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ABSTRACT

Background and Aim: Femoral head and neck ostectomy (FHO) is a widely performed salvage procedure for canine
coxofemoral disorders; however, postoperative recovery is frequently limited by reduced weight bearing, persistent
lameness, muscle atrophy, and restricted hip mobility. Although underwater treadmill (UWTM) rehabilitation has been used
for various orthopedic conditions, objective evidence supporting its effectiveness after FHO remains limited. This study aimed
to evaluate the effectiveness of a standardized 10-session UWTM rehabilitation protocol on functional recovery in dogs after
FHO, using clinical and objective gait assessment measures.

Materials and Methods: A prospective controlled pilot study was conducted using 10 client-owned dogs that underwent
unilateral FHO. Dogs were allocated to either a UWTM rehabilitation group (n = 5) or a non-UWTM control group (n =5). One
dog in the UWTM group was withdrawn due to force plate noncompliance, leaving four treatment and five control dogs to
complete the 12-week follow-up. Rehabilitation consisted of 10 weekly UWTM sessions initiated approximately 3 weeks after
surgery. Clinical evaluations included lameness and pain scores, thigh circumference, and force plate kinetic gait analysis.
Peak vertical force (PVF) normalized to body weight (BW) served as the primary objective outcome measure. Assessments
were performed at postoperative weeks 4, 8, and 12.

Results: Dogs receiving UWTM rehabilitation demonstrated significant improvements in functional recovery over time.
Lameness scores decreased significantly between postoperative months 1 and 3 (mean difference = 2.00 points, p < 0.05),
while PVF of the operated limb increased significantly by 23.66% of BW between months 1 and 3 (p < 0.05). Interlimb PVF
asymmetry also decreased significantly in the UWTM group. In contrast, the control group showed significant improvement
only in lameness score by month 3, whereas PVF did not change significantly throughout the study. Pain scores and thigh
circumference did not differ significantly between groups over time. No serious treatment-related adverse events were
observed during the rehabilitation protocol.

Conclusion: A standardized 10-session UWTM rehabilitation protocol may accelerate postoperative functional recovery
following FHO by improving limb weight bearing and reducing lameness without treatment-related complications. Although
these preliminary findings support UWTM as a promising adjunctive rehabilitation strategy after FHO, the small sample size
and pilot design limit generalizability. Larger randomized controlled trials with extended follow-up are warranted to establish
optimal rehabilitation protocols and confirm long-term clinical benefits.

Keywords: aquatic rehabilitation, canine rehabilitation, femoral head and neck ostectomy, force plate gait analysis,
hydrotherapy, orthopedic rehabilitation, peak vertical force, underwater treadmill.

INTRODUCTION

Canine hydrotherapy, particularly rehabilitation using an underwater treadmill (UWTM), is an established
therapeutic exercise modality in veterinary medicine, widely used to facilitate functional recovery in dogs with
orthopedic and neurologic disorders [1, 2]. UWTM rehabilitation enhances muscle strength, improves mobility,
increases joint range of motion (ROM), and reduces both acute and chronic pain, thereby promoting earlier
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restoration of normal locomotion [2, 3]. Its therapeutic benefits are primarily attributed to the unique physical
properties of water, including buoyancy, viscosity, hydrostatic pressure, and relative density, which collectively
reduce joint loading, support body weight (BW), facilitate controlled limb movement, and improve patient
comfort during exercise [1]. Consequently, UWTM has become an increasingly valuable component of
postoperative rehabilitation protocols aimed at improving functional outcomes while minimizing mechanical
stress on healing tissues [4, 5].

Femoral head and neck ostectomy (FHO) is a well-established salvage orthopedic procedure performed to
eliminate pain, crepitus, and abnormal bone-on-bone contact within the coxofemoral joint in dogs affected by
conditions such as hip luxation, femoral head and neck fractures, severe osteoarthritis, and avascular necrosis [6—
8]. Although FHO effectively relieves pain and substantially improves quality of life, restoration of normal limb
function remains challenging during the postoperative period. Quantitative gait analyses have demonstrated that
dogs undergoing FHO exhibit significantly reduced static weight bearing on the operated limb compared with the
contralateral limb (15.6% versus 20.3% of BW) [9]. Persistent unloading of the affected limb commonly results in
muscle atrophy, restricted hip joint mobility, altered gait mechanics, and prolonged circumferential asymmetry
between the operated and contralateral limbs [9, 10]. These functional impairments often necessitate structured
postoperative rehabilitation to facilitate recovery. Integrating UWTM into postoperative management may
accelerate functional restoration by promoting earlier controlled weight bearing while reducing excessive
mechanical loading of the healing limb [11]. Current rehabilitation guidelines recommend initiating UWTM once
consistent voluntary limb use has been established, typically within 2—3 weeks after surgery, to optimize muscle
recruitment and functional recovery [12].

Objective evaluation of postoperative recovery is essential for determining the effectiveness of rehabilitation
interventions following FHO. Previous studies have assessed recovery using subjective lameness scoring, pain
assessment, thigh circumference measurements [4, 9], and kinetic gait analysis. Among these methods, force
plate analysis of peak vertical force (PVF) is considered the gold standard for objectively quantifying limb weight
bearing and functional gait recovery in dogs because of its excellent accuracy, reproducibility, and sensitivity to
clinically meaningful changes [13—-15]. Accordingly, these parameters were selected as the primary outcome
measures in the present study.

Although early land-based physiotherapy has been reported to improve postoperative recovery following
FHO [16], evidence supporting the effectiveness of UWTM rehabilitation remains limited. To date, no prospective
controlled study has objectively evaluated a standardized UWTM rehabilitation protocol following FHO using force
plate-derived kinetic gait analysis in conjunction with conventional clinical assessments. Furthermore, previous
reports have primarily focused on subjective clinical outcomes or the application of hydrotherapy in dogs with
chronic orthopedic or neurologic disorders rather than specifically investigating postoperative functional recovery
after FHO. Consequently, the magnitude of improvement in objective weight bearing, clinical lameness, pain, and
muscle recovery associated with UWTM remains poorly defined. Addressing this evidence gap is important for
establishing evidence-based rehabilitation protocols that optimize postoperative recovery and improve clinical
decision-making in canine orthopedic practice.

Therefore, this prospective controlled pilot study aimed to evaluate the effectiveness of a standardized 10-
session UWTM rehabilitation protocol following FHO in client-owned dogs using both objective kinetic gait
analysis and clinical outcome measures. Specifically, postoperative recovery was assessed through PVF, lameness
score, pain score, and thigh circumference over a 12-week follow-up period. We hypothesized that dogs receiving
UWTM rehabilitation would demonstrate significantly greater improvements in functional limb use, enhanced
weight bearing capacity, and superior overall postoperative recovery than dogs managed without UWTM
rehabilitation.

MATERIALS AND METHODS
Ethical approval

This prospective, convenience-sampled, controlled pilot study was approved by the Institutional Animal Care
and Use Committee, Khon Kaen University, Khon Kaen, Thailand (Approval No. IACUC-KKU-71/66; approved on
May 18, 2023). The study was conducted and reported in accordance with the Animals in Research: Reporting In
Vivo Experiments (ARRIVE) 2.0 guidelines. Throughout the study, all dogs remained under the care and ownership
of their respective owners. Before enrollment, each owner received a detailed explanation of the study objectives,
experimental procedures, anticipated benefits, and potential risks, after which written informed consent was
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obtained. Owners were also provided with standardized postoperative home-care instructions, including leash
walking, restriction of running and jumping activities, administration of prescribed antibiotics and non-steroidal
anti-inflammatory drugs (NSAIDs), and adherence to scheduled follow-up visits for wound evaluation,
radiographic examination, and lameness assessment.

Study period and location

The study was conducted between May and December 2023 at the Veterinary Teaching Hospital, Faculty of
Veterinary Medicine, Khon Kaen University (VTH-KKU), Khon Kaen, Thailand. Client-owned dogs that underwent
unilateral FHO during the study period were prospectively enrolled. Before surgery, all dogs underwent
comprehensive physical and orthopedic examinations, hematological and serum biochemical analyses, and
radiographic evaluation. Standard orthogonal radiographs were obtained to confirm unilateral hip luxation or
femoral head and neck fractures before surgical intervention [17].

Study design

This prospective, convenience-sampled, controlled pilot study included client-owned dogs that had
undergone unilateral FHO. Postoperative orthopedic and radiographic examinations were performed to confirm
satisfactory surgical outcomes and the absence of postoperative complications before enrollment. Owing to
feasibility constraints and the limited study duration, convenience sampling was used while adhering to the
recommended minimum and maximum numbers of animals for experimental studies. Sample size was
determined using the resource equation approach rather than conventional power analysis, which is an accepted
method for animal-based research involving limited sample sizes [18, 19].

A total of 24 client-owned dogs that underwent unilateral FHO were initially screened for eligibility (Figure
1). Fourteen dogs were excluded according to the predefined exclusion criteria, including concurrent fractures at
other anatomical sites (n = 9), vertebral fracture (n = 1), and poor leash compliance during gait assessment (n =
4). Consequently, 10 dogs met the eligibility criteria and were allocated by convenience sampling to either the
UWTM rehabilitation group (n = 5) or the control group (n = 5), which received no formal physical rehabilitation.
Group allocation was performed alternately according to each owner's willingness and ability to attend the
scheduled rehabilitation sessions.

To minimize assessment bias, all outcome evaluations were performed by an experienced observer who was
not involved in treatment administration. The study commenced on the day of surgery (week 0) and continued
until week 12. Although all enrolled dogs were intended to complete the 12-week follow-up period, one dog in
the UWTM group was withdrawn at the second follow-up visit (week 3) due to repeated noncompliance during
force plate gait analysis. Consequently, four dogs in the UWTM group and five dogs in the control group completed
the study, and only these dogs were included in the final analyses.

Dogs were eligible for inclusion if they were at least 6 months of age, weighed >10 kg, were of any breed or
sex, had undergone unilateral FHO, and showed no evidence of systemic disease. Eligible dogs were also required
to remain free of orthopedic or neurologic complications throughout the study period. Dogs were excluded if they
demonstrated a shortened strike phase resulting in an inability to obtain valid force plate recordings or were
unable to traverse the force platform consistently. Additional exclusion criteria included unilateral hip luxation
secondary to pelvic fractures, concurrent fractures at other anatomical locations, lumbosacral instability, a
previous history of orthopedic surgery involving the ipsilateral limb, postoperative surgical site infection, newly
developed systemic disease, or neurologic deficits during the study. (Figure 1)

Surgical procedure

An intravenous catheter was placed in the cephalic vein for administration of Lactated Ringer's solution (3—
5 mL/kg/h; General Hospital Products, Pathum Thani, Thailand). Preemptive analgesia was achieved with
morphine sulfate (0.5 mg/kg intramuscularly; The Government Pharmaceutical Organization, Bangkok, Thailand),
administered 15-20 minutes before anesthetic induction. Dogs were subsequently premedicated with diazepam
(0.2 mg/kg intravenously; Diapine; Atlantic Laboratories Corp., Bangkok, Thailand) and prophylactic cefazolin (25
mg/kg intravenously; Cefaben®; L.B.S. Laboratory Corp., Bangkok, Thailand). General anesthesia was induced with
propofol (approximately 5-6 mg/kg intravenously, titrated to effect; Profol™; Baxter Pharmaceuticals India Pvt.
Ltd., Gujarat, India) to facilitate endotracheal intubation and was maintained with isoflurane (1%—-2%,; Isoflurane
USP; Piramal Critical Care, Bethlehem, PA, USA) delivered in 100% oxygen. Before skin closure, carprofen (4-4.4
mg/kg subcutaneously; Rimadyl®; Zoetis manufacturing & research Spain S.L., Vall de Bianya, Girona, Spain) was
administered for perioperative analgesia.
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All FHO procedures were performed by a single Thai board-certified veterinary surgeon (SH) with more than
15 years of experience in small animal orthopedic surgery, thereby eliminating inter-operator variability. A
standard craniolateral surgical approach was used as previously described [6]. Following completion of the
ostectomy, the deep gluteal muscle and subcutaneous tissues were closed separately using 2-0 polydioxanone
(PDS Il; Ethicon, Raritan, NJ, USA). The skin was routinely closed with 2-0 nylon (Ethilon; Ethicon) in a simple
interrupted pattern. No intraoperative complications were encountered in any dog. Immediate postoperative
radiographs were obtained and evaluated by the operating surgeon to confirm complete excision of the femoral
head and neck. Successful ostectomy was defined by a smooth osteotomy line extending from the medial aspect
of the greater trochanter to the proximal femoral shaft without residual bony prominences or spurs.

Postoperative pain was monitored using the Glasgow Composite Measure Pain Scale—Short Form (CMPS-SF)
[20]. Rescue analgesia consisting of morphine sulfate (0.3-0.5 mg/kg intramuscularly every 4—6 hours) was
planned for dogs with pain scores >5/20; however, none of the enrolled dogs required additional analgesic
intervention. Following hospital discharge, all dogs received oral cephalexin (25 mg/kg every 12 hours; Sporidin®;
Sun Pharma, Dewas, India) together with carprofen (4—4.4 mg/kg every 24 hours; Rimadyl®; Zoetis, Parsippany,
NJ, USA) for 7 days.

Screening Excluded based on pre-defined criteria
n=24 « Concurrent fractures at other anatomical
locations (n=9)

1——5 « Vertebral fracture (n= 1)

« Inability to perform valid trials on the force

Allocation platform (n=4)
Treatment group (n=5) 1 Non-aquatic control group (n=5)
Week 2 Week 2

« Stitches off “S( T
« UWTM rehabilitation i e

l Inability to perform valid trials 1

B —
on the force plateform (n=1)

Week 3
« UWTM rehabilitation
« Leash handing training

l i !

Week 4
« Data collection

Week 3
« Leash handing training

Week 4
« UWTM rehabilitation
« Data collection

Week 5-7 Week 8
« UWTM rehabilitation « Data collection
Week 8 Week 12
+ UWTM rehabilitation « Data collection
« Data collection
Week 9-11
« UWTM rehabilitation
Week 12

« UWTM rehabilitation
« Data collection

Figure 1: CONSORT-style flow diagram illustrating the study design, screening, group allocation, timeline of rehabilitation,
and participant follow-up. One dog in the UWTM treatment group was withdrawn at Week 3 due to force plate non-
compliance. UWTM = Underwater treadmill.

Study protocol and clinical assessment

All rehabilitation procedures and clinical evaluations were conducted at the VTH-KKU rehabilitation facility,
which was equipped with a UWTM, computerized gait analysis equipment, and a force plate system (Advanced
Mechanical Technology®, AMTI Model OR6-6, Watertown, MA, USA). Two force plates (40 x 60 cm each) were
installed sequentially along the center of an 8-m walkway to permit kinetic gait assessment. Force plate data were
acquired and analyzed using ToMoCo-FPm software (Toso System Inc®, Saitama, Japan; version 12.02).
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During the immediate postoperative period, surgical wounds were examined daily for evidence of
complications, including erythema, edema, discharge, or wound dehiscence. Skin sutures were removed 14 days
after surgery, and wound healing was reassessed at that time. Radiographic examinations were subsequently
performed at scheduled follow-up visits to monitor postoperative progression.

The UWTM rehabilitation program consisted of a structured three-phase protocol adapted from Lee [21] and
Alves [22], comprising initial, active, and cool-down phases, performed once weekly for 10 consecutive sessions
(Table 1, Figure 2). This rehabilitation protocol has not previously been evaluated in dogs following FHO.
Rehabilitation was initiated during the third postoperative week, with the first session performed at a mean of
21.75 £ 0.96 days after surgery. Water temperature was maintained between 25°C and 28°C throughout all
sessions. During the initial phase, water depth was adjusted to the level of the greater trochanter to maximize
buoyancy and reduce weight bearing forces. Water depth was gradually decreased to the level of the stifle joint
during the cool-down phase to increase active joint movement and muscular effort. Treadmill speed was initially
set at 0.22 m/s, increased to 0.50 m/s during the active phase, and subsequently reduced to 0.22 m/s during the
cool-down phase. Progression through the rehabilitation protocol was criteria-based, with dogs advancing only
after demonstrating comfortable weight bearing at the prescribed water depth and treadmill speed without
evidence of fatigue or discomfort.

Safety was continuously monitored during each rehabilitation session, throughout rest intervals, and for 20—
30 min after exercise completion. Sessions were terminated immediately if dogs exhibited signs of distress, pain,
vocalization, panic-like behavior, or acute lameness. If increased lameness or decreased weight bearing was
observed relative to the pre-exercise baseline, rescue analgesia consisting of oral carprofen (4-4.4 mg/kg every
24 hours) was administered for 3-5 days as clinically indicated [23].

Between postoperative weeks 3 and 12, all dogs underwent weekly clinical evaluations that included
behavioral observations, thigh circumference measurements [24], assessment of weight bearing during trotting,
and lameness evaluation [25]. Comprehensive data collection was performed at postoperative weeks 4, 8, and 12
by a single experienced veterinarian (NM) who was blinded to group allocation. Subjective lameness and pain
were assessed using validated modified numeric rating scales ranging from 0 to 4 [26]. Detailed scoring criteria
are presented in Tables 2 and 3. Thigh circumference was measured with dogs positioned in relaxed lateral
recumbency (Figure 3) at 70% of the femoral length measured from the greater trochanter to the lateral femoral
condyle, as previously described [8].

Table 1: Underwater treadmill rehabilitation protocol.

Phase Activity duration Rest duration Repetitions
Initial phase 45 seconds 2 minutes 2-3 cycles
Active phase 3-6 minutes 2 minutes 3 cycles
Cool-down phase 45 seconds 2 minutes  2-3 cycles
Total exercise time 21-25 minutes — —

Figure 2: Underwater treadmill rehabilitation session in a dog following unilateral femoral head and neck ostectomy,
illustrating limb positioning and water level during the active phase of the rehabilitation protocol.
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Figure 3: Measurement of thigh circumference in a dog positioned in relaxed lateral recumbency. Circumference was
measured using a flexible measuring tape positioned perpendicular to the long axis of the femur at 70% of the femoral length
measured distally from the greater trochanter.

Table 2: Standardized lameness scoring system used for gait assessment at a trot.

Score Description

0  No lameness; normal weight bearing throughout all strides
Mild, subtle lameness with partial weight bearing

Obvious lameness with partial weight bearing

Obvious lameness with intermittent weight bearing

A W N

Complete non-weight bearing lameness

Table 3: Pain scoring system based on behavioral responses during joint palpation.

Score Description

0 No pain on joint palpation

Mild pain; palpation completed without restraint

Moderate pain; palpation completed with obvious discomfort
Severe pain; palpation could not be completed because of resistance

A W N

Pain was too severe to permit palpation without restraint or sedation

Outcome measures

Objective kinetic gait analysis was performed using the force plate system (Figure 4). Before commencement
of the study, the designated handler (PT) completed standardized training for 2 weeks to ensure consistent leash
handling and trotting speed throughout data collection. Each dog was trotted along the 8-m walkway at a
controlled velocity of 1.7-2.2 m/s with acceleration maintained within 0.5 m/s2. A trial was considered valid
when the dog trotted in a straight line with a consistent head position, without leash tension, and the ipsilateral
hindlimb made complete contact with the force plate. Trials that failed to satisfy these criteria were discarded,
and additional trials were performed until three valid recordings were obtained for each dog.

PVF was calculated using ToMoCo-FPm software (Toso System Inc®) and normalized to BW according to the
following equation:

PVF (% BW) = [PVF (N)/BW (N)] x 100
The mean PVF from the three valid trials was used for statistical analysis.
Statistical analysis

Statistical analyses were performed using SAS OnDemand for Academics (SAS Institute Inc., Cary, NC, USA).
Descriptive statistics were used to summarize categorical variables, including sex and breed. Continuous variables
were assessed for normality using the Shapiro—Wilk test. Variables that were not normally distributed, including
age, BW, and body condition score (BCS), were compared between groups using the Mann—Whitney U test.

Normally distributed outcome variables, including lameness score, pain score, thigh circumference, and PVF
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(% BW), were analyzed using a linear mixed-effects model. Fixed effects included treatment group, time, and the
interaction between group and time, whereas individual dogs were included as a random effect to account for
repeated measurements.

Least-squares means were estimated to evaluate treatment effects over time. Pairwise post hoc comparisons
were performed using the Tukey—Kramer adjustment to compare both within-group changes over time and
between-group differences at each evaluation point (months 1, 2, and 3). Estimated mean differences together
with their corresponding 95% confidence intervals (Cl) were calculated from the least-squares means using the
Tukey—Kramer adjustment. The effect size for the PVF outcome was estimated using partial eta-squared (n?p),
with a value of 0.16 indicating a large treatment effect. Statistical significance was established at p < 0.05.

Figure 4: Force plate kinetic gait analysis performed in a dog trotting at a controlled speed (1.7-2.2 m/s) along an 8-m
walkway. Ground reaction forces generated by the ipsilateral hindlimb during force plate contact were recorded and analyzed
to calculate peak vertical force.

RESULTS
Baseline characteristics of the study population

A total of nine dogs completed the study. One dog assigned to the UWTM group was withdrawn due to
behavioral noncompliance, as it could not be consistently guided across the force plate to obtain valid gait kinetic
measurements. Consequently, four dogs in the UWTM group and five dogs in the non-UWTM group completed
the entire 12-week study protocol.

The study population comprised three female and six male dogs representing five breeds, including Golden
Retriever (n = 3), mixed breed (n = 3), Labrador Retriever (n = 1), Shiba Inu (n = 1), and Siberian Husky (n = 1). FHO
was performed on the right hindlimb in seven dogs and on the left hindlimb in two dogs. Individual subject
characteristics are presented in Table 4.

Baseline demographic and clinical characteristics are summarized in Table 5. Dogs in the UWTM group had
a mean BW of 23.35 + 8.83 kg, whereas those in the non-UWTM group had a mean BW of 21.29 + 7.89 kg. The
mean age was 2.45 + 2.75 years and 2.40 £ 1.58 years in the UWTM and non-UWTM groups, respectively. Mean
BCS values were 3.0 £ 0.0 and 3.2 + 0.42 for the UWTM and non-UWTM groups, respectively.

No statistically significant differences were observed between the treatment groups with respect to age,
BW, BCS, or the surgical side of FHO (all p > 0.05), indicating that the two groups were comparable before initiation
of rehabilitation.

Clinical outcomes

No dogs in either the UWTM or non-UWTM group experienced major or minor treatment-related adverse
events during or after rehabilitation, including skin lesions, water-associated surgical site infections, or panic-
related injuries. Following the initial clinical assessment and force plate gait analysis, all dogs exhibited transient
exacerbation of lameness that required short-term administration of NSAIDs (carprofen; 4.4 mg/kg orally once
daily) for several days. No additional analgesic treatment was required following subsequent evaluation sessions.
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Individual clinical outcomes and force plate measurements for all dogs at each evaluation time point are
presented in Table 6.

Lameness scores improved progressively throughout the study (Tables 6 and 7). In the UWTM group,
lameness scores were significantly lower at both 2 months (mean difference = 1.75; p = 0.02) and 3 months (mean
difference = 2.00; p = 0.006) compared with the 1-month postoperative assessment. In contrast, dogs in the non-
UWTM group showed no significant improvement between the 1- and 2-month evaluations (p = 0.39), although
lameness scores were significantly reduced at 3 months compared with 1 month after surgery (mean difference
=1.40; p = 0.03).

Pain scores did not change significantly over time in the UWTM group (all p > 0.05). Similarly, no significant
difference was observed in the non-UWTM group between the 1- and 2-month postoperative assessments (mean
difference = 0.60; p = 0.48). However, pain scores were significantly lower at 3 months than at 1 month
postoperatively (mean difference = 1.20; p = 0.02).

Thigh circumference of the operated limb remained unchanged throughout the study in both groups, with
no statistically significant differences observed between postoperative time points (all p > 0.05).

Table 4: Summary of the subjects' characteristics and baseline data.

Subject Breed Age (years) Sex  Weight (kg) BCS Side of FHO Treatment group
Dog 1 Shiba Inu 7.0 Male 11.8 3 Right UWTM

Dog 2 Siberian Husky 1.0 Female 20.6 3 Right UWTM

Dog 3 Mixed breed 5.0 Female 14.3 3 Right Non-UWTM
Dog 4 Mixed breed 3.0 Male 13.4 3 Right Non-UWTM
Dog 5 Labrador Retriever 0.8 Male 34.9 3 Right UWTM

Dog 6 Golden Retriever 1.5 Male 32.9 3 Left Non-UWTM
Dog 7 Golden Retriever 1.0 Male 26.0 3 Right UWTM

Dog 8 Golden Retriever 0.5 Female 27.0 4 Left Non-UWTM
Dog9 Mixed breed 2.0 Male 18.8 3 Right Non-UWTM

BCS = Body condition score; FHO = Femoral head and neck ostectomy; UWTM = Underwater treadmill.

Table 5: Baseline comparability between the UWTM and non-UWTM groups.

Parameter UWTM (n=4) Non-UWTM (n=5) Statistical test p-value
Age (years), mean = SD (range) 2.45+2.75 2.40 +1.58 Mann—-Whitney U test  0.38
(0.8-7.0) (0.5-5.0)
Body weight (kg), mean + SD (range) 23.35+8.83 21.29+7.89 Mann-Whitney U test  0.56
(11.8-34.9) (13.4-32.9)

BCS, mean * SD (range) 3.0+£0.0(3-3) 3.2+0.42(3-4) Mann-Whitney U test 0.11
FHO surgical side, n (%) Fisher's exact test 0.44
Right 4 (100) 3 (60)

Left 0(0) 2 (40)

BCS = Body condition score; FHO = Femoral head and neck ostectomy; SD = Standard deviation; UWTM = Underwater treadmill.
Force plate gait analysis: PVF

Changes in PVF are summarized in Tables 6 and 7. Within the UWTM group, PVF of the operated limb did
not differ significantly between the 1- and 2-month postoperative evaluations (mean difference = 12.27; p = 0.19).
However, PVF increased significantly at 3 months compared with the 1-month postoperative assessment (mean
difference = 23.66; p = 0.008), indicating improved weight bearing capacity following rehabilitation.

In contrast, dogs in the non-UWTM group showed no significant changes in PVF of the operated limb
throughout the study period (all p > 0.05).

Interlimb PVF asymmetry also improved in the UWTM group. Although the difference in PVF between the
operated and contralateral limbs was not significantly reduced between the 1- and 2-month postoperative
evaluations (p = 0.08), a significant reduction was observed at 3 months compared with 1 month (p = 0.02),
demonstrating progressive restoration of limb loading symmetry. Conversely, interlimb PVF differences remained
unchanged throughout the follow-up period in the non-UWTM group (all p > 0.05).

Although dogs receiving UWTM rehabilitation demonstrated greater improvements in both lameness scores
and PVF than dogs in the non-UWTM group at the 2- and 3-month postoperative evaluations, between-group
differences did not reach statistical significance (all p > 0.05).
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Table 6: Comparison of clinical outcomes and gait parameters between the UWTM and non-UWTM groups during the 3-

month postoperative follow-up period.

Parameter

UWTM group (Mean £ SD) Non-UWTM group (Mean + SD) Between-group p-value

Lameness score at a trot (0—4)
1 month
2 months
3 months
Pain score (0—4)
1 month
2 months
3 months
Thigh circumference of FHO limb (cm)
1 month
2 months
3 months
PVF of FHO limb (% BW)
1 month
2 months
3 months
PVF of non-FHO limb (% BW)
1 month
2 months
3 months
Differential PVF (% BW)
1 month
2 months
3 months

3.00 £ 0.82°
1.25+0.96°
1.00 + 1.15°

2.50 £0.58
1.50+0.58
1.50+£0.58

27.00+3.74
27.63+4.61
27.00+£4.97

41.50+7.19°
53.77 £13.55
65.16 + 14.20°

69.06 + 15.67
65.31+12.93
70.09 + 8.44

27.56 +9.16°
11.55 £ 8.47
7.11+4.26°

3.20+0.84°
2.40 +£0.89
1.80+0.84°

2.40 £ 0.55%
1.80+0.45
1.20 £ 0.45°

27.60+2.61
28.60+4.10
29.00 +3.61

44.36
37.82+16.75
44.18 +20.63

71.90
75.15+6.64
75.11+9.46

27.54
37.33+£20.79
30.93 +28.27

0.99
0.45
0.78

0.99
0.95
0.95

0.99
0.99
0.97

0.70
0.69
0.44

0.99
0.69
0.97

0.67
0.41
0.49

PVF data were available for only one dog in the non-UWTM group at the 1-month postoperative evaluation; therefore, SD could not be calculated. Different
superscript letters (2, ®) indicate significant differences between postoperative time points within the same treatment group. UWTM = Underwater treadmill;
SD = Standard deviation; FHO = Femoral head and neck ostectomy; PVF = Peak vertical force; BW = Body weight.

Table 7: Mean differences in clinical and kinetic gait parameters within the UWTM and non-UWTM groups during the 3-
month postoperative follow-up period.

Parameter Phase comparison UWTM group 95% Cl of Non-UWTM group 95% ClI of
difference difference difference difference
Lameness score 1and 2 months 1.75* 0.29t03.21 0.80 -0.51t02.11
1 and 3 months 2.00* 0.54 to 3.46 1.40* 0.09t02.71
2 and 3 months 0.25 -1.21to 1.71 0.60 -0.71t0 1.91
Pain score 1 and 2 months 1.00 -0.20t0 2.20 0.60 -0.47 to 1.67
1 and 3 months 1.00 -0.20t0 2.20 1.20* 0.13to0 2.27
2 and 3 months 0.00 -1.20t0 1.20 0.60 -0.47 to 1.67
Thigh circumference of FHO limb (cm) 1 and 2 months 0.63 -2.77t0 1.52 1.00 -2.91t00.92
1 and 3 months 0.00 -2.14t02.14 1.40 -3.32t00.52
2 and 3 months 0.63 -1.52t02.77 0.40 -2.31t0 1.52
PVF of FHO limb (% BW) 1 and 2 months 12.27 -30.68 to 4.60 6.54 -43.94 t0 12.08
1 and 3 months 23.66* -42.07 to -6.79 0.18 -50.30t0 5.72
2 and 3 months 11.39 -27.22t0 4.43 6.36 -20.51t07.79
PVF of non-FHO limb (% BW) 1 and 2 months 3.75 -5.87 to 16.37 3.25 -18.85t0 16.44
1 and 3 months 1.03 -10.64 to 11.59 3.21 -18.80 to 16.49
2 and 3 months 4.78 -14.75t0 5.20 0.04 -8.87 t0 8.97

*indicates a statistically significant difference between postoperative time points. 95% Cl = 95% confidence interval; BW = Body weight; Cl = Confidence
interval; FHO = Femoral head and neck ostectomy; PVF = Peak vertical force; UWTM = Underwater treadmill.

DISCUSSION
Principal findings and novelty

This study provides novel evidence that a 10-session UWTM rehabilitation protocol accelerates functional
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weight bearing recovery following FHO, as demonstrated by objective kinetic improvements that were not
observed in dogs receiving conventional postoperative management alone. To our knowledge, this is the first
prospective, controlled study to objectively evaluate the efficacy of postoperative UWTM rehabilitation following
FHO in dogs using kinetic force plate gait analysis. Unlike previous studies of aquatic therapy that primarily focused
on chronic osteoarthritis or generalized orthopedic and neurological disorders [3, 27], the present rehabilitation
protocol was specifically designed to facilitate postoperative recovery after FHO. By promoting healthy
pseudoarthrosis formation, encouraging early active limb use, and minimizing compensatory gait patterns, this
targeted rehabilitation strategy provides a practical approach for improving postoperative functional recovery.

Although dogs undergoing UWTM rehabilitation demonstrated superior functional recovery, improvements
should be interpreted in the context of the natural healing process following FHO, as the control group also
showed gradual improvement in several clinical parameters over time. Nevertheless, only the UWTM group
exhibited a significant increase in PVF of the operated limb between 1 and 3 months postoperatively,
accompanied by a significant reduction in interlimb PVF asymmetry. Furthermore, lameness scores improved
significantly as early as the second postoperative month in the UWTM group, indicating earlier restoration of
functional limb use.

Mechanisms underlying UWTM-assisted recovery

The observed benefits of UWTM are biologically plausible because its therapeutic effects are mediated by
the hydrostatic properties of water, particularly buoyancy and viscosity. Buoyancy reduces effective weight
bearing and joint loading, whereas water resistance facilitates controlled muscle activation during movement.
Together, these properties may reduce postoperative discomfort, support gait retraining, promote muscle
function, and encourage earlier use of the operated limb [3, 27, 28].

These mechanisms are particularly relevant following FHO, in which successful recovery depends on the
development of a functional pseudoarthrosis, restoration of limb loading, and prevention of persistent
compensatory gait patterns. By enabling active movement with reduced mechanical loading, UWTM may serve
as an appropriate transitional exercise between restricted postoperative activity and unrestricted land-based
locomotion.

Objective kinetic assessment of functional recovery

Kinetic gait analysis provides an objective, quantitative assessment of weight bearing function and is
considered more reliable than subjective lameness assessment alone [13]. Ground reaction forces reflect the
combined forces transmitted through the entire limb during locomotion; consequently, PVF represents overall
limb function rather than the contribution of an individual joint. Because the trot is considered the most sensitive
gait for detecting kinetic abnormalities [14, 15], all dogs were evaluated under standardized trotting conditions
to minimize measurement variability.

Although descriptive comparisons suggested greater restoration of weight bearing capacity in the UWTM
group than in the non-UWTM group, incomplete PVF recordings in most control dogs at the 1-month evaluation
limited direct statistical comparisons between groups. Nevertheless, the available data consistently indicated
faster functional recovery in dogs receiving UWTM rehabilitation. Most notably, the UWTM group demonstrated
a significant increase in PVF of the operated limb of 23.66% BW between 1 and 3 months postoperatively (p =
0.008), together with a significant reduction in interlimb asymmetry. These objective kinetic improvements were
not observed in the non-UWTM group and provide previously unreported evidence supporting the role of UNTM
in accelerating postoperative functional recovery following FHO.

Comparison with previous studies

The magnitude of functional improvement observed in the present study is consistent with previous reports
describing the benefits of aquatic rehabilitation. Twarowska et al. [3] reported improved joint ROM following a
10-session UWTM rehabilitation program in dogs with orthopedic and neurological disorders. Similarly, meta-
analyses of aquatic exercise in patients with osteoarthritis have demonstrated moderate-to-large improvements
in pain and physical function [4, 5].

Although these studies involved different patient populations and clinical conditions, they support the
biological plausibility of the present findings and reinforce the clinical relevance of UWTM as an adjunctive
rehabilitation modality following orthopedic surgery. Collectively, these preliminary findings suggest that UWTM
may accelerate postoperative functional recovery after FHO, although confirmation in larger controlled clinical
trials is required.
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Lameness and pain outcomes

The significant improvement in lameness scores observed in the UWTM group between 1 and 2 months
postoperatively is consistent with previous studies demonstrating that UWTM improves joint mechanics and
facilitates functional recovery [3, 27]. In contrast, pain scores did not differ significantly between postoperative
evaluations in the UWTM group.

This discrepancy may reflect the inherent subjectivity of observational pain assessment despite measurable
improvements in limb function. Clinical pain scores may also be influenced by temperament, stress, examiner
interpretation, and the timing of evaluation. Future studies should therefore complement clinician-based
assessments with validated owner-completed clinical metrology instruments, such as the Canine Brief Pain
Inventory (CBPI) and Liverpool Osteoarthritis in Dogs (LOAD) questionnaire, which may detect subtle behavioral
changes that are difficult to identify during clinical examinations [29, 30].

Safety and feasibility of the rehabilitation protocol

The rehabilitation protocol employed in this study consisted of 21-25-min UWTM sessions performed once
weekly for 10 consecutive weeks. This regimen is comparable with previously published protocols that have
demonstrated clinical benefits in dogs with orthopedic and neurological disorders, including intervertebral disk
disease, spondylosis, hip dysplasia, and patellar luxation [3]. Previous studies have also shown that even a single
hydrotherapy session can improve joint mobility [31].

Despite the relatively long rehabilitation period employed in the present study, only one dog was withdrawn
for behavioral noncompliance rather than treatment-related complications. No UWTM-associated wound
infection, skin lesion, panic-related trauma, or other adverse event was recorded. These observations support the
safety, feasibility, and tolerability of UWTM during the early postoperative period following FHO.

Muscle morphology and timing of rehabilitation

Although thigh circumference did not increase significantly during the study, this finding is consistent with
the prolonged timeline required for skeletal muscle recovery following FHO [9]. Rather than promoting early
muscular hypertrophy, UWTM appears to facilitate restoration of functional mobility during the initial
postoperative period.

Several factors may explain the absence of measurable muscle hypertrophy. First, the small sample size
reduced the statistical power to detect modest treatment effects. Second, tape-based thigh circumference
measurements, although clinically validated [32], are less sensitive than imaging modalities such as
ultrasonography or computed tomography for detecting subtle changes in muscle volume. Third, the 12-week
follow-up period may have been insufficient because measurable muscle hypertrophy following FHO generally
requires 6—12 months to develop [33].

Early initiation of physiotherapy has previously been shown to improve functional recovery following FHO
[16, 34]. In the present study, UWTM rehabilitation commenced approximately 3 weeks after surgery to allow
complete wound healing, minimize the risk of water-borne surgical site infection, and ensure veterinary
confirmation of physiological readiness before aquatic exercise [35]. Although this rehabilitation period appeared
sufficient to produce meaningful functional improvement [36], it was likely too short to demonstrate measurable
increases in muscle mass.

Clinical implications

The findings of this study support UWTM as a practical, low-impact adjunct to postoperative rehabilitation
following FHO in dogs. By promoting earlier restoration of functional weight bearing and improved gait
performance, UWTM has the potential to enhance postoperative recovery while minimizing mechanical stress on
the healing limb. Nevertheless, widespread implementation in routine veterinary practice remains constrained by
logistical and financial considerations. The substantial capital investment required for UWTM equipment limits its
availability primarily to referral and specialty hospitals, thereby restricting access in rural and resource-limited
settings. Furthermore, completing a 10-session rehabilitation program entails both direct treatment costs and
indirect burdens, including repeated transportation and owner time commitments, which may adversely affect
treatment compliance. Consequently, more accessible rehabilitation strategies, including land-based or hybrid
rehabilitation programs, warrant further comparative evaluation.

Strengths and limitations

This study has several important strengths. It represents the first prospective, controlled investigation to
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objectively evaluate postoperative UWTM rehabilitation following FHO using kinetic force plate gait analysis. The
standardized and reproducible rehabilitation protocol enhances clinical applicability, while integrating objective
kinetic measurements with clinical lameness assessment provides a more comprehensive evaluation of
postoperative functional recovery than either method alone.

Several limitations should also be considered when interpreting the findings. Because comparable studies
were unavailable for estimating treatment effect size, an a priori sample size calculation based on statistical power
could not be performed; therefore, sample size was determined using the resource equation approach [19]. In
addition, convenience sampling based on owner consent and patient compliance resulted in a relatively small
study population, limiting statistical power and generalizability. The non-randomized, non-blinded allocation of
treatment groups based on owner compliance may also have introduced selection bias. Furthermore, incomplete
PVF recordings in the non-UWTM group at the 1-month postoperative evaluation precluded calculation of SDs for
some variables and limited the robustness of statistical comparisons between groups over time. Although the
present findings provide preliminary effect size estimates that may facilitate sample size determination for future
studies, they should be interpreted cautiously. Finally, the 3-month follow-up period was insufficient to evaluate
long-term muscle hypertrophy or degenerative changes within the pseudoarthrosis, and the single-center study
design may limit external validity.

Future directions

The present study evaluated UWTM as a single rehabilitation modality, without incorporating additional
physical therapy interventions commonly used in clinical practice. Combining UWTM with passive ROM exercises,
passive stretching, low-intensity laser therapy, or therapeutic ultrasound may provide synergistic benefits and
further improve postoperative recovery following FHO [16]. Future investigations should therefore include larger
randomized, double-blinded controlled trials to validate the present findings. Based on the variability in PVF
observed in this pilot study (SD = 14.20% BW), a post hoc power analysis indicates that a minimum of 12 dogs per
group would be required to achieve 80% statistical power at p = 0.05. Future studies should also extend follow-
up to 6-12 months to evaluate long-term functional recovery, muscle hypertrophy, and pseudoarthrosis
remodeling. In addition, incorporating validated owner-completed clinical metrology instruments, such as the
LOAD questionnaire [29] and the CBPI [13], would provide complementary information on functional status and
quality of life in the home environment. Finally, studies investigating rehabilitation strategies to enhance wound
healing and improve joint mobility before initiating UWTM may facilitate earlier intervention and inform the
development of evidence-based postoperative rehabilitation guidelines for dogs undergoing FHO.

CONCLUSION

This prospective controlled pilot study demonstrated that a standardized 10-session UWTM rehabilitation
protocol accelerated functional recovery following FHO in dogs. Dogs undergoing UWTM rehabilitation exhibited
significant improvements in lameness scores by 2 months postoperatively and achieved a significant increase in
PVF of the operated limb, together with reduced interlimb PVF asymmetry, by 3 months after surgery. In contrast,
the non-UWTM group showed more gradual clinical improvement without significant kinetic gains. Although thigh
circumference did not increase significantly during the study period, the findings indicate that UWTM primarily
facilitates early restoration of functional limb use rather than short-term muscle hypertrophy.

Overall, this study provides preliminary but objective evidence that postoperative UWTM rehabilitation can
accelerate functional recovery following FHO in dogs. Although confirmation in larger controlled studies is
required, these findings support the incorporation of UWTM into evidence-based postoperative rehabilitation
programs to optimize functional outcomes after FHO.
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