged in a sterile container with an antibiotic solution consisting of gentamicin
(200 µg/mL), vancomycin (100 µg/mL), and meropenem (200 µg/mL) [17]. The sterile
container was sealed within an additional sterile plastic enclosure and frozen at −70 ◦C.
The time from harvesting until use was 4 months. In preparation for implantation, the
allograft was thawed in 37 ◦C sterile physiological saline for 30 min and small pieces of the
tendon and bone were excised and submitted for bacterial culture to document that the
graft had not been contaminated during the storage period.

The dog was premedicated with hydromorphone (0.1 mg/kg intravenously [IV]) and
midazolam (0.2 mg/kg IV). Anesthesia was induced with propofol (4 mg/kg IV) and main-
tained with 1.5% isoflurane in oxygen. Cefazolin sodium (22 mg/kg IV) was administered
30 min before skin incision and every 90 min during surgery. Intraoperative analgesia
was provided using remifentanil (0.1–0.3 µg/kg/min constant rate infusion). A lateral
parapatellar approach to the left stifle and proximal tibia was performed [18]. Fibrosis
extended cranioproximal from the tibial crest to the distal stump of patellar ligament. A
single 5 mm × 1.5 mm bone fragment was visible on the preoperative radiographs and
presumed to be a remnant of the tibial tuberosity, but it could not be identified during
surgery. After debridement of adherent fibrous tissue, there was an approximately 15 mm
gap between the distal end of the patella ligament and the proximal extent of the tibial crest
when the stifle was placed in an extended position (Figure 3A). The end of the distal patellar
ligament could not be sufficiently mobilized to reattach to the tibia. A lateral parapatellar
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arthrotomy and medial retinacular release were performed. The cruciate ligaments were
intact, and the trochlear groove had sufficient depth to maintain reduction of the patella.
The cranioproximal surface of the tibial crest was debrided using a pneumatic burr to
remove the granulation tissue which was adhered to the bone. A 0.7 mm Kirschner wire
was used to create several holes in the debrided bone bed to expose bleeding cancellous
bone. Recombinant human bone morphogenetic protein-2 (rhBMP-2) with hydroxyapatite
(HA) (NOVOSIS-Dent, CGBio, Seongnam, Republic of Korea) was placed on the debrided
osseous surface (Figure 3B). A mixture of 0.25 mg rhBMP-2 and 0.25 mg of HA was used.
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Figure 2. Schematic diagrams illustrating the surgical technique. (A) The osseous segment of the
calcaneal tendon–bone allograft is secured within the prepared tibial bone bed using two Kirschner
wires. A non-absorbable suture is placed through the proximal tibia, patellar ligament, and proximal
patellar tendon. (B) Craniocaudal and (C) mediolateral images show that the allogenic tendon is
augmented to enhance both the patellar ligament and the quadriceps tendon. Additionally, an
encircling patellar suture is placed as a supplemental restraint to medial luxation.
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Figure 3. Intraoperative gross photographs. (A) Debrided bone displaying multiple holes for
osteostixis. A noticeable gap is observed between the distal patellar ligament and the tibial bed
(arrow). (B) The recombinant human bone morphogenetic protein-2 with hydroxyapatite applied to
the bone surface (arrow). (C) Allogenic calcaneal bone block secured to the tibial bed using Kirschner
wires (arrow). (D) A Krackow suture (arrow) initiated at the medial margin of the patellar ligament,
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encircling the proximal patella, and terminating at the lateral margin. (E) Two free ends of the suture
(arrow) exit at the calcaneal bone–tendon allograft junction. (F) Both ends of the suture are threaded
through the tibia and anchored with a suture button (arrow). (G) The grafted tendon is affixed
to the patellar ligament and quadriceps tendon using multiple simple interrupted sutures (arrow).
(H) Gross morphology of the completed implantation of the allograft. FS: femur side; TS: tibia side;
Me: medial; La: lateral.

The allograft bone block was secured along the lateral margin of the debrided tibial
bone bed using both a 1.1 mm and a 0.9 mm interfragmentary Kirschner wire (Figure 3C).
Lateralization of the allogenic bone block established appropriate alignment of the quadri-
ceps mechanism. A strand of multifilament 0 braided non-absorbable suture (FiberWire,
Arthrex, Naples, FL, USA) was placed through the proximal tibia, patellar ligament, and
proximal patellar tendon to neutralize the force of the quadriceps muscles. Specifically, a
Krackow suture pattern was initiated at the distal end of the medial margin of the patellar
ligament and continued proximally and passed hemi-circumferentially around the prox-
imal pole of the patella, then coursing distally, with the strand of suture exiting at the
distal end of the lateral margin of the patellar ligament (Figure 3D). The two free ends of
the suture, emerging from the medial and lateral margins of the distal patellar ligament,
passed from the interior to the exterior of the graft tendon at the calcaneal bone–tendon
allograft junction (Figure 3E). A transverse bone tunnel was subsequently created through
the crainoproximal aspect of the proximal tibia using a 1.4 mm Kirschner wire, and the
two free ends of the suture strands were threaded through this tunnel. The suture strands
were tensioned to align the patella normally within the trochlear groove, with the stifle
positioned at 135◦ of extension, and the strands were secured through a suture button, and
a series of square knots were tied (Figure 3F). A strand of 21-gauge orthopedic wire was
placed in a figure-of-eight pattern around the protruding ends of the two interfragmen-
tary Kirschner wires and a transverse hole drilled through the tibia subjacent to the tibial
crest, to prevent avulsion of the allograft bone block (Figure 3G). The lateral parapatellar
arthrotomy was closed using simple interrupted sutures with 4-0 PDS. To further mitigate
the potential of the patella to luxation medially, a suture anchor with a 2-0 non-absorbable
braided suture (Micro Corkscrew FT with 2-0 FiberWire, Arthrex, Naples, FL, USA) was
placed along the caudal border of the lateral femoral condyle and the suture was placed
hemi-circumferentially around the patella, passing through the proximal patellar tendon,
lateral retinaculum, and distal patellar tendon, and securely tied.

The allogenic calcaneal tendon was trimmed to the appropriate length (4 cm) to cover
the patellar ligament and quadriceps tendon. With the stifle positioned in full extension,
components of the grafted tendon were individually sutured to the host tissue while
maintaining proximal traction on the graft. The allogenic superficial digital flexor tendon
was anchored to the patellar ligament and the central portion of the quadriceps tendon
using a simple interrupted suture with a 3-0 PDS. The lateral (the conjoined tendon of
the gracilis, semitendinosus, and biceps femoris muscles) and medial (the gastrocnemius
tendon) flap of the allograft was sutured to the lateral and medial retinaculum, as well as the
lateral and medial portions of the quadriceps tendon, respectively, using 3-0 PDS in a simple
interrupted suture pattern (Figure 3H). The stifle was placed through a range of motion,
and the patella tacked appropriately in the trochlear groove and did not luxate. A swab
of the surgical site was obtained for bacterial culture prior to closure. The subcutaneous
tissue and skin were closed in a routine manner.

3. Results

On postoperative radiographs, the patella was positioned appropriately in the trochlear
groove. The allogenic bone block appeared to be securely attached to the tibia by the
Kirschner wires and figure-of-eight wire (Figure 4). The postoperative patellar ligament
length (PLL) to the patella length (PL) ratio in the left stifle was calculated to be 1.42, which
was similar to a 1.41 PLL:PL ratio calculated on a radiograph of the contralateral stifle
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which was obtained postoperatively [19]. Following surgery, the dog was administered
cephalexin (22 mg/kg PO, two times daily) for 1 week and carprofen (2.2 mg/kg PO, two
times daily) for 2 weeks. The limb was immobilized in a modified Robert Jones bandage,
and the dog was confined to a cage for 2 weeks.

Animals 2024, 14, x FOR PEER REVIEW  6  of  11 
 

the patellar ligament and quadriceps tendon using multiple simple interrupted sutures (arrow). (H) 
Gross morphology of the completed implantation of the allograft. FS: femur side; TS: tibia side; Me: 
medial; La: lateral. 

3. Results 

On postoperative radiographs, the patella was positioned appropriately in the troch‐
lear groove. The allogenic bone block appeared to be securely attached to the tibia by the 
Kirschner wires and figure‐of‐eight wire (Figure 4). The postoperative patellar ligament 
length (PLL) to the patella length (PL) ratio in the left stifle was calculated to be 1.42, which 
was similar  to a 1.41 PLL:PL ratio calculated on a radiograph of  the contralateral stifle 
which was obtained postoperatively [19]. Following surgery, the dog was administered 
cephalexin (22 mg/kg PO, two times daily) for 1 week and carprofen (2.2 mg/kg PO, two 
times daily) for 2 weeks. The limb was immobilized in a modified Robert Jones bandage, 
and the dog was confined to a cage for 2 weeks.   

 
Figure  4.  Immediate postoperative  craniocaudal  (A)  and mediolateral  (B)  radiographic  images, 
alongside sequential postoperative mediolateral radiographic images at immediate (C), 4 weeks (D), 
12 weeks (E), and 28 weeks (F) post‐surgery, with a PLL (marked as L in (C)): PL (marked as P in 
(C)) of 1.42, 1.46, 1.54 and 1.54, respectively. The patella remains normally positioned within the 
trochlear groove across all stages. The reconstruction of the tibial tuberosity using a calcaneus bone 
block  allograft  is distinctly visible. Due  to  skin  irritation  caused by  the protruding  ends of  the 
Kirschner wires, pins and tension band wiring were removed at 26 weeks post‐surgery. PLL, patel‐
lar ligament length; PL, patella length. 

The dog was re‐evaluated 2 weeks following surgery, and the  incision had healed 
without complications. The dog was able to bear weight on the involved limb while stand‐
ing and had a mild weight‐bearing lameness with a decreased range of motion in the left 
stifle. Cultures of the allograft tendon and the surgical site obtained prior to closure had 
not yielded bacterial growth. Cage confinement was continued for an additional 2 weeks 
without bandaging the limb. Two weeks postoperatively, by 4 weeks postoperatively, the 
dog still had a mild weight‐bearing lameness, and the owners were allowed to institute 
slow walks on a leash for 5–10 min twice daily; the duration of these walks was gradually 
increased to 30 min over 12 weeks. Both passive range of motion exercises and thermo‐
therapy were also initiated twice daily at 4 weeks and continued until 12 weeks. The dog 
was re‐evaluated 12 weeks following surgery. The dog had a weight‐bearing lameness but 
could freely extend the right stifle with a near‐normal range of motion in the joint. Radi‐
ographs obtained at 12 weeks revealed that interface between the grafted bone and the 
host bone could no longer be defined, and the patella continued to be properly positioned 
in the trochlear groove. Ultrasonography was performed 6 months postoperatively which 
revealed  homogeneous  continuity  of  the  reconstructed  patellar  ligament  between  the 
grafted bone block and the distal pole of the patella. The Kirschner and tension band wires 
were removed 6 months following surgery as the protruding ends of the Kirschner wires 
were causing irritation of the overlying skin. By 7 months postoperatively, the dog was 
perceived to have a normal gait, and the patella was stable during manipulation. The dog 
could  jump  on  and  off  a  couch,  although  the  thigh  girth  of  the  left  pelvic  limb was 

Figure 4. Immediate postoperative craniocaudal (A) and mediolateral (B) radiographic images,
alongside sequential postoperative mediolateral radiographic images at immediate (C), 4 weeks (D),
12 weeks (E), and 28 weeks (F) post-surgery, with a PLL (marked as L in (C)): PL (marked as P in (C))
of 1.42, 1.46, 1.54 and 1.54, respectively. The patella remains normally positioned within the trochlear
groove across all stages. The reconstruction of the tibial tuberosity using a calcaneus bone block
allograft is distinctly visible. Due to skin irritation caused by the protruding ends of the Kirschner
wires, pins and tension band wiring were removed at 26 weeks post-surgery. PLL, patellar ligament
length; PL, patella length.

The dog was re-evaluated 2 weeks following surgery, and the incision had healed
without complications. The dog was able to bear weight on the involved limb while
standing and had a mild weight-bearing lameness with a decreased range of motion
in the left stifle. Cultures of the allograft tendon and the surgical site obtained prior
to closure had not yielded bacterial growth. Cage confinement was continued for an
additional 2 weeks without bandaging the limb. Two weeks postoperatively, by 4 weeks
postoperatively, the dog still had a mild weight-bearing lameness, and the owners were
allowed to institute slow walks on a leash for 5–10 min twice daily; the duration of these
walks was gradually increased to 30 min over 12 weeks. Both passive range of motion
exercises and thermotherapy were also initiated twice daily at 4 weeks and continued
until 12 weeks. The dog was re-evaluated 12 weeks following surgery. The dog had a
weight-bearing lameness but could freely extend the right stifle with a near-normal range
of motion in the joint. Radiographs obtained at 12 weeks revealed that interface between
the grafted bone and the host bone could no longer be defined, and the patella continued to
be properly positioned in the trochlear groove. Ultrasonography was performed 6 months
postoperatively which revealed homogeneous continuity of the reconstructed patellar
ligament between the grafted bone block and the distal pole of the patella. The Kirschner
and tension band wires were removed 6 months following surgery as the protruding
ends of the Kirschner wires were causing irritation of the overlying skin. By 7 months
postoperatively, the dog was perceived to have a normal gait, and the patella was stable
during manipulation. The dog could jump on and off a couch, although the thigh girth of
the left pelvic limb was approximately 7% less than that of the unaffected limb. The left
PLL:PL ratio had increased slightly to 1.54. The owner reported via telephone that the dog
effectively used the left pelvic limb without lameness until the dog died of degenerative
mitral valve disease 29 months after the surgery.

4. Discussion

A composite calcaneal tendon–bone block allograft was utilized to effectively restore
the quadriceps extensor mechanism in the dog in the current case report. Reattachment of
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the patella ligament to the tibia in the dog described in this case report was complicated by
resorption of the fragmented tibial tuberosity and extensive parenchymal loss of the distal
patella ligament. Simple tenorrhaphy was not a viable treatment option due to the loss of
the distal portion of the patellar ligament and the absence of the tibial tuberosity [20,21].
Additionally, direct attachment of the distal patellar ligament to the tibial bone seemed
impractical due to a larger anticipated gap resulting from chronic quadriceps tendon
contraction and debridement of the distal patellar ligament stump. Even if ligament-to-
bone fixation were feasible, the repair would need to be protected for an extended period
of time, given that ligament-to-bone healing typically progresses slower than ligament-to-
ligament healing [22]. Therefore, any tenorrhaphy repair technique employed would have
been unlikely to withstand the increased tension during surgery and the postoperative
convalescent period [22]. Given these challenges, we elected to employ a novel surgical
approach to effectively restore the function of the quadriceps extensor mechanism.

In assessing surgical strategies to bridge the gap between the remaining proximal
portion of the patella ligament and an insertion point on the proximal tibia, we contem-
plated the use of either an isolated autogenous or allogenic tendon graft. Given the degree
of tension the quadriceps mechanism would exert on any repair technique, we had con-
cerns that the sutures placed at the graft–patellar ligament interface might dehisce and
even greater concerns for dehiscence where the graft would be secured to the proximal
tibia. The tendon graft-to-bone healing process involves multiple stages, including the
development of fibrovascular interface tissue, gradual mineralization, and the penetration
of bone into the outer layer of the grafted tendon [23]. Consequently, the time required
for tendon graft-to-bone healing is typically longer compared to the relatively straightfor-
ward process of tendon-bone graft-to-bone healing, which involves direct bone growth
and remodeling [23]. In addition, a previous study demonstrated that the bone-to-bone
interface was superior to the bone–tendon interface in terms of mechanical strength, as
indicated by higher failure stress [24]. Another in vivo comparative study recommended
reconstructing the bone–tendon insertion interface by repairing between homogenous
tissues [25]. Furthermore, studies have demonstrated that the integration of grafted tendon
into host bone is slower and more susceptible to fixation failure compared to the integration
of the host–graft osseous interface when using a composite tendon–bone allograft [16,17].
Additionally, there were concerns regarding abnormal biomechanical stress being placed
on the patellofemoral articulation if we secured the patellar ligament in a caudal location
due to loss of this dog’s tibial tuberosity, which might also contribute to dehiscence or
hinder an optimal return to function [26–28].

These factors steered us to consider using a composite tendon–bone graft in this
dog. Experimental studies in rabbits and clinical applications in human patients have
reported strong, long-term integration at the graft–host osseous bone interface following
implantation of allogenic composite tendon–bone grafts [29,30]. We felt that a composite
tendon–bone graft would afford a secure means of performing a tenorrhaphy, provide
reliable fixation of the ligament to the tibia, and contribute to the reconstruction of the
normal morphology of the tibial tuberosity. In this case, an allograft was selected in-
stead of an autograft to circumvent issues harvesting a suitable tendon–bone graft, which
is particularly problematic in a toy breed dog. The use of an allograft eliminated any
risks associated with donor site morbidity and the potential for extended surgical time
associated with harvesting the graft [10,29]. Despite numerous studies reporting success-
ful outcomes with bone–tendon allografts [6,12,13], concerns remain regarding infection,
immune-mediated rejection, and the potential for nonunion or delayed union of the grafted
bone segment [31,32]. In this case, the recipient bone bed consisted predominantly of corti-
cal bone, with little exposed cancellous bone, which prompted our use of rhBMP-2 with
HA to promote osseous union. The use of rhBMP-2 and HA has been shown to increase
vascularization and osseous integration of cortical bone allografts [33]. Fortunately, there
were no overt clinical or radiographic abnormalities suggestive of infection or immune
rejection in the dog reported here. Caution is, however, advised when employing such
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allografts, as asepsis needs to be immaculate to prevent infection and the graft must be
processed appropriately to mitigate the host’s immune response [31,32].

The allogenic bone block was positioned and secured along the lateral margin of the
debrided tibial bone bed to the alignment of the quadriceps mechanism. An encircling
patellar suture was placed and secured to the caudolateral femoral condyle as a supple-
mental restraint to medial luxation [34,35]. Patella luxation was never observed or elicited
following surgery.

After tenorrhaphy, it is imperative to maintain apposition of the tendon ends, or the
tendon-to-bone interface, without gap formation until the healing process is complete [36–38].
A gap exceeding 3 mm between the apposed surfaces has been shown to reduce tensile
strength and lead to suboptimal functional outcomes [36]. Relying solely on suture tech-
niques has been shown to be inadequate in preventing gap formation throughout the
healing phase of the postoperative convalescent period [37,38]. Consequently, supple-
mental stabilization methods are often utilized to protect tenorrhaphies during the initial
postoperative convalescent period [38]. Placement of a trans-articular external fixator
has been advocated to immobilize the stifle and to mitigate tensile forces exerted by the
quadriceps muscles following patella tendon repair [38,39]. A fixator was not utilized in
the dog in this case report because the dog’s weight was <2 kg. Fixators provide greater
stability and are easier to apply and manage in large dogs and the risk of fracture through
one of the pin tracks is a valid concern in small toy breed dogs [40,41]. A robust suture
was placed, which engaged the proximal pole of the patella and secured to the proximal
tibia, to mitigate tension on the repair in this dog. A similar supplement suture technique
was shown to enhance biomechanical properties following primary patella ligament repair
in a human cadaveric study [42]. Additionally, individual components of the allograft
tendon were draped over the patella ligament and quadriceps tendon and secured to those
structures using on-lay suturing, rather than performing a simple end-to-end tenorrhaphy.
This method of augmented allogenic tendon repair yields immediate enhancement in the
mechanical properties of the repair, surpassing those of primary tenorrhaphy alone [43].
During the suturing of the grafted tendon to the host tendon, the allografted tendon was
tensioned while the stifle was maintained in full extension. This technique is supported by
the results reported in a retrospective study, which found that successful restoration of the
knee extensor mechanism is more likely when the allograft is tensioned rather than loosely
attached during suturing in human patients with chronic patellar rupture [13].

This technique may be applied to chronic damage of the tendon–bone interface, such
as the triceps brachii tendon–olecranon tuber and Achilles tendon–calcaneal tuberosity,
when the tendons are completely transected and shortened, or the bony prominences are
reabsorbed, making reconstruction between homogenous tissues difficult. For broader ap-
plication of this technique, further study regarding in vivo biomechanical and histological
examination would be necessary. There are several limitations to this technique, including
difficulties in acquiring and storing the allograft, size differences between the graft and
the host bed, and potential host responses to the allograft. Additionally, this study has
limitations, as it is a single case report without biomechanical testing prior to application.

5. Conclusions

The tendon–bone allograft was particularly useful in the dog reported here because of
the dog’s abnormal tibial tuberosity morphology. This surgical technique would appear to
be applicable in analogous cases involving irreparable tibial avulsion fractures, when there
is extensive patellar tendon loss or a primary tenorrhaphy is unlikely to be successful; how-
ever, further validation of this surgical technique through cadaveric studies and additional
clinical trials is essential.
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Simple Summary: Osteoarthritis (OA) is a common condition among cats. It is characterized
by progressive degenerative joint disease. OA results from repair and degeneration of articular
cartilage, in association with alterations in subchondral bone metabolism, osteophytosis, and synovial
inflammation. In cats, OA is often secondary to an underlying cause, such as trauma. Cats with
knee joint OA can show typical symptoms including a general reduction in activity, reluctance to
jump, deterioration in appearance, and even aggression. Subtle symptoms that owners can observe
are reluctance to move and apathy. Cats with knee problems may not show the typical clinical
symptoms of lameness. After excluding other causes of disturbing symptoms, further diagnostic
imaging is advised to visualize typical radiographic signs of OA. Thus, visualization of osteophytes,
enthesophytes, effusion, soft tissue swelling, subchondral sclerosis, and intra-articular mineralization
can be used to score the severity of OA. This study aimed to investigate the occurrence of clinical
symptoms and radiological signs of knee joint OA in cats and to assess their prevalence concerning
cats’ body condition scores. Radiographic imaging of the knee joints of 64 cats was performed, and
considered signs were compared between underweight, normal-weight, and overweight groups.
Severe feline knee joint OA appears with similar frequency in underweight, normal-weight, and
overweight cats. Therefore, regardless of the cat’s body weight, when the owner reports any unusual
behavior of the cat, the veterinarian should take a detailed history driven to identify non-specific
clinical symptoms of OA.

Abstract: Despite a high prevalence of osteoarthritis (OA) reported in the domesticated cat popu-
lation, studies on feline knee joint OA are scarcer. Knee joint OA is a painful, age-related, chronic
degenerative joint disease that significantly affects cats’ activity and quality of life. In dogs and
humans, one may consider overweight as a risk factor for the development and progression of knee
joint OA; therefore, this study aims to assess the severity of knee joint OA in the body-weight-related
groups of cats concerning clinical symptoms and radiographic signs. The study was conducted on
sixty-four (n = 64) cats with confirmed OA. The demographic data on sex, neutering, age, and breed
were collected. Then, the body condition score (BCS) was assessed, and each cat was allocated to
the underweight, normal-weight, or overweight group. Within clinical symptoms, joint pain, joint
swelling, joint deformities, lameness, reluctance to move, and apathy were graded. Based on the
radiographic signs, minor OA, mild OA, moderate OA, and severe OA were scored. Prevalence
and co-occurrence of the studied variables were then assessed. Joint pain was elicited in 20–31% of
the OA-affected joints, joint deformities in 21–30%, and lameness in 20–54%, with no differences
between weight-related groups. Severe OA was detected in 10–16% of the OA-affected joints, with
no differences between weight-related groups. Severe OA in feline knee joints appears with similar
frequency in overweight, underweight, and normal-weight cats. However, the general prevalence of
clinical symptoms and radiographic signs is different in overweight cats.
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1. Introduction

The Osteoarthritis Research Society International (OARSI) defined osteoarthritis (OA)
as a disorder affecting movable joints that manifests first as an abnormal joint tissue
metabolism and next as functional derangements often leading to illness [1]. Thus, OA is
considered as a common chronic degenerative form of arthritis that affects the synovial
joints of humans and various species of animals [2,3]. The prevalence of OA in cats ranges
from 16% to 91% [4–9], depending on the studied population. Clarke et al. [4] reported a
16% prevalence of OA in a population of 218 cats, aged from 0.2 to 18 years. Godfrey [5]
showed a 22% prevalence of OA in a population of 491 cats, aged from 3 to 19 years.
Hardie et al. [6] reported a 26% prevalence of appendicula joint OA in a population of
100 cats older than 12 years. Freire et al. [7] evidenced a 46% prevalence of appendicula
OA in a group of 30 cats at an average age of 12 years. Slingerland et al. [8] showed a 61%
prevalence of OA in a population of 100 cats older than 6 years but only 5% in knee joints.
Finally, Lascelles et al. [9] noted a 91% prevalence of OA in a similar population of 100 cats,
where knee joint OA was reported in 50% of affected joint OA [9]. As the prevalence of
feline OA increased with age [9], currently the cat’s age is considered to be an identified
OA risk factor [8,9].

Considering feline OA etiology, primary and secondary OA are distinguished. The
term primary OA is used for idiopathic OA in Scottish Fold affected by osteochondrodys-
plasia [10] or mucopolysaccharidosis [11]. The majority of cases of primary OA have no
identified initiating factor and are referred to as age-related cartilage degeneration seen in
older cats [9]. On the other hand, secondary OA may be caused by congenital joint mal-
formation, joint deformity, joint dislocation, traumatic joint injury, and hypervitaminosis
A [9,12,13]. It may develop as a consequence of hip dysplasia in susceptible breeds [14,15],
patellar luxation in more susceptible Abyssinian and Devon Rex cats [16–18], or patellar
displacement, which is more common in Domestic Shorthair cats [19]. Moreover, sec-
ondary OA may appear after joint infection, as in the case of Mycoplasma spp. infection
in polyarthritis [13], as well as after nonspecific infection when the immune response is
defective [20].

One should consider that the etiology and the mechanism underlying the pathogenesis
of OA are not fully understood; therefore, the treatment is focused on reducing clinical
symptoms and if possible disease-modifying therapies [21]. Unlike dogs, whose lameness
is the major clinical symptom of OA [22], clinical symptoms of feline OA are subtle [23,24].
Among them, the stress response is clinically the most difficult manifestation of chronic
pain to recognize. The clinical symptoms of feline OA include apathy, joint pain on pal-
pation, joint swelling, joint deformities, impaired function of the affected joint manifested
by lameness, and reluctance to move [5–7,13,25–28]. Thus, the symptom-reducing therapy
in cats is based on the administration of non-steroidal anti-inflammatory drugs (NSAIDs).
However, their use in cats with stable renal insufficiency has potential drawbacks such as
a higher level of proteinuria [29]. Meloxicam is the most popular, long-term, safe NSAID
prescribed by veterinary surgeons and orthopedists [30]. Another NSAID, robenacoxib, is
a highly selective COX-2 inhibitor developed as a painkiller and anti-inflammatory drug
for dogs and cats, which can be used without adverse effects [31,32]. One may observe
that OA pain is more complex than inflammatory pain alone [33]; therefore, an appropriate
painkiller targeted at neuropathic pain is occasionally necessary. The study on cats with
OA showed that the administration of gabapentin, a gamma-aminobutyric acid (GABA)
receptor agonist, improves the cat’s activity levels [34]. Another study on old cats with
OA demonstrated desirable painkilling outcomes after the administration of tramadol,
an opioid receptor agonist [33]. A recent study in 2021, introduced frunevetmab, the
feline monoclonal antibody therapy, into the treatment of chronic pain in cats with OA
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and reported significant improvement in cats’ behavior [35,36]. However, one may pos-
tulate that cats disguise part of the clinical symptoms of disease due to the instinct for
self-preservation [37], due to the solitary and territorial innate behavior of cats. Therefore,
the treatment strategy for cats with OA should consider the pharmacological symptom-
reducing therapy with anti-inflammatory or analgetic drugs used in combination with
joint supplementation, and rehabilitation. Surgery should be considered the last re-
sort [9,28,38,39].

OA manifests itself in cartilage degradation, increase in cartilage cell metabolism,
synovial inflammation, hyperplasia, and hypertrophy as well as bone changes, of which
bone changes are the most reliably identifiable radiologically [4–6,9,27]. Thus, radiographic
imaging enables the diagnosis of OA by exposing the radiographic signs of degenerative
changes in the affected joint. Therefore, the use of coherent terminology and standardized
nomenclature is necessary for the proper OA recognition and the feasible assessment of
disease severity and progression. One may observe that the degenerative changes in the
feline knee joints are radiologically characterized by the presence of the narrow and irregu-
lar joint space (thin and uneven lucency between the adjacent cortical bones); osteophytes
and enthesiophytes (bone outgrowths on the surface of cortical bone); subchondral bone
cyst (the osteolytic area of well-delimited increased lucency, localized in the cortical and
subcortical bone) and/or subchondral bone sclerosis (the area of increased opacity within
the cortical and subcortical bone); periosteal proliferation (the area of mildly increased
opacity outside the cortical bone), and intra-articular mineralization (the area of severely
increased opacity inside joint space) [4,5,13,15,26,40–43]. Assessment of the particular
radiographic signs allows for the determination of disease severity considering the clinical
symptoms.

We hypothesized that in the feline knee joint, severe OA is more frequent in overweight
than in underweight and normal-weight cats and is associated with more severe clinical
symptoms. Thus, the objectives of the present study were: (1) to assess the severity of knee
joint OA in the overweight, underweight, and normal-weight groups of cats concerning
cats’ age and sex; (2) to explore whether overweight is associated with more severe clinical
symptoms; (3) to explore whether overweight is associated with OA severity.

2. Materials and Methods
2.1. Study Design

A study was conducted on six hundred and sixty-two (n = 662) cats presented for
radiological examination of pelvic limbs. Examinations were performed between 2019
and 2022 in the Small Animal Clinic at the Institute of Veterinary Medicine at the Warsaw
University of Life Sciences. All cats represented privately owned clinical patients. Owners
provided written consent for the cat’s inclusion in the study. All the performed procedures
represented the standard diagnostic tests; therefore, no ethical approval was required. The
type of the study was categorized as prospective, longitudinal, and observational.

2.2. Clinical Data Collection

All cats underwent an initial examination that included the collection of medical
history as well as general physical and detailed orthopedic examinations. In the medical
history, data on sex, neutering, age, and breed as well as reluctance to move and apathy
were obtained from each cat. The reluctance to move and apathy were assessed by the
owner in the cat’s own environment. The reluctance to move was considered present when
the owner reported that the cat did not want to move even when the owner encouraged
the cat to move with a treat. The apathy was considered present when the cat manifested
a lack of interest or concern compared to the previous, normal behavior of this cat. Body
weight was measured using an electronic scale (Veterinary Scale for small animal practice,
Bielskie Wagi, Bielsko-Biala, Poland). The body condition score (BCS) was used to assign
cats to groups, as the body weight standard varies between cat breeds. A nine-point scale
of the BCS was used to assess underweight (1–4 points), normal weight (5 points), and
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overweight (6–9 points) following Teng et al. [44]. The BCS was rated by two independent
researchers by palpation of subcutaneous fat, visual assessment of the bone location and
shape, and the waist of each cat. Then, the result was presented as a mean value from two
measurements.

An orthopedic evaluation of the pelvic limbs was performed following Lascelles et
al. [45]. The orthopedic evaluation consisted of observation and careful palpation of both
knee joints, with each cat being assessed by the same experienced observer (J.B.). The
observation was performed with the cat freely moving around the examination room.
The palpation was performed with the cat in lateral recumbency, using minimal restraint
provided by a single assistant (P.Z.). The same order was followed in every cat for the
evaluation (passive observation, active observation, palpation). During the orthopedic
evaluation, the lack (0) or presence (1) of local joint pain on palpation, joint swelling,
joint deformities, and impaired function of the affected joint manifested by lameness was
assessed. The joint pain was detected manually by palpation and considered present when
withdrawal from manipulation, resists, body tenses, vocalization/increase in vocalization,
orientation to the site, hissing, biting, escaping/preventing manipulation, and/or marked
guarding of the palpated area were noted. The joint swelling was detected manually by
palpation and considered present when an abnormal enlargement of a knee joint, typical
for the accumulation of fluid, was noted. The joint deformities were detected manually by
palpation and considered present when the alteration of the physiological bony shape of a
knee joint was noted. The lameness was detected by passive observation and considered
present when the gait or stance of a cat was abnormal. The result of the observation was
confronted with the medical history data provided by the owner.

Initial inclusion criteria were based on a documented history consistent with OA and
the presence of at least one clinical symptom of OA. Exclusion criteria were based on the
history and radiographic signs of knee joint neoplasia, acute trauma, and/or luxation.

2.3. Radiological Data Collection

For each cat, the mediolateral projection for both knee joints was achieved. Following
Lascelles et al. [9] radiographs were centered on the midpoint of the knee joint. A focus-
table distance of 90 cm was used, with an exposure of 50 kVp and 2.5–3.2 mAs for the
mediolateral view of the knee joints. Radiography continued until good-quality projection
of the knee joint was obtained. Quality control was performed by the experienced observer
(J.B.). Radiographs were taken using an X-ray system CPI Indico IQ (Communications &
Power Industries Canada Inc., Georgetown, Canada). The radiographs were acquired on the
computer in DICOM format using Ubuntu software (Canonical Ltd. Ubuntu Foundation,
Isle of Man, Great Britain) and assessed using an advanced DICOM viewer Ginkgo CADx
(GNU Lesser General Public License). The radiographic examination and image evaluation
followed the international guidelines for small animal diagnostic imaging [46–48].

2.4. Data Processing

The severity of radiographic signs of knee joint OA was assessed using a scale (0–4)
proposed by Lascelles et al. [9] for feline OA scoring expended by the details proposed by
Kellgren and Lawrence [49] for the human knee joint OA scoring. Within the radiographic
signs, the width and shape of the joint space, cortical bone surface with the presence
of osteophytes and/or enthesiophytes, subchondral bone pattern with the presence of
subchondral bone cyst and/sclerosis, periosteal proliferation, and intra-articular mineral-
ization were scored as summarized in Table 1. The exemplary radiographs of scores 0–4
are presented in Figure 1.
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Table 1. Radiographic signs used for scoring the severity of knee joint osteoarthritis (OA).

Score Severity Radiographic Signs

0 normal
normal width and shape of the joint space; smooth cortical bone surface; nor-
mal subchondral bone pattern; no periosteal proliferation; no intra-articular
mineralization

1 minor
normal width and normal or irregular joint space; normal or irregular cortical
bone surface; smooth subchondral bone pattern; flat periosteal proliferation;
minor intra-articular mineralization

2 mild
narrow and irregular joint space with osteophytes; irregular cortical bone
surface with well-defined protuberance; smooth subchondral bone pattern; flat
periosteal proliferation; mild intra-articular mineralization

3 moderate

narrow and irregular joint space with multiple osteophytes, enthesiophytes,
and marked asymmetry; irregular cortical bone surface with well-defined bone
proliferation; subchondral bone cyst; flat periosteal proliferation; moderate
intra-articular mineralization

4 severe
completely narrow joint space with large osteophytes and enthesiophytes;
severe deformation of cortical bone surface; subchondral bone sclerosis; flat or
intense periosteal proliferation; severe intra-articular mineralization

Figure 1. Exemplary mediolateral view radiographs of feline knee joints scored as normal (A), minor
OA (B), mild OA (C), moderate OA (D), and severe OA (E). The dashed line separates the image of a
normal cat knee from the images of OA knees.

2.5. Statistical Analyses

For all the statistical analyses performed, the level of significance was set at p < 0.05,
and GraphPad Prism6 software was used (GraphPad Software Inc., San Diego, CA, USA).

2.5.1. Descriptive Statistics

For statistical analysis, the data were divided into groups regarding cats’ sex, neutering,
breed, and age. Each cat was also assessed using BCS in a different group as follows the
underweight (UW), normal-weight (NW), or overweight (OW) group. To describe the
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sex, neutering, and breed groups, a total number of cats was used. For describing the
age characteristics of the studied group, the minimum and maximum values, as well as
mean ± SD were used. The sex structure of studied groups was compared between the
UW, NW, and OW groups, and total group separately using the chi-square test. Percentage
entering values were used for this test due to different group sizes. The overall severity of
knee joint OA and the age structure of the studied groups were tested for normality using
the Shapiro–Wilk test for each group separately. At least one data series was not normally
distributed; thus, the age values and sex type occurrence were presented using the median
and interquartile range, and compared between groups using the Kruskal–Wallis test.
When a significant difference was evidenced, the post hoc Dunn’s multiple comparisons
test was used.

2.5.2. Prevalence of Symptoms and Signs of Knee Joint OA

The occurrence of each clinical symptom was annotated as 0 when not present and
as 1 when present. The severity of knee joint OA was annotated as shown in Table 1. The
prevalence of clinical symptoms and radiographic signs of knee joint OA was calculated for
the UW, NW, OW, and total groups, separately. For comparison between the UW, NW, OW,
and total groups, the chi-square test with the percentage entering values due to different
group sizes was used. The occurrence of each symptom or sign was compared between
groups using the Kruskal–Wallis test. When a significant difference was evidenced, the post
hoc Dunn’s multiple comparisons test was used. The prevalence was presented using the
number of cats and the percentage (%) of each symptom or sign in each group, separately.

3. Results
3.1. Descriptive Statistics Results

Cats with a recent history of knee joint neoplasia (n = 41), acute trauma (n = 14),
and/or luxation (n = 14) were excluded from the study. Cats with no radiographic signs of
knee joint OA (n = 536) were excluded from the study. Finally, sixty-four (n = 64) cats with
confirmed OA were enrolled in the study. The studied cats’ group included 39 females
and 25 males, aged between 1 and 20 years (mean ± SD: 11.2 ± 4.8). Within those sub-
groups, 16 females and 13 males were neutered. Cats represented different breeds, namely
30 European Domestic Shorthair cats, 7 British Shorthair cats, 5 Devon Rex cats, 5 Maine
Coon cats, 4 Ragdoll cats, 3 Bengal cats, 2 Abyssinian cats, 2 Nebelung cats, 2 Scottish Fold
cats, 1 American Curl cat, 1 Cornish Rex cat, 1 Persian cat, and 1 Siberian cat. All of these
cats presented radiographic signs of OA.

The UW group included 8 females and 3 males, aged between 10 and 17 years
(mean ± SD: 14.1 ± 2.5). Within those subgroups, 2 females and 1 male were neutered.
All cats represented the European Domestic Shorthair breed. The NW group included
20 females and 15 males, aged between 1 and 20 years (mean ± SD: 11.1 ± 5.2). Within
those subgroups, 5 females and 6 males were neutered. These cats represented different
breeds, namely 16 European Domestic Shorthair cats, 7 British Shorthair cats, 5 Devon Rex
cats, 3 Bengal cats, 2 Abyssinian cats, 1 American Curl cat, and 1 Cornish Rex cat. The OW
group included 11 females and 8 males, aged between 4 and 20 years (mean± SD: 9.9± 4.5).
Within those subgroups, 9 females and 8 males were neutered. These cats represented
different breeds, namely 5 Maine Coon cats, 4 Ragdoll cats, 4 European Domestic Shorthair
cats, 2 Nebelung cats, 2 Scottish Fold cats, 1 Persian cat, and 1 Siberian cat.

The overall severity of knee joint osteoarthritis (OA) did not differ between the UW,
NW, and OW groups (p = 0.19) (Figure 2A). Similarly, the age of examined cats did not
differ between the UW, NW, and OW groups (p = 0.07) (Figure 2B). The sex structure
of examined cats differed between groups as shown in Table 2. The sex structure of
the OW group differed with the UW (p < 0.0001), NW (p < 0.0001), and total groups
(p < 0.0001), respectively. However, no differences were found between the UW and NW
groups (p = 0.53), UW and total groups (p = 0.45), as well as the NW and total groups
(p = 0.38). In the OW group, the occurrence of females was lower (p = 0.01) (Figure 2C), and
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the occurrence of neutered females was higher (p = 0.03) (Figure 2D) than in the UW and
NW groups. No differences in the occurrence of males (p = 0.30)(Figure 2E) and neutered
males (p = 0.30) (Figure 2F) were noted between the studied groups.

Figure 2. The overall severity of knee joint osteoarthritis (OA) (A), age (B), as well as the occurrence
of females (C), neutered females (D), males (E), and neutered males (F) in the underweight (UW),
normal-weight (NW), and overweight (OW) groups. Data in box plots are represented by the lower
quartile, median, and upper quartile, whereas whiskers represent minimum and maximum values.
Additionally, the mean values are marked by “+”. Lowercase letters indicate differences between
groups for p < 0.05.

Table 2. The sex structure of underweight (UW), normal-weight (NW), overweight (OW), and
total groups. Data are represented as the number and (%) of cats representing each considered
sex/neutered sex. Differences between groups are considered significant for p < 0.05.

Variables UW NW OW Total

Number of cats 10 35 19 64

Females 6 (60%) 15 (43%) 2 (11%) 23 (36%)
Neutered females 2 (20%) 5 (14%) 9 (47%) 16 (25%)
Males 1 (10%) 9 (26%) 2 (11%) 12 (19%)
Neutered males 1 (10%) 6 (17%) 6 (32%) 13 (20%)

Chi-square test
UW p = 0.53 p < 0.0001 p = 0.45
NW p < 0.0001 p = 0.38
OW p < 0.0001
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3.2. Prevalence of Symptoms and Signs of Knee Joint OA

The prevalence of the clinical symptoms of knee joint OA differed between groups
as shown in Table 3. The prevalence of the clinical symptoms in the UW group differed
from the NW (p = 0.0004), total (p = 0.0002), and OW (p = 0.0005) groups, respectively. The
prevalence of the clinical symptoms in the NW group differed with total (p < 0.0001) and
OW (p < 0.0001) groups, respectively. The prevalence of the clinical symptoms in the total
group also differed from the OW group (p < 0.0001).

Table 3. Prevalence of the clinical symptoms of knee joint osteoarthritis (OA) in underweight (UW),
normal-weight (NW), overweight (OW), and total groups. Data are represented as the number
and (%) of cats representing each symptom. For the sum of clinical symptoms, the medians and
(interquartile ranges) are presented. Differences between groups are considered significant for
p < 0.05.

Variables UW NW OW Total

Number of cats 10 35 19 64

Clinical symptoms
Joint pain 2 (20%) 11 (31%) 4 (21%) 17 (27%)
Joint swelling 0 (0%) 3 (9%) 0 (0%) 3 (5%)
Joint deformities 3 (30%) 8 (23%) 4 (21%) 15 (23%)
Lameness 2 (20%) 19 (54%) 5 (26%) 26 (41%)
Reluctance to move 3 (30%) 3 (9%) 4 (21%) 10 (16%)
Apathy 9 (90%) 17 (49%) 17 (89%) 43 (67%)
Sum 2.5 (2; 4) 2 (1; 3) 2 (1; 3) 2 (1; 3)

Chi-square test
UW p = 0.0004 p = 0.0002 p = 0.0005
NW p < 0.0001 p < 0.0001
OW p < 0.0001

Concerning the consecutive clinical symptoms of knee joint OA, one may observe
that joint swelling was not observed in the UW and OW groups. Among other clinical
symptoms of knee joint OA, only the occurrence of apathy was higher in the NW group than
in the UW and OW groups (p = 0.003) (Figure 3F). No differences between studied groups
were found for joint pain (p = 0.63) (Figure 3A), joint deformities (p = 0.86) (Figure 3B), joint
deformities (p = 0.05) (Figure 3C), reluctance to move (p = 0.20) (Figure 3D), and sum of
clinical symptoms (p = 0.41) (Figure 3F).

The prevalence of the radiographic signs of knee joint OA differed between groups
as shown in Table 4. The prevalence of the radiographic signs in the UW group differed
with the OW group (p = 0.01) but not with the NW (p = 0.06) and total (p = 0.60). No other
differences in the prevalence of the radiographic signs were found. However, concerning
the consecutive radiographic signs of knee joint OA, one may observe that no differences
were found in the occurrence of minor OA (p = 0.06 (Figure 4A), mild OA (p = 0.42)
(Figure 4B), moderate OA (p = 0.19) (Figure 4C), and severe OA (p = 0.87) (Figure 4D)
between the studied groups.
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Figure 3. Occurrence of joint pain (A), joint deformities (B), lameness (C), reluctance to move (D),
and apathy (E), as well as the sum of clinical symptoms (F) of knee joint osteoarthritis (OA) in
the underweight (UW), normal-weight (NW), and overweight (OW) groups. Data in box plots are
represented by the lower quartile, median, and upper quartile, whereas whiskers represent minimum
and maximum values. Additionally, the mean values are marked by “+”. Lowercase letters indicate
differences between groups for p < 0.05.

Table 4. Prevalence of the radiographic signs of knee joint osteoarthritis (OA) all in underweight
(UW), normal-weight (NW), overweight (OW), and total groups. Data are represented as the number
and (%) of cats representing each sign. Differences between groups are considered significant for
p < 0.05.

Variables UW NW OW Total

Number of cats 10 35 19 64

Radiographic signs
Minor OA (score 1) 1 (10%) 17 (49%) 10 (53%) 28 (44%)
Mild OA (score 2) 3 (30%) 6 (17%) 2 (11%) 11 (17%)
Moderate OA (score 3) 5 (50%) 8 (23%) 4 (21%) 17 (27%)
Severe OA (score 4) 1 (10%) 4 (11%) 3 (16%) 8 (13%)

Chi-square test
UW p = 0.06 p = 0.01 p = 0.13
NW p = 0.60 p = 0.46
OW p = 0.76
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Figure 4. Occurrence of minor (A), mild (B), moderate (C), and severe (D) radiographic signs of knee
joint osteoarthritis (OA) in the underweight, normal-weight, and overweight groups. Data in box
plots are represented by the lower quartile, median, and upper quartile, whereas whiskers represent
minimum and maximum values. Additionally, the mean values are marked by “+”.

4. Discussion

To highlight the most relevant results of the current study, one may observe that the
overall severity of knee joint OA did not differ between body-weight-related groups of
cats. It is worth noting that the previous studies [9,45] have not compared the prevalence
of the clinical symptoms and radiographic signs of feline knee joint OA depending on body
weight; thus, such results are presented in the current study for the first time. Although
the prevalence of the clinical symptoms and radiographic signs was different in the OW
group than in other groups, the specific symptom-related difference remains unidentified.
Thus, the hypothesis of the more frequent occurrence of severe knee joint OA in overweight
cats can be rejected. The current study fills the gap in the research on feline knee joint
OA. Lascelles et al. [9] found a very high prevalence of appendicular and axial skeleton
OA in cats, and ever since OA has been considered the most common orthopedic disease
of domesticated cats. Previous studies suggested the elbow [5,6,50,51] and hip [4,9,18,25]
joints are the feline joints most commonly affected by OA. However, Lascelles et al. [9]
reported that in the domesticated cat population, the most frequently affected joints are the
hip, followed by the knee, tarsus, and then elbow [9]. Despite this important observation,
studies on feline knee joint OA are scarce.

Lascelles et al. [9] evaluated the prevalence of radiographic signs of OA for the
association with patient demographics, including age, body weight, sex, BCS, % time spent
indoors/outdoors, vaccination status, and diet. Lascelles et al. [9] considered age to be the
most essential variable that affected OA prevalence in cats, so, after accounting for age, body
weight and BCS were found to not be significantly related to OA. In the Lascelles et al. [9]
study, mean body weight was 5.1 ± 1.6 (range, 2.1–10.3 kg), and median BCS was 3 (range,
1–5). In the later study, Lascelles et al. [45] evaluated the relationship between radiographic
signs of feline OA, clinical symptoms, and joint goniometry. Within demographic data,
age, weight, BCS, and sex were considered. In the Lascelles et al. [45] study, mean body

87



Animals 2023, 13, 2427

weight was 5.1± 1.6 (range, 2.1–10.2 kg), and median BCS was 3 (range, 1–5); thus, in [9,45],
the same group of 100 cats was studied. Lascelles et al. [45] confirmed age as the most
essential variable that affected the relationship between the occurrence of OA and clinical
symptoms, so body weight and BCS did not change the significance of the relationship
between the clinical symptoms and OA. In the current study, the overall OA severity
was similar in underweight, normal-weight, and overweight cats; thus, those results are
consistent with the previous studies on cats [9,45]. On the other hand, in dogs, a link
between overweight and OA has been evidenced [52]. Similarly, in humans, overweight
is considered to be a risk factor for the development and progression of knee joint OA;
thus, weight loss is advised as the first line of the OA treatment strategy both in dogs [53]
and humans [54–56]. In a case of steady weight accumulation, the opportunity to improve
OA outcomes is missed [57]. One may conclude that in cats, the OA treatment strategy
should consider pharmacological symptom-reducing therapy, joint supplementation, and
rehabilitation [9,28,38,39], regardless of the cat’s body weight.

One may state that in the studied group, overweight occurs more frequently in
neutered females. This result is consistent with the previous study showing the asso-
ciation between cats’ overweight, breed, sex, age, and neutering status [58]. However, in
previous studies, contradictory to the current one, the male sex was associated with an
increased risk of being overweight [58,59]. Instead, all the studies agree that neutered
cats are predisposed to being overweight due to an increase in daily food intake, decrease
in metabolic rate, and decrease in activity [58–60]. However, the increased risk of OA in
neutered cats has not been evidenced yet, unlike neutered dogs where the OA-neutering
status relationship was confirmed, but the underlying mechanism is still not fully under-
stood [61]. Öhlund et al. [58] reported a decreased risk of being overweight in Birman
and Persian breeds; however, the authors did not identify any particular cat breed at an
increased risk of being overweight. In the current study, in the OW group, the Maine coon
and Ragdoll cats prevailed, and all Nebelung, Scottish Fold, Persian, and Siberian cats were
included. The NW group contained mostly a prevalence European Domestic Shorthair
cats as well as all British Shorthair, Devon Rex, Bengal, Abyssinian, American Curl, and
Cornish Rex cats.

On the other hand, in the UW group, only European Domestic Shorthair cats
were included. This last observation is contradictory to the previous studies, as when
comparing purebred and European Domestic Shorthair cats, the European cats were
more often overweight [58,62]. To summarize breed-related factors, one may say
that cat breeds can not be advised as a risk factor for being overweight [59] since no
genetic factors predisposing particular cat breeds to overweight have been proven [63],
whereas dog breeds, such as Golden Retriever, Pug, Beagle, English Springer Spaniel,
and Border Terrier, have been proven to be predisposed to overweight [64]. It is worth
noting that among considered demographic factors, age is so far the only identified
risk factor affecting both prevalences of OA [8,9] and worsening of clinical symptoms
of OA [45]. However, old-aged cats are less predisposed to being overweight compared
with middle-aged cats [58,59,62]. The highest likelihood of being overweight was
exhibited for the middle-aged cats (5 to 11 years old) [59,65] and middle-aged dogs
(3 to 11 years old) [64], which are at lower risk of OA [9,52]. However, in the current
study, no differences were found in the age of the cats between the body-weight-related
groups. Thus, the age-related impact on the severity of knee joint OA is difficult to
assess and discuss.

Scarlett and Donoghue [66] showed that overweight cats were 2.9 times as likely to
be taken to veterinarians because of lameness than normal-weight cats. However, the
authors just presumed that the evidenced lameness was related to OA and soft-tissue in-
juries. Later studies did not confirm the relationship between clinical symptoms and
radiographic signs of OA and overweight [45], while the relationship between clini-
cal symptoms and radiographic signs of OA was described in detail. Therefore, the
lack of differences in lameness between the UW, NW, and OW groups evidenced in the
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current study may be considered consistent with the recent Lascelles et al. [45] study.
Lascelles et al. [45] showed the elbow and hip joints affected by OA are most frequently
found to be painful, followed by the knee and tarsus joints. The authors found joint pain
in between 21% and 22% of OA-affected knee joints. Similarly, in the current study, joint
pain appeared in 20%, 31%, and 21% of OA-affected knee joints in the UW, NW, and OW
groups, respectively. Moreover, no differences were found between these groups. Lascelles
et al. [45] also observed that the elbow joint affected by OA is most frequently found
to show crepitus, effusion, and thickening followed by the knee and tarsus joints. The
authors evidenced crepitus in between 10% and 14% of OA-affected knee joints, effusion
in between 12% and 13% of OA-affected knee joints, and thickening in between 14% and
17% of OA-affected knee joints. As crepitus was not investigated in the current study,
the appearance of joint deformities but not joint swelling ranged from 21% to 30%, with
no differences between studied groups. One may note that in the current study, no joint
swelling was observed in the UW or OW groups. Lascelles et al. [45] showed that the range
of motion is significantly decreased in knee joints affected by OA. However, the authors
reported the values of the studied range rather than the percentage of joints with a lower
range of motion. In the current study, the motion decrease in OA-affected knee joints was
not assessed. Lascelles et al. [45] suggested that the absence of clinical symptoms, such
as pain, crepitus, effusion, and thickening of the affected joint, could be used to rule out
OA. However, in the recent study, the authors did not consider non-specific symptoms,
such as apathy, which seems to be the most common clinical symptom. Therefore, one may
conclude that when the owner reports any unusual behavior of the cat, the veterinarian
should take a detailed history driven to identify non-specific clinical symptoms of OA,
especially as dogs suffering from knee joint OA most frequently show discomfort followed
by other more specific clinical symptoms such as pain, limited joint range of motion, loss of
muscle mass, reduced activity level, and lameness [53,67,68]. Similarly, in humans suffering
from knee joint OA, joint pain and tenderness, short-term morning stiffness, and restricted
movement may occur early in the disease. Crepitations, bone enlargement, and decreased
range of motion suggest mild to moderate OA, whereas severe OA is characterized by pain,
muscle wasting, and deformities [69].

As the future directions in the prevention of feline OA, the detailed evaluation of any
behavioral changes, clinical symptoms, and cats’ housing conditions should be considered.
One can not rule out stress as a factor initiating the onset of OA changes in joints in
cats [70–72]. Thus, further research should include the assessment of stress indicators or
the collection of data on stress behaviors in history. The imaging diagnostics of feline
knee joint OA should be extended by using more accurate modalities such as computed
tomography [51,73] and magnetic resonance imaging [74], as it is in humans [75,76] and
dogs [77]. Although conventional radiography is still the first-choice imaging modality
in the diagnosis and follow-up of feline OA [9,78], its significant drawbacks such as low
sensitivity and poor correlation with clinical status support the dissemination of CT- and
MRI-based OA diagnosis [79].

5. Conclusions

Severe feline knee joint OA appears with similar frequency in overweight, under-
weight, and normal-weight cats. However, the prevalence of clinical symptoms and
radiographic signs is different in overweight cats, which affects neutered females more
often. Concerning consecutive symptoms and signs, it can not be unequivocally stated
that the course of the disease in overweight cats is more severe. Therefore, regardless of
the cat’s body weight, when the owner reports any unusual behavior of the cat or changes
in its behavior, the veterinarian should take a detailed history to identify non-specific
clinical symptoms of OA. Thus, the veterinarian may decide to perform a radiographic
examination to identify radiographic signs of OA, knowing that non-specific symptomatic
cats require constant radiological monitoring to diagnose OA as early as possible and to
initiate symptomatic treatment to improve their quality of life.
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Simple Summary: Osteoarthritis is a very common joint disease in dogs, and clinicians usually
favor a multimodal approach for the management of the disease. There has been a growing interest
concerning platelet-rich plasma and photobiomodulation, alongside an increasing body of evidence
supporting their use. Although there are studies reporting the effect of these treatments individually,
there is still a lack of information on their combined use. We aimed to evaluate the effect of the
intra-articular administration of platelet-rich plasma, photobiomodulation, and their combined use
in dogs with bilateral hip osteoarthritis. Our results show that combining the two treatments leads to
greater, longer-lasting clinical improvements.

Abstract: Osteoarthritis (OA) is highly prevalent in the canine population. Due to the multiple
dimensions of the disease, a multimodal approach is usually favored by clinicians. To evaluate the
combined treatment with intra-articular platelet-rich plasma (PRP) and photobiomodulation in dogs
with bilateral hip OA, thirty dogs were assigned to a PRP group (PRPG, n = 10), a photobiomodulation
group (PBMTG, n = 10), or a combined therapies group (PRP+PBMTG, n = 10). The PRPG received
two intra-articular administrations of platelet-rich plasma 14 days apart. The PBMTG received
photobiomodulation with a therapeutic laser, with three sessions every other day in week one;
two sessions in week two; a single session in week three; and one session/month on follow-up
evaluation days. The PRP+PBMTG received the two combined therapies. The response to treatment
was evaluated with weight-bearing distribution and the Canine Brief Pain Inventory, the Liverpool
Osteoarthritis in Dogs, and the Canine Orthopedic Index. Evaluations were conducted before
treatment and +8, +15, +30, +60, and +90 days after initial treatment. Normality was assessed
with a Shapiro–Wilk test, and the groups’ results in each evaluation moment were compared using
a Mann–Whitney U test. Animals of both sexes (male n = 19, female n = 11) were included in
the sample, with a mean age of 7.8 ± 2.5 years and a body weight of 26.5 ± 4.7 kg. Joints were
classified as mild (n = 6, three in PRPG, two in PBMTG, and one in PRP+PBMTG), moderate (n = 18,
six in PRPG, five in PBMTG, and seven in PRP+PBMTG), and severe (n = 6, one in PRPG, three
in PBMTG, and two in PRP+PBMTG). No differences were found between groups at the initial
evaluation. All treatments produced clinically significant improvements compared to the assessment
on treatment day. The combination of PRP and photobiomodulation produced greater, longer-lasting
improvements. PRP and photobiomodulation can improve objective outcomes and client-reported
outcome measures in dogs with OA. Their combined use leads to greater, longer-lasting, clinically
significant improvements.
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1. Introduction

Osteoarthritis (OA) has a high prevalence in the canine population, and the disease
significantly impacts the patient’s overall quality of life, as it produces pain and affects
joint function and mobility [1–4]. Adequate disease management is still challenging, as
reflected in the broad number of therapeutic approaches described [5,6]. Due to the multiple
dimensions of the disease, a multimodal approach is usually favored by clinicians [7].

Autologous platelet therapies are an interesting approach, as platelets are a part of the
body’s natural response to injury. Attributed effects include a reduction in inflammation
and a contribution to tissue regeneration. At the joint level, platelet-rich plasma (PRP)
can promote cartilage synthesis or inhibit its breakdown [8,9]. The use of PRP has been
described for the treatment of different musculoskeletal conditions in dogs, such as OA,
tendinopathies, or muscle injury [10,11], but the described effects vary significantly between
reports. This variability is likely related to various compositions and characteristics of
PRP products regarding concentration and numbers of platelet, leukocytes, and red blood
cells [12,13].

Photobiomodulation therapy (PBMT) has also gained increasing interest based on
the ability of red/near infrared light to produce a clinical effect, including stimulation of
tissue healing, analgesia, and reduced inflammation [14]. It has been described in dogs as
managing various conditions, such as OA, gingivostomatitis, wound healing, and even
diarrhea [15–19]. The results obtained with PBMT in managing osteoarthritis are attributed
to the effect of the delivered photons that dissociate inhibitory nitric oxide while increasing
electron transport and ATP production. It also increases the expression of genes that
increase protein synthesis, particularly anti-apoptotic proteins, and antioxidant enzymes,
leading to cell proliferation and anti-inflammatory signaling [15]. As for PRP, a variability
in described effects of PBMT is also found in the available literature, likely linked to the
difference in selected parameters [17].

Having objective measures to evaluate patients and determine response to treatment
is paramount. The evaluation of weight bearing, off-loading, and limb favoring are evalua-
tions commonly performed during the orthopedic exam [20,21]. In OA cases, some patients
may exhibit only discrete lameness at a walk or a trot while showing changes in weight-
bearing distribution at a stance in response to pain [22,23]. In fact, stance analysis has been
shown to be sensitive in identifying dog lameness [24]. In addition to objective measures,
several client-reported outcome measures have been developed to assess OA patients. They
can identify changes and degrees of a pet’s subjective status, and owners can also interpret
changes over an extended period of time [25,26]. The client-reported outcome measures
aimed at dogs with OA include the Liverpool Osteoarthritis in Dogs (LOAD) [27,28], the
Canine Orthopedic Index (COI) [29], and the Canine Brief Pain Inventory (CBPI) [30]. They
have been recommended for use in dogs with OA in a recent COSMIN-based systemic
review [31] and in WSAVA guidelines for the recognition assessment and treatment of
pain [32].

This study aimed to evaluate the combined treatment with intra-articular PRP and
PBMT in dogs with bilateral hip OA. It will serve as a preliminary study to determine
adequate treatment parameters and frequency. We hypothesized that combining the two
treatments would better alleviate OA-related clinical signs than their isolated use.

2. Materials and Methods

The study protocol was approved by the ethical review committee of the University
of Évora (Órgão Responsável pelo Bem-Estar dos Animais da Universidade de Évora,
approval no. GD/16901/2022). All methods were carried out in accordance with relevant

95



Animals 2023, 13, 3247

guidelines and regulations, complying with ARRIVE guidelines. Informed consent and
permission were obtained in writing from the institution responsible for the animals
(Guarda Nacional Republicana, Portuguese Gendarmerie).

Thirty dogs with bilateral hip OA were recruited. All animals had a consistent history,
with the canine handler trainer referring specific complaints, such as difficulty rising, jumping,
and maintaining obedience positions. Pain during joint mobilization, stiffness, and reduced
range of motion was elicited on physical examination. Radiographic findings were consistent
with bilateral hip OA (Orthopedic Foundation for Animals’ hip scores of mild, moderate, or
severe) [33]. Animals were >2 years old, had a body weight > 20 kg, and were without any
other medications or nutritional supplements administered for >6 weeks. Animals with other
orthopedic, neurologic, or other diseases were excluded. Since all animals had clinical signs of
OA, a placebo group was not included for ethical reasons. However, these treatments have
been evaluated compared to a placebo or control before [11,16].

After selection, patients were randomly assigned a PRP group (PRPG, n = 10), a
PBMT group (PBMTG, n = 10), or a combined therapies group (PRP+PBMTG, n = 10).
Since all animals had bilateral hip OA, both joints of each patient received the same
treatment [11,16]. The PRPG received two intra-articular administrations of 2 mL of PRP
per hip joint, produced with the commercially available CRT PurePRP® Kit (Companion
Regenerative Therapies, Newark, DE, USA). One was administered on day 0, and, in
accordance with the manufacturer’s recommendations, a follow-up administration was
performed 14 days after the initial treatment. For the preparation of PRP, 50 mL of whole
blood was collected from the patient’s jugular vein directly into a 60 mL syringe filled
with 10 mL of Anticoagulant Citrate Dextrose Solution. After collection, the blood was
transferred and loaded into a concentrating device. The device was then placed in a
centrifuge (Executive Series Centrifuge II, Companion Regenerative Therapies, Newark,
DE, USA) and spun at 3600 rpm for 1 min. After the first centrifugation, the buffy coat and
platelet-poor plasm were collected, transferred to a second concentrating device, and spun
at 3800 rpm for 5 min. After the second centrifugation process, the remaining platelet-poor
plasma was removed until 4 mL was left. The device was then swirled to resuspend
the platelets, and the 4 mL of PRP was aspirated into a 12 mL syringe. The PRP was
administered immediately after preparation, without activation.

PRP and whole blood samples were sent to an external lab for analysis. Compositions
were determined and compared. The intra-articular administration was conducted under
light sedation, obtained with the simultaneous intravenous administration of medetomidine
(0.01 mg/kg) and butorphanol (0.1 mg/kg). The procedure for hip intra-articular administra-
tions has been described before [6]. The animal was placed in lateral recumbency, with the
joint being assessed at that moment upward. A 4 × 4 cm window, with the greater trochanter
in the center, was clipped and aseptically prepared. An assistant then placed the limb in a
neutral position parallel to the table. A21-gauge with a 2.5′′ length needle was then introduced
just dorsal to the greater trochanter, perpendicular to the limb’s long axis until the joint was
reached. Correct needle placement was confirmed by collecting synovial fluid.

The PBMTG received PBMT with a therapeutic laser (CTS-DUO Class IV Laser, Com-
panion Animal Health, Enovis, Wilmington, DE, USA). The hair was clipped (for blinding
purposes), and no sedation was required for PBMT. Sessions were conducted for three
consecutive weeks in the following fashion: in week one, three sessions every other day;
in week two, two sessions, two days apart; in week three, a single session. After this first
treatment period, a single session was conducted monthly on follow-up evaluation days.
PBMT parameters are presented in Table 1 and were selected based on the manufacturer’s
recommendation and previous evidence of a positive therapeutic effect [16].

Animals in the PRP+PBMTG were treated with the two combined therapies on the
same schedule as the PRPG and the PBMTG. All groups were prescribed a 3-day rest period
following the days of the IA administrations for the PRPG and the PRP+PBMTG.
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Table 1. Photobiomodulation therapy treatment parameters.

Light Parameters (Dose)

Wavelength (nm) 980 nm

Radiant Power (W) 13

Irradiance (W/cm2) at the skin surface 2.6 (using a large contact treatment head)

Fluence (J/cm2) 15

Total Joules 5250

Treatment Protocol
Continuously moving grid pattern in contact over
the treatment area at a speed of 2.5–7.5 cm/s,
according to manufacturer recommendations.

Treatment Area (cm2) 350 (entire hip area)

Treatment Time 6 min, 44 s

The follow-up evaluations were conducted at scheduled moments on days 14 (+14 d,
before the second IA PRP administration), 30 (+30 d), and 90 (+90 d) after the initial treat-
ment. At the follow-up moments, a weight-bearing evaluation was conducted (Companion
Stance Analyser; Enovis®, Newark, DE, USA). The procedure of weight-bearing evaluation
was performed as described before [34]. The equipment was placed in the center of a room,
at least 1 m from the walls. After zeroing the equipment, dogs were encouraged to stand
on the platform, ensuring that one foot was placed on each quadrant. At least twenty
measurements were obtained for each patient, and the mean value was determined. After
weight-bearing distribution values were collected, a deviation from the normal weight
distribution for pelvic limbs was calculated by subtracting the weight-bearing of the limb
from the considered normal of 20% [23]. In addition, a left-right symmetry index (SI)
was also calculated with the formula: SI = [(WBR −WBL)/((WBR + WBL) × 0.5)] × 100,
where WBR is the weight-bearing for the right limb, and WBL is the weight-bearing for the
left limb [28,35]. Negative values were made positive. In addition to the weight-bearing
distribution evaluation, a digital copy of the CBPI, the LOAD, and the COI were com-
pleted sequentially by the same handler, blinded to their dog’s treatment group. All have
previously been validated in Portuguese versions [36–39].

All of the described procedures were performed by the same researcher, who was
kept blinded to the dogs’ treatment group. Data were assessed with a Shapiro–Wilk test
for the evaluation of normal distribution. In each evaluation moment, the groups’ results
were compared using a Mann–Whitney U test. All results were analyzed with IBM SPSS
Statistics version 20. Statistical significance was considered at p < 0.05.

3. Results

Animals of both sexes were included in the present sample (18 males, eight in PRPG,
five in PBMTG, and five in PRP+PBMTG; and 12 females, two in PRPG, five in PBMTG, and
five in PRP+PBMTG), having a mean age of 7.8 ± 2.5 years (7.6 ± 1.9 in PRPG, 7.9 ± 2.4 in
PBMTG, and 7.4 ± 2.8 in PRP+PBMTG). All had an ideal body condition score for working
dogs of 4/9 (n = 24) and 5/9 (n = 6) on the Laflamme scale [40], with a mean body weight
of 26.5 ± 4.7kg (26.4 ± 2.4 in PRPG, 27.3 ± 5.2 in PBMTG, and 24.9 ± 4.6 in PRP+PBMTG).
Four dog breeds were present in the sample, similar to those found in most police and
working dog populations throughout the world: German Shepherd Dogs (n = 11, three in
PRPG, four in PBMTG, and four in PRP+PBMTG), Belgian Malinois Shepherd Dogs (n = 9,
four in PRPG, two in PBMTG, and three in PRP+PBMTG), Labrador Retriever (n = 6, two
in PRPG, two in PBMTG, and two in PRP+PBMTG), and Dutch Shepherd Dogs (n = 4, one
in PRPG, two in PBMTG, and one in PRP+PBMTG). The dogs were used in drug detection
and patrol work. Hips were graded with the OFA hip grading scheme, and six animals
were classified as mild (three in PRPG, two in PBMTG, and one in PRP+PBMTG), 18 as
moderate (six in PRPG, five in PBMTG, and seven in PRP+PBMTG), andsix as severe (one
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in PRPG, three in PBMTG, and two in PRP+PBMTG). All patients were followed up to
the last evaluation moment (+90 days), and during this period, no additional treatment or
medications were administered.

The composition of whole blood and PRP is presented in Table 2. Preparation of PRP
took around 20 min, from the initial blood collection to the final administration.

Table 2. Mean values (±standard deviation) of whole blood and platelet-rich plasma product composition.

Parameter
Whole Blood Platelet Concentrate

Mean Value SD Mean Value SD

Platelets (×103/mm3) 298.12 78.30 1553.21 400.90
RBC (×106/mm3) 6.20 1.10 0.50 0.06
WBC (×103/mm3) 10.16 3.96 4.07 3.09
Lymphocytes (×103/mm3) 2.05 0.78 2.46 1.63
Monocytes (×103/mm3) 0.69 0.37 0.52 0.31
Neutrophils (×103/mm3) 7.03 3.17 0.77 0.32
Eosinophils (×103/mm3) 0.38 0.43 0.32 0.37
Basophils (×103/mm3) 0.01 0.02 0.00 0.00

The results of the weight-bearing evaluation and scores of the different client-reported
outcome measures in each group are presented in Table 3. No significant differences were
observed on day 0. While all treatments produced clinically significant improvements
compared to the evaluations on day 0, the combination of PRP and PBMT had greater and
longer-lasting effects.

The improvements in PSS and LOAD for each group are presented in Figures 1 and 2,
respectively. With the CBPI, a reduction of ≥1 in PSS and ≥2 in PIS was considered a
clinically-important change [41]. The same level has been determined for the LOAD and
COI, suggested as a reduction of ≥4 and ≥14, respectively [42]. Unreported data from
our group indicate that clinically important changes consist of improvements of ≥1 for
deviation and ≥10 for SI in dogs with OA.
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Figure 2. Improvements (%) in deviation in weight-bearing for the platelet-rich plasma group
(PRPG), the photobiomodulation group (PBMTG), and the combined therapies group (PRP+PBMTG),
compared to baseline values. * indicates a clinically significant improvement (improvement ≥ 1).

4. Discussion

Clinicians usually prefer multimodal approaches in managing OA to cover the mul-
tiple dimensions of the disease and to gather the benefits of each therapeutic approach,
minimizing possible side effects. Our results show that the combined treatment with PRP
and PBMT leads to greater and longer-lasting clinically significant improvements compared
to their individual use.

Some reports are available on the individual use of these therapies in managing
OA. Regarding intra-articular PRP, many are based on surgically induced models [43–45],
but there are also reports available for dogs with naturally occurring OA. As a whole,
these products have been able to improve clinical signs at the 12-week evaluation post-
treatment or longer [11,46,47]. Our results show that PRP can produce a clinically significant
improvement with objective outcome measures and client-reported outcome measures.
These improvements lasted until the last evaluation moment, a result in line with the
previous report showing a long-lasting therapeutic effect [11].

Similarly, PBMT has been shown to improve pain levels and lameness in dogs with
OA alone or in conjunction with NSAID [15,16]. These beneficial effects were observed
during treatment but tended to wean out after treatment was discontinued [16]. Our results
show that a continued PBMT protocol can improve clinical signs and objective outcome
parameters in dogs with hip OA, with long-lasting effects. In fact, pain severity scores
showed a continuous improvement over time. It would be interesting to evaluate if this
effect persists with time, and future studies should include a longer follow-up period to
confirm this finding.

It was interesting to observe that the combined use of PRP and PBMT led to a sustained
and consistently greater improvement. At a clinically significant level, this improvement
was observed in both objective outcome measures and client-reported outcome measures.
A previous report has shown that the concomitant use of PBMT with an NSAID has led to
lower doses of NSAID being required to maintain an adequate response to treatment [15].
In our study, lower doses of medication do not apply. Still, improvements are observed
with several outcome measures, in many cases from the first follow-up moment and lasting
up to the +90 d evaluation. There are several references available reporting that PBMT is
commonly employed in conjunction with other treatment modalities for the management of
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human and animal OA, including therapeutic exercises [48], oral joint supplements [49], and
biological treatments [50] that show improved results with the combined therapies. These
improvements result from increased downregulation of pro-inflammatory cytokines and
metalloproteinases, upregulation of tissue inhibitors of metalloproteinases, and prevention
of joint degeneration [50].

The reason for this synergetic effect is not completely clear. Suggested effects of PBMT
include stimulation of tissue healing, analgesia, and reduced inflammation [14,51,52]. These
effects are attributed to ATP, NO, and reactive oxygen species within cells, altering gene
transcription, increasing cell proliferation, and producing growth factors [53]. Similarly,
platelets may contribute to tissue regeneration, reduce local inflammation, and to the
synthesis of cartilage or inhibition of its breakdown [54], effects mediated by growth
factors [55,56]. It is possible that some of the greater improvements are obtained through an
increased reduction in inflammation, obtained from the combined use of the two treatment
modalities, which act in different pathways. They can also have combined action on
inhibiting cartilage breakdown and increasing tissue healing. Another possibility is that
PBMT may help improve the degranulation of the platelet’s alpha granules or provide a
more favorable “field” for liberated growth factors to act. Future studies should include a
longer follow-up period to determine if this improvement level is maintained in time.

Although an overall improvement has been observed with most outcome measures
considered, improvement with SI and the LOAD seem less remarkable. Some reasons may
account for this finding. It has been described that even dogs without OA show some level
of asymmetry, up to a 10% level [57]. Although this value was observed with different
equipment, a similar phenomenon may be observed with our results. Although it was
not a significant difference, a variation in SI was observed between groups at 0 d, but not
with deviation. It has been described that dogs with bilateral hip OA can exhibit different
compensation mechanisms, even in cases with the same hip OA grade. Some can show
side-to-side compensation, while others exhibit pelvic-to-thoracic compensation [34]. This
emphasizes the importance of evaluating SI and deviation to obtain an individualized
evaluation of each animal evaluation, rather than relying exclusively on expected compen-
sations [41]. With the LOAD, values at the first assessment were relatively low, making it
harder to observe a significant improvement. In fact, it has been suggested that including
animals with higher client-reported outcome measures scores is preferred, as it increases
the likelihood of detecting a clinically significant improvement [27].

We observed some side effects following the intra-articular administration, with some
patients showing complaints that resolved without external intervention within 24–72 h.
These side effects are similar to those reported following PRP administration, which includes
injection pain and local inflammation. They are local, transient, and self-limiting, taking
2–10 days to resolve [58]. We did not record if these complaints were lower in the PRP+PBMT
than the PRPG, but this should be evaluated in future studies. Similarly, a power analysis
should also be included.

5. Conclusions

This study showed that PRP and PBMT could improve objective outcomes and client-
reported outcome measures in dogs with OA. Their combined use leads to greater, longer-
lasting, clinically significant improvements. Future studies should address the limitations
pointed out in the presented study, including a longer follow-up period to evaluate the
duration of the observed improvements in all considered groups and a calculation of power
analysis and sample size.
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Simple Summary: This study was conducted to provide background data on the potential bacterial
contamination of environmental surfaces in veterinary rehabilitation clinics. Knowledge of bacterial
contamination in these clinics is important for effective rehabilitative outcomes for veterinary patients.
This is particularly true when surgery has occurred prior to the rehabilitation. There is abundant
evidence from human surgical recovery and rehabilitation that surgical site infections (SSIs) represent
a major type of healthcare-associated infection. With human patients, Staphylococcus spp. (including
the methicillin S. aureus strain—MRSA) are often associated with SSIs. For human patients, SSIs have
been correlated with environmental bacterial contamination in clinics. Whether SSIs in veterinary
patients are more prevalent when clinic environments are contaminated with potentially pathogenic
bacteria has not been the subject of any substantial research to date. The purpose of this study is to
provide background data on presumptive environmental surface bacterial contamination by potential
pathogens in veterinary rehabilitation clinics. Our data suggest that bacterial contamination in these
clinics is widespread. We have detected potential pathogens, including MRSA, S. pseudintermedius,
various enteric bacteria, and Clostridium difficile, in the clinics sampled. These bacterial species may
pose a problem to either clinic veterinary patients or human caregivers.

Abstract: The presence of potentially pathogenic bacteria on veterinary clinic surfaces may be prob-
lematic. In this study, we collected swab samples (Fisherbrand, double transport swabs with Stuart’s
liquid medium) and water samples from five veterinary rehabilitation clinics. Swabs and water sam-
ples were transported to a microbiology lab for processing. At the lab, swabs were used to inoculate
Hardy’s Cdiff Banana Broth (for Clostridium difficile [Cdiff]) and five different types of bacterial growth
media, including Hardy CHROM MRSA agar (methicillin-resistant Staphylococcus aureus [MRSA]
and S. pseudintermedius [SIM]), mannitol salt agar (S. aureus [SA]), eosin methylene blue agar (enterics
[ENT]), Pseudomonas isolation agar (Pseudomonas spp. [PS]), and tryptic soy agar [TSA] (non-specific).
The most prominent presumptive species cultured was Cdiff (on nearly 55% of swabs). Bacillus spp.
and enteric bacteria were encountered on nearly 35% of swabs, with MRSA and SIM on just over 10%
of swabs. The most contaminated sample site was harnesses/life jackets used with the underwater
treadmill (33% of swabs). The underwater treadmill water had total bacterial counts from 1600 to
2800 cfu/mL. Of all presumptive bacterial species detected, SIM tends to be more pathogenic for
dogs. Targeted cleaning/disinfecting in these clinics could help reduce risks for both animals and
caregivers utilizing these clinics.

Keywords: veterinary rehabilitation; canine rehabilitation; bacterial contamination; clinic environmental
surfaces; staphylococci; MRSA; Clostridium difficile
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1. Introduction

Healthcare-associated infections (HAIs) are a concern for patients treated in medical
facilities, including veterinary physical rehabilitation facilities [1–3]. Pathogens can be es-
pecially concerning for postoperative patients or those who are hospitalized for prolonged
time periods. These concerns are important in facilities for human and animal patients, with
potential transmission from equipment or other external surfaces to the patients as a possible
cause of HAIs [4,5]. In human medicine, certain pathogens tend to be of the most concern
for serious medical problems, including Clostridium difficile [Cdiff], Staphylococcus aureus ([SA],
especially methicillin-resistant variants [e.g., MRSA]), Staphylococcus pseudintermedius [SIM],
and multidrug-resistant, Gram-negative rods (e.g., enteric bacteria [ENT] that may include
Escherichia spp., Enterobacter sp. and Klebsiella sp.). While not necessarily of equal concern in
human and veterinary clinics, the presence of these bacterial species on surfaces in any clinic
represents contamination that could lead to HAIs [6].

Veterinary rehabilitation clinics represent a specialty of veterinary medicine in which
animals that are recovering from an injury or surgery receive rehabilitation similar to human
physical therapy. These rehabilitation clinics include therapeutic modalities, such as thera-
peutic ultrasound and lasers [7], and exercise equipment, such as treadmills, underwater
treadmills, therapy balls, and other unstable surfaces for exercise [8]. These clinics com-
monly see postoperative patients with healing incisions and animals that are paralyzed or
have limited mobility. Avoiding the contamination of surgical site wounds and preventing
infections from shared equipment is important to consider in veterinary rehabilitation.

The bacterial contamination of surfaces in veterinary rehabilitation clinics can be
problematic for both the animals being treated and the human caretakers. For example,
Cdiff is a pathogen that can cause severe disease in humans. Infection by Cdiff can cause
severe diarrhea and pseudomembranous colitis [9,10]. Although Cdiff has been isolated
from dogs, a link between human infection with Cdiff and companion animals is not well
documented and should be further explored [11–13].

Staphylococci, including SA and SIM, are opportunistic pathogens in both humans
and animals [14–17]. Typically, SA infections have been successfully treated with topical or
systemic courses of antibiotics [15]. However, antibiotic-resistant staphylococcal strains,
including MRSA, represent an increasing problem throughout all of healthcare. These
pathogens may also be isolated from companion animal veterinary patients, in addition to
other pathogens that affect animals, and can also be transmitted from humans to animals.

Pathogens with known transmission between humans and animals include SA, MRSA,
and SIM [16,17]. Orden et al. [11] isolated Cdiff from 12% of the dogs they studied. In
a similar study, Álvarez-Perez et al. [6] found Cdiff infections in 5% of the dogs they
sampled. Cdiff can cause enteritis, diarrhea, and hemorrhagic diarrhea in both humans
and dogs [11,18]. Since Cdiff can be isolated from dogs, a major concern is the possible
transfer of this pathogen to human caregivers. Since Cdiff spores may be found on the
environmental surfaces of both human and animal clinics, knowledge of this contamination
in veterinary clinics could be important to prevent HAIs in both humans and animals.

Staphylococcal infections in canine patients are often the result of surgical procedures
and may cause moderate to severe morbidity [19]. With the continued impact of MRSA
in human medicine and the close contact between humans and household pets, there has
been an increase in MRSA in household pets [20]. Most infections associated with MRSA in
veterinary patients are community-acquired and often transmitted from pet owners to their
pets [21]. The prevalence of MRSA infections in veterinary patients ranges from 0 to 9%
and may result in different symptoms related to skin and soft tissue infections, especially
surgical site wounds, otitis, and pyoderma [15,21,22].

Staphylococcus pseudintermedius is a more common form of Staphylococcus spp. isolated
from dogs and is responsible for infections such as pyoderma and otitis [23,24]. Starting
in 2005, S. pseudintermedius became a novel species within the S. intermedius group of
staphylococci [25]. It was formerly believed that dogs were colonized by S. intermedius, but
in fact, the most common staphylococcal opportunistic pathogen associated with dogs is
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S. pseudintermedius [26–28]. Similar to other Staphylococcus spp. isolates, S. pseudintermedius
causes urinary tract infections, otitis, wound infection, soft tissue infections, and surgical
site infections and is the leading cause of pyoderma in dogs [29,30]. Similar to strains of
SA, S. pseudintermedius has developed resistance to methicillin, resulting in more complex
and costly treatment options for veterinary patients [4,11,31]. It is known that the spread of
S. pseudintermedius usually involves contact between two hosts. With increased exposure
between humans and veterinary patients, the risk of the transmission of pathogens will
likely rise, especially with MRSA, antibiotic-resistant SIM, and Cdiff [12,21,32]. Zoonotic
pathogens are a huge public health concern, and interspecies transfer of these pathogens
between animals and humans could enhance the horizontal exchange of resistance factors
between these pathogens [12,21,32].

With the close contact between pets and their owners, other animal patients, and
veterinary medical personnel in veterinary rehabilitation facilities, it is important to know
if surfaces within the facility are contaminated by potential pathogens. Knowledge of
problematic surface spots in these clinics should encourage managers of these clinics to
proactively clean and disinfect sites known to be contaminated by these pathogens. The
aim of this study was to determine the prevalence of contamination by potential pathogens
of both humans and animals from environmental surfaces and equipment commonly found
in veterinary physical rehabilitation clinics. Overall, we found bacterial contamination by
potential pathogens to be commonplace throughout the clinics sampled. Future studies
should seek any links between this background contamination and the incidence of HAIs
in clinic patients.

2. Materials and Methods

This study involved the collection of bacterial swab samples from environmental
surfaces and water samples from underwater treadmill tanks in five different veterinary
rehabilitation clinics. Within the clinics, we identified 13 items/locations (Table 1) that were
present in each clinic for the collection of swab samples. Sampling involved using double
transport swabs (Fisherbrand, with Stuart’s liquid medium, Fisher Scientific, Pittsburg,
PA, USA), which were used to sample areas of approximately 100 cm2 at each sample site.
Both of the two swabs present in these double swabs were carefully brought into contact
with the surfaces sampled. For additional information regarding how these swabs were
used to inoculate growth medium and how the surface areas of the swabs were estimated,
please see the Supplementary Materials File S1. After collection, the swabs were placed on
ice and transported to a microbiology lab on the University of Tennessee at Chattanooga
(UTC) campus for processing (within four hours of swab collection). This lab is a Biosafety
Level 2 certified lab, all personnel working with the samples wore appropriate personal
protection equipment (e.g., lab coat, safety glasses, and gloves), and all swab and culture
manipulations occurred in a properly functioning biosafety cabinet.

Table 1. Percentage of positive swabs having viable bacteria by site and bacterial type or species.
Legend: UWTM = underwater treadmill; exercise equipment = peanuts, balance boards, phys-
iorolls, donuts, etc.; MRSA = methicillin-resistant S. aureus, SA = S. aureus, SE = S. epidermidis
(mannitol-negative), SIM = S. pseudintermedius, ENT = enteric bacteria (lactose-positive, Gram-
negative rods), PS = Pseudomonas spp., PSA = P. aeruginosa, ML = Micrococcus spp., BAC = Bacillus spp.,
Cdiff = Clostridium difficile.

MRSA SA SE SIM ENT PS PSA ML BAC Cdiff

Dry Treadmill (belt, n = 5) 40% 40% 40% 0% 40% 0% 0% 100% 60% 80%
Exercise Equipment (n = 27) 11.1% 18.5% 22.2% 0% 25.9% 11.1% 0% 22.2% 44.4% 74.1%

Floors (n = 19) 15.8% 52.6% 31.6% 15.8% 52.6% 31.6% 5.3% 21.1% 63.2% 94.7%
Harnesses (n = 8) 0% 25% 12.5% 25% 12.5% 0% 0% 12.5% 12.5% 75%

Laser Probes (tip of probe, n = 9) 0% 11.1% 11.1% 11.1% 11.1% 0% 0% 0% 0% 33.3%
Life Jackets (n = 10) 0% 0% 30% 10% 40% 10% 0% 40% 10% 60%

Return Air Ducts (n = 6) 15.8% 83.3% 33.3% 16.7% 100% 16.7% 0% 16.7% 100% 16.7%
Scales (n = 6) 50% 83.3% 33.3% 33.3% 83.3% 16.7% 16.7% 16.7% 100% 66.7%
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Table 1. Cont.

MRSA SA SE SIM ENT PS PSA ML BAC Cdiff

Ultrasound Gel (bottle tip, n = 4) 0% 0% 50% 0% 0% 0% 0% 0% 0% 25%
Ultrasound Heads (n = 6) 0% 0% 0% 0% 0% 0% 0% 0% 16.7% 16.7%
UWTM Top Belt (n = 7) 14.3% 14.3% 14.3% 14.3% 14.3% 14.3% 0% 28.6% 28.6% 28.6%

UWTM Bottom Surface of Belt (n = 7) 0% 0% 0% 0% 0% 0% 0% 0% 0% 28.6%
UWTM Jets (inside surface) (n = 8) 0% 0% 12.5% 12.5% 50% 25% 25% 12.5% 25% 12.5%

At the lab, these swabs were used to inoculate four different selective and differen-
tial media types, one selective enrichment broth, and one non-specific bacterial growth
medium. The media used included two from Hardy Diagnostics (Hardy Diagnostics, Santa
Maria, CA, USA), as follows: a selective enrichment broth, Hardy Cdiff Banana Broth
(Hardy Cat.# K226, selective for the enrichment of Clostridium difficile [Cdiff]), and a se-
lective and differential agar, Hardy Diagnostic’s CHROM MRSA agar (Hardy Cat.# G307,
selective for methicillin-resistant S. aureus [MRSA] and S. pseudintermedius [SIM]). We used
three selective and differential medium agars from Fisher Scientific (Fisher Scientific, Pitts-
burgh, PA, USA), including mannitol salt agar (Fisher Cat.# B2127X [BD Mfr.# 221271] for
S. aureus [SA] and S. epidermidis [SE]); eosin methylene blue agar (Fisher Cat.#. B11221 [BD
Mfr.# 211221], EMB, for enteric bacteria [ENT]); and pseudomonas isolation agar (Fisher
Cat.# DF0927-17-1 [BD Mfr.# 292710] for Pseudomonas spp. [PS] and P. aeruginosa [PSA]).
In addition to the selective and differential media, we also inoculated a non-specific type
of bacterial growth media, tryptic soy agar [TSA] (Fisher Cat.# DF0369-17-6 [BD Mfr.#
236950]), which was used to detect Bacillus spp. [BAC] and Micrococcus spp. [ML]. The
inoculation of the Hardy Cdiff banana broth necessitated the use of one of the two double
swabs, with that swab being aseptically transferred into the broth tube and clipped off with
flame-sterilized scissors to allow the swab to fit inside the tube. The second of the double
swabs was then used to inoculate all the selective and differential media and the TSA
plates using a line inoculation technique (as described in Keilman et al. [33], please see the
Supplementary Materials for more information regarding this line inoculation technique).
In short, for the line inoculations, the five agar plates to be inoculated were placed side
by side in the biosafety cabinet, and using a gentle, short, 4 cm, straight-line motion, one
medium at a time was inoculated. When changing to a new agar type, the swab shafts were
rotated approximately 1/5 of a rotation to bring a fresh surface of the swab to the different
agar surfaces. Inoculated agar plates and the Hardy banana broth tubes were placed in a
37 ◦C incubator and incubated for 48 h.

Water samples were collected from the underwater treadmill tanks using a 10 mL
pipette with sterile pipette tips, transferring these samples into sterile WhirlPack sample
bags (500 mL, Fisher Scientific, Pittsburgh, PA, USA), and after proper sealing, all the
sample bags were placed in a cooler on ice for transport back to the microbiology lab
at UTC. At the lab, 0.1 mL subsamples were aseptically removed from the sample bags
using pipettes with sterile tips and transferred onto the surface of TSA and EMB plates.
These aliquots of water samples were spread over the entire surface of the plates using
flame-sterilized spreading rods. Plates inoculated with water samples were also placed in a
37 ◦C incubator and incubated for 48 h.

The interpretation of bacterial growth on the different media allowed for the observa-
tion of different types of bacteria colonies typically found to grow on the specific medium
types, leading to our presumptive conclusions. For additional information regarding how
different presumptive bacterial identifications were made from incubated media, please see
the Supplementary Materials. We were also able to count the number of colonies growing
on the plates inoculated with water samples. For the selective and differential media
used to indicate staphylococci presence, growth on MSA enabled the detection of both
mannitol-positive (for fermentation, turning the medium yellow with white to tan colonies,
e.g., SA) staphylococci and mannitol-negative staphylococci (with white colonies leaving
the medium red, e.g., SE). Using the CHROM MRSA agar plates, mauve-colored to white
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with pink streak colonies were known to represent presumptive colonies of MRSA [34].
Using EMB agar plates, pink to dark purple colonies were indicative of lactose fermentation
and were used to presumptively identify enteric bacteria [ENT]. For Pseudomonas spp. we
scored yellowish-green colonies on PSI agar as positive for P. aeruginosa [PSA] and white
colonies as Pseudomonas spp. [PS]. Colonies growing on the TSA plates were used to esti-
mate the overall level of non-specific bacterial colonization of the different sites sampled,
specifically allowing for the observation of Bacillus spp. [BAC]. or Micrococcus spp. [ML].

Once bacterial identification on the plates was determined, these data were presented
as percent-positive swabs by species and sample site. Data were analyzed using descriptive
statistics. The analysis was performed using SPSS 26 (Armonk, NY, USA: IBM Corp).

3. Results

The most common presumptive contaminating species based on an average of percent-
positive swabs for all sites was Cdiff, with BAC and ENT being the next two most common
contaminating bacterial types observed. Contamination by Cdiff was found at 58.3% of all
sites sampled, while BAC and ENT were found on 35.4% and 33.1% of sites (Figure 1). At
the lower end of the contamination range, we found PSA contaminating only 3.6% of sites.

Animals 2024, 14, x FOR PEER REVIEW  5  of  12 
 

pipettes with sterile tips and transferred onto the surface of TSA and EMB plates. These 
aliquots of water samples were spread over the entire surface of the plates using flame-

sterilized spreading rods. Plates inoculated with water samples were also placed in a 37 
°C incubator and incubated for 48 h.   

The interpretation of bacterial growth on the different media allowed for the obser-
vation of different types of bacteria colonies typically found to grow on the specific me-

dium types, leading to our presumptive conclusions. For additional information regard-
ing how different presumptive bacterial identifications were made from incubated media, 
please see the Supplementary Materials. We were also able to count the number of colo-
nies growing on the plates inoculated with water samples. For the selective and differen-
tial media used to indicate staphylococci presence, growth on MSA enabled the detection 
of both mannitol-positive (for fermentation, turning the medium yellow with white to tan 
colonies, e.g., SA) staphylococci and mannitol-negative staphylococci (with white colonies 
leaving the medium red, e.g., SE). Using the CHROM MRSA agar plates, mauve-colored 
to white with  pink  streak  colonies were  known  to  represent presumptive  colonies  of 
MRSA [34]. Using EMB agar plates, pink to dark purple colonies were indicative of lactose 
fermentation and were used to presumptively identify enteric bacteria [ENT]. For Pseudo‐
monas spp. we scored yellowish-green colonies on PSI agar as positive for P. aeruginosa 
[PSA] and white colonies as Pseudomonas spp. [PS]. Colonies growing on the TSA plates 
were used to estimate the overall level of non-specific bacterial colonization of the differ-
ent sites sampled, specifically allowing for the observation of Bacillus spp. [BAC]. or Mi‐
crococcus spp. [ML].   

Once bacterial identification on the plates was determined, these data were presented 
as percent-positive swabs by species and sample site. Data were analyzed using descrip-
tive statistics. The analysis was performed using SPSS 26 (Armonk, NY, USA: IBM Corp). 

3. Results 

The most common presumptive contaminating species based on an average of per-
cent-positive swabs for all sites was Cdiff, with BAC and ENT being the next two most 
common contaminating bacterial types observed. Contamination by Cdiff was found at 
58.3% of all sites sampled, while BAC and ENT were found on 35.4% and 33.1% of sites 
(Figure 1). At the lower end of the contamination range, we found PSA contaminating only 
3.6% of sites.   

 
Figure 1. Average of the percent-positive swabs for all sites by bacterial species. Key: MRSA = methi-

cillin-resistant  S.  aureus,  SA  =  S.  aureus,  SE  =  S.  epidermidis  (mannitol-negative),  SIM  =  S. 
Figure 1. Average of the percent-positive swabs for all sites by bacterial species. Key: MRSA = methicillin-
resistant S. aureus, SA = S. aureus, SE = S. epidermidis (mannitol-negative), SIM = S. pseudintermedius,
ENT = enteric bacteria (lactose-positive, Gram-negative rods), PS = Pseudomonas spp., PSA = P. aeruginosa,
ML = Micrococcus spp., BAC = Bacillus spp., Cdiff = Clostridium difficile.

When looking at clinic contamination by site and species, Cdiff contaminated 94.7% of
the floors and 83.3% of the HVAC return air ducts (Table 1). Enteric bacteria and Bacillus spp.
were the next most encountered contaminants and were found on 100% of swabs from the
return air ducts. The floors and return air ducts were consistently contaminated by other
species, including Cdiff, SA, MRSA, and SIM. The highest levels of contamination by SA
were found on the HVAC return air duct (83.3%) and the scales (83.3%).

When looking at the presumptive bacterial contamination of different clinic sites, a
large range of contamination was observed. Staphylococci were found most prominently
on the floors, with SA found on the largest number of swabs (Figure 2). The only sites in
which staphylococci were not found were the ultrasound gel bottles and heads and the
bottom surface of the belt on the underwater treadmills.
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Figure 2. Total positive swabs by site having Staphylococcus spp. Presumptive species identification:
MRSA = methicillin-resistant S. aureus, SA = S. aureus, SE = S. epidermidis, SIM = S. pseudintermedius.

Bacterial contamination due to select Gram-negative rods was also found throughout the veteri-
nary clinics. Enteric bacterial contamination (lactose-positive cells, e.g., Escherichia spp.) was found
on the greatest number of sampled sites of the Gram-negative bacteria studied (Figure 3).
Again, the floors were the most contaminated sites in these clinics. Pseudomonas aeruginosa
was also found in the clinics, but in relatively low numbers. Other species of Pseudomonas spp.
were generally widespread in the clinics at slightly higher numbers.
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Figure 3. Total positive swabs by site with select Gram-negative bacteria. Presumptive species
identification: ENT = enteric bacteria (lactose-positive, e.g., Escherichia spp.), PS = Pseudomonas spp.,
PSA = Pseudomonas aeruginosa.

Bacterial contamination by other select Gram-positive species was also found through-
out the clinics. Most notably, Cdiff was found in a very high number of sites throughout the
clinics (Figure 4). Another spore-forming genera of Gram-positive bacteria, Bacillus sp., was
also found contaminating many of the same sites as Cdiff. Micrococcus spp., a Gram-positive
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coccus often associated with human skin, was also found on many sites throughout
the clinic.
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When water from underwater treadmill tanks was streaked onto TSA and EMB agar
plates, colony counts as high as 2800 cfu/mL were detected (Figure 5). The largest number
of bacterial colonies observed was for enteric bacteria.
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Figure 5. Water sample contamination for water from underwater treadmill (UWTM) tanks at
five veterinary clinic sites. Individual UWTMs are indicated by number (#1 through #4 were at one
clinic, while #5 to #8 were each at different clinics). Total colony counts (per mL) for TSA and EMB
media streaked with 0.1 mL samples from the treadmill tanks.

4. Discussion

This study assessed the patterns of bacterial contamination on medical equipment
and environmental sites in veterinary physical rehabilitation clinics. Bacterial species that
were isolated and grown included both Gram-negative and Gram-positive bacteria. Of
the Gram-positive cocci, several Staphylococcus spp. were observed, including SA, MRSA,
SE, and SIM. Of the Gram-negative bacteria detected, enteric bacteria (e.g., Escherichia spp.)
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and several species of Pseudomonas were represented. In general, the veterinary clinics
surveyed were largely contaminated by Gram-positive bacteria, with presumed staphy-
lococcal contamination being the most frequent throughout the sampled sites. Notably,
S. pseudintermedius can be problematic for both dogs and humans, possibly causing disease
in both species [35]. Two of the Gram-positive rods detected, Cdiff and BAC, are spore-
forming species. This is important since bacterial spores offer the species a higher degree of
resistance to many abiotic factors that may be employed to control bacterial contamination.
In addition, many Bacillus spp. are associated with soil, and since dogs are known to dig in
soil quite often, veterinary patients may carry these bacteria into the clinics on their skin or
feet. The other spore-forming bacteria, Cdiff, is a notable human pathogen and could pose
a threat to care-giving humans in these clinics [9,10,36].

Within the clinics, several “hot spot areas” having high levels of bacterial contamina-
tion, such as HVAC return air ducts, floors, and scales, are common to veterinary patients
and represent sites with which human caregivers also interact. As the results demonstrate,
these areas had 50–94.7% positive swabs for multiple potential pathogenic bacteria. Of the
bacteria cultured from HVAC return air ducts and from the floors, spore-forming bacteria
(e.g., Cdiff and BAC) were dominant. When bacterial species that may be from soil are
found on both floors and HVAC return air ducts, this suggests that levels of dust in the
facilities might be high. When dust is suspended in the air, it can help transmit airborne
pathogens. Airborne pathogens in human hospitals have been found to contribute to
infections in both patients and their caregivers [37]. Targeted cleaning and disinfection
of veterinary clinics to reduce dust may be a good strategy to reduce the potential for
contamination of animals and their caregivers.

Water in the underwater treadmill tanks was contaminated by both enteric and non-
specific bacteria. If the enteric bacteria observed were of fecal origin, dogs using the
treadmills may be contaminated by a wide range of fecally transmitted dog pathogens [38].
One measure that can be used to reduce waterborne contamination in underwater tread-
mills is to use shock treatments with chlorine-, bromine-, or hydrogen peroxide-based
chemical treatments. Periodic emptying of the tanks and refilling with treated water (salt-
water system or low levels of bromine or chlorine) may help reduce the potential for
contamination with enteric pathogens.

A recent study performed by Lord et al. found increased numbers of antimicrobial-
resistant bacteria in hospitals, particularly Staphylococcus spp. [4]. In some cases, resistance
against last-tier antimicrobial therapies (e.g., fluoroquinolones and phenicols) was observed
in strains of Staphylococcus spp. [4,39,40]. Although methicillin-resistant S. pseudintermedius
was not a focus of this study, it is highly probable that a horizontal exchange of resistant
factors between strains of MRSA and this dog pathogen could occur [41]. Antimicrobial
and multidrug-resistant pathogens are a huge public health concern to both veterinary
patients and their caregivers and need to be addressed in all clinics.

This study was based on the use of viable bacterial culture techniques to monitor
contamination in the veterinary clinics sampled. Many contemporary studies of the pres-
ence of bacteria (and other pathogens) in human health care facilities use some form of
a molecular approach to extract DNA from samples and determine the diversity of the
microorganisms present [42]. Culture techniques provide useful data with regard to the
presence of viable cells on surfaces from the sampled sites. Using molecular data to describe
the bacterial diversity of a site provides little or no evidence of whether the cells are viable.
There is no evidence that DNA from Staphylococcus spp. alone causes HAIs; however,
viable staphylococci could cause HAIs. Thus, the data presented here represent living
contaminants present on clinical surfaces that could easily cause infections in open wounds
or other sites on animal patients. Measures to address contamination in these clinics should
be a priority.

Potential limiting factors related to this study fall into two areas. The first is any
problems associated with the line inoculation procedure. The second is the possibility of
colonial bacterial growth on the different media for species that should have been selected
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against, possibly confusing the identification of the species the medium is selective for.
In this study, since we were only inoculating five agar-based media, we had to rotate the
swab somewhere between 14% and 20% of a full rotation (see Supplementary Materials for
additional details) to ensure that a fresh surface of the swab came into contact with the next
agar surface being inoculated. Rotating the swabs more (or less) than that may not result
in the use of a fresh swab surface to inoculate all of the media being inoculated with that
swab. Another possible issue with the use of our line inoculation procedure would be the
absence of colonies from a bacterial species present in very low numbers on the swab. If the
numbers of this species are so low that there are not at least five cells uniformly distributed
around the swab, then we may detect a species on one medium but not another in the series
of media inoculated. Another concern with the use of this technique is the potential for the
growth of species that may confound the identification usually made on the selective media.
For example, on MSA, we know that several non-staphylococci species have been found to
survive. According to the Beckton, Dickinson Co. [43] in a quality control report on their
MSA medium, Proteus mirabilis (Gram-negative) shows “partial” growth on this medium.
Another non-staphylococci species that will grow on MSA is Bacillus subtilis, which is
tolerant of high salt concentrations. Because there are bacterial species that can grow on
selective and differential media that should inhibit their growth, possible inhibition of
the growth of the desired species on that medium may occur. A recent study has found
that B. subtilis can produce a bacteriocin capable of the inhibition of S. aureus and some
enteric bacteria [44]. If there are other such amensalistic interactions between different
bacterial species on our selective and differential media, then results generated using the
line inoculation procedure might miss the inhibited species. Overall, we feel that these
limitations are not critical enough to change our presumptive identifications of the bacteria
we identify, which should give clinic managers data to work with in their cleaning and
disinfection procedures.

Areas of the veterinary clinics studied here that need to have focused cleaning and
disinfection include the HVAC return air vents, scales, exercise equipment, and floors.
Although ultrasound coupling gel can be obtained in sterile packets, the clinics studied
use gel in reusable bottles. A previous study of human physical therapy clinic ultrasound
devices found that the tips of coupling gel bottles were often contaminated with MRSA [45].
Scales are frequently used by all patients entering the clinic and increase the risk of ac-
quiring pathogens that may result in an infection. All these factors increase the risk to
veterinary patients and their human caregivers and warrant further investigation and care
with disinfection.

5. Conclusions

These findings suggest that veterinary clinical environmental surfaces and water are
generally contaminated by both Gram-positive and Gram-negative bacterial species. Some
of the presumptive contaminating species of bacteria are known pathogens of both dogs
and humans (e.g., MRSA, SA, PSA) or specifically pathogenic to humans (e.g., Cdiff).
This contamination has the potential to contribute to HAIs that may occur in veterinary
patients or their human caregivers. Further research is warranted to investigate the extent
of bacterial contamination in veterinary clinics and any potential links to HAIs occurring in
animals being treated in those clinics.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani14131896/s1, File S1: Methods used for Presumptive Bacterial
Identification Using Swabs Collected from Clinic Surfaces.
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