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Abstract

Background:With hydrotherapy rising in the United Kingdom, before understanding

the effect of hydrotherapy in animals with pathologies, kinematics data for healthy

animals is required.

Objectives: To assess how different water levels on an underwater treadmill (UWTM)

can affect joint kinematics.

Methods: Zinc oxide markers were placed on bony landmarks on the limbs of 10

healthy dogs, randomly split into five groups. An UWTM was used with water levels

to the digits, tarsus, stifle and hip. The maximum flexion, extension and ROM were

determined and a repeated measures ANOVA or Friedman’s was used to determine

significant differences.

Results:We have detected various changes in kinematics following exercise at differ-

ent water levels, in comparison with a dry treadmill, including consistent increases in

flexion of the elbow, stifle and tarsal joints, which were observed for all water lev-

els. The carpal joint had increases in flexion all water levels apart from digit level. An

increase in shoulder flexion was seen only with water on or above stifle level, while hip

kinematics had the fewest changes with only ROM increasing at high water level (hip

level). Extension of the limbs joints was not markedly affected, with only a few data

being significant. The carpal joint had an overall decrease in extensionwith water at all

levels, and the stifle joint had a decreased extension whenwater was at stifle height.

Conclusions: Water level can significantly affect joint kinematics, and knowledge of

how each water level affects the joints is relevant to design tailored hydrotherapy

protocols.
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1 INTRODUCTION

Hydrotherapy is a popular modality used to advance rehabilitation

and recovery. Underwater treadmills (UWTM), commonly used within
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canine hydrotherapy, allow the therapist to control speed, water level,

incline and temperature, tailoring rehabilitation to individual condi-

tions (Waining et al., 2011). Elucidating the biomechanical require-

ments of healthy dogs walking on an UWTM is essential to develop
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treatment plans that are aimed to specific injuries. Some gait param-

eters have been studied during UWTM locomotion at different water

levels, including stride length, stride frequency and duty factor (Bar-

nicoat & Wills, 2016), but there is no studies regarding joints flexion,

extension and range of motion (ROM) under different water levels.

Range of Motion (ROM) is defined as the degree of motion that occurs

when the bones compromising a joint movement about the joint axis

(Prydie & Hewitt, 2015). Utilised through assessment and treatment,

ROM techniques are used in animal physiotherapy to restore joint

range and identify any restrictions and compensatory mechanisms

(Zink&VanDyke, 2013). Improved ROMcan be induced bymany tech-

niques, manual and remedial, but UWTM effects on all joints ROM are

yet to be determined. Current research in human and equine studies

have documented an increase in ROM while using an UWTM, how-

ever, canine research is still lacking (Barela et al., 2006;Mendez-Angulo

et al., 2014). Understanding joint kinematics, including maximum flex-

ion, extension and ROM in the UWTM at different water levels is

important for the hydrotherapy industry, as certain conditions present

with pain on flexion and/or extension and someconditions presentwith

a deficit of certain movement, which can be restored by hydrother-

apy. For example, an increase in carpal flexion could be a significant

contraindication for carpal tenosynovitis, and an improved elbowROM

would be sought for elbow dysplasia (Preston &Wills, 2018).

The aim of this studywas to determinewhether different water lev-

els during UWTM exercise will influence limb joint flexion, extension

and ROM when compared with a dry treadmill. It was hypothesised

that canine joint kinematics would be characterised by changes in

flexion and/or extension in comparison with the dry treadmill.

2 MATERIALS AND METHODS

2.1 Animals

Ten healthy dogs (5 males and 5 females) were used in this study. Vari-

ousbreedswereused to represent the full population.As growthplates

are seen to close after 1 year, and arthritis commonly occurring at 8–

13 years, participants were between the ages of 1 and 7 (mean ± SD=

5 ± 1.9 years old) (Mele, 2007; Todhunter et al., 1997). The withers

heightwas 41.6± 12.55 cm and theweight 11.89± 9.20 kg. Some dogs

were already familiar with UWTMexercise. Participants whowere not

yet habituated went through habituation periods for three sessions

before themain trial.

2.2 Experimental design

The 10 dogs were randomly split into five groups of two, which

were allocated a different randomised sequence of water levels. Upon

arrival, each dog was assessed and checked for any signs of lameness.

The participants’ collar and leadwere removed and replacedwith a slip

lead for the handler in the treadmill to have control in the water. A

F IGURE 1 Representative image of a dog on the underwater
treadmill with lines at approximate water levels used

Canine Hydro-Physio Aqua Treadmill was used for the treadmill exer-

cise. All participants started at the dry condition, so ROM angles were

not affected by a carry-over effect of the water levels and results from

the dry were used as a baseline for comparisons to be made. Once

a gait pattern was noted as being consistent, a 30-s period of gait

was recorded. Water height was then progressed randomly through

the four water levels for each group; digit, tarsus, stifle and hip level

(Figure 1). All participants had 3 min of exercise and 30 s recorded

time on each water depth to ensure reliable strides, with at least one

to 2 min rest in between each for recovery. Speed was kept constant

betweenwater levels and set so that each dogwould walk comfortably

when the treadmill was dry. Once finished in the trial, dogswere rinsed

and shampooed to ensure all chlorine and zinc oxidewas removed from

their coat. A handler was also present in the treadmill to ensure con-

sistent gait speed and keeping the participants in the sagittal plane.

Behaviour and heart rate wasmonitored throughout the trial.

2.3 Data collection

Markers weremade from zinc oxide ointment similarly to horse partic-

ipants in the Mendez-Angulo et al. (2013) study. For white coat dogs,

the ointment was mixed with powder paint to ensure visibility in the

water. On the thoracic limb, markers were placed on the coat over the

distolateral aspect of the fifth metacarpal bone, ulnar styloid process,

lateral epicondyle of the humerus, greater tubercle of the humerus

and dorsal aspect of the scapula. On the pelvic limbs, markers were

placed on the distolateral aspect of the fifth metatarsal bone, lateral

malleolus of the fibula, lateral femoral condyle, greater trochanter of

the femur and the iliac crest (Jarvis et al., 2013) (Figure 2). To ensure

consistency, the same researcher and qualified hydrotherapist applied

the markers and remained in the UWTM respectively, to control

variation.

Two high-speed cameras (Quintic USB3 1.3 MPixels) were posi-

tioned on either side of the treadmill, 1m away from the treadmill, with

a fieldof viewcapturing the full areaof the treadmillwindow2m×1m).
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F IGURE 2 Photographic image of a dog indicating the locations of
forelimb and hindlimb skinmarkers (white circles) used to identify
body segments (white lines) for determination of joint angles.
Measurements of angles for each evaluated joint (shoulder, elbow,
carpus, hip, stifle and tarsus) are indicated (curvedwhite lines)

Cameras captured videos at eachwater level, either side of the UWTM

at 240 fps to the 720 p resolution (1280× 720 pixels).

2.4 Data analysis

Videos were analysed on video analysis software (Quintic Biomechan-

ics, Quintic Consultancy Ltd, Birmingham, UK). Maximum extension

was taken from the maximum angle, the maximum flexion was taken

from the minimum angle during a full stride and ROM was calculated

bymaximumextensionminusmaximum flexion. Three full strideswere

analysed for each dog at each water level, in accordance to previously

published literature (Marsolais et al., 2003). The selected strides were

the ones where the dog was looking forward and gait patterning con-

sistently. Due to the inability to use reflective markers underwater, all

video tracking was performed manually. All raw data were smoothed

using a Butterworth low-pass filter, fourth order with a cut-off fre-

quency of 10 Hz. Data from three strides were averaged for statistical

analysis.

2.5 Statistical analysis

Meanvalues of flexion, extension andROMwereplaced through statis-

tics software (SPSS Statistics, v. 25). Normality of data was examined

through Shapiro–Wilk test. Parametric data was analysed with one-

way repeated measures ANOVA, with post hoc tests with Bonferroni

correction. Non-parametric data were analysed using Friedman’s test,

with post hoc applying Bonferroni corrections. For this research, we

have just considered the differences between the dry treadmill and the

other water heights.

TABLE 1 Forelimb joints flexion, extension and ROMpercentage
change at all water levels in relation to dry treadmill values (n= 10)

Joint Assessed Water level Flexion Extension ROM

Shoulder Digit +1.6% +0.2% –1%

Tarsus +5.6% +1.9% +14.3%

Stifle +7.62% +0.6% +26.8%

Hip +16% +0.4% +78%

Elbow Digit +13.5% +0.9% +23.7%

Tarsus +17.62% +0.7% +37.3%

Stifle +21.1% +1.8% +39.2%

Hip +27.37% +6.17% +97.3%

Carpus Digit +7.1% –3% +2.2%

Tarsus +19.6% –8.92% +19.8%

Stifle +19.12% –6.7% +9.6%

Hip +30% –7.23% +27.9%

Note: The highlighted numbers represent the water levels where the out-

comes were statistically significant different from dry treadmill, in green

when therewas an increase and in redwhen therewas a decrease (p<0.05).

3 RESULTS

3.1 All dogs in the study successfully completed
the protocol uneventfully

3.1.1 Shoulder kinematics

Kinematic analysis revealed that shoulder flexion had statistically sig-

nificant increases from the baseline dry condition to stifle (p = 0.023)

and hip level (p = 0.000015). Extension did not have a significant dif-

ference (p = 0.147) between conditions, while shoulder ROM shown

significant increase at hip level (p = 0.047) when compared with dry

treadmill (Figure 2). The percentage on changes in shoulder kinematics

in relation to the dry condition can be seen on Table 1 and Figure 3.

3.2 Elbow kinematics

Kinematic analysis revealed that elbow flexion increases with all water

levels in comparison to dry treadmill. A higher joint flexion was

achieved at digit levelwater (p=0.007), tarsus level (p=0.000158), sti-

fle level (p=0.001),with its biggest increase at hip level (p<0.0005). At

hip water level, both extension (p= 0.047) and ROM (p< 0.0005) have

increased in relation to the dry condition (Figure 3). The percentage on

changes in elbow kinematics can be seen on Table 1.

3.3 Carpus joint kinematics

Carpal flexion increased at tarsalwater level (p=0.000132), stifle level

(p = 0.002) and hip level (p = 0.000011) in comparison with the dry

condition. Carpal extension, when compared with the without water
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F IGURE 3 Shoulder, elbow and carpus kinematics (flexion, extension and ROM) of dogs (n= 10) walking on an underwater treadmill at
different water levels (dry, digit, tarsal, stifle and hip level). The bottom and top of the box are the first and third quartiles, the band inside the box is
the second quartile (themedian), and the ‘x’ is themean. The lines extending vertically from the boxes (whiskers) indicate theminimum and
maximum of all of the data. *Significant differences between in relation with the dry condition (p< 0.05)

condition, decreased at tarsal level (p<0.0005), stifle level (p<0.0005)

and hip level (p = 0.003) (Figure 3). Furthermore, due to the increase

in flexion and the decrease in extension, there was no elicited changes

in ROM. Percentage of changes in carpus kinematics in relation to dry

condition can be seen on Table 1.

3.4 Hip kinematics

There has been no statistically significant differences in hip flexion (p=

0.005) or extension (p= 0.382) at the different water levels in compar-

ison with without water. However, there was a significant increase in

ROM at hip water level (p = 0.019) when compared with dry condi-

tion (Figure 4). Table 2 shows the changes (in %) of hip kinematics at

the different water levels in comparison with dry treadmill.

3.5 Stifle kinematics

Significant increases in flexion were seen from dry level to digit (p =

0.004), tarsus (p = 0.000005), stifle (p < 0.0005) and to hip (p =

0.000031) water levels. Stifle extension was significantly decreased at

stifle water level (p = 0.04) when compared with dry. Stifle ROM has

significantly increased from dry treadmill to the water levels of stifle

(p= 0.007) and of hip (p= 0.019) (Figure 4). On Table 2, these changes

can be seen as percentage of change in relation to dry condition.
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F IGURE 4 Hip, stifle and tarsus kinematics (flexion, extension and ROM) of dogs (n= 10) walking on an underwater treadmill at different
water levels (dry, digit, tarsal, stifle and hip level). The bottom and top of the box are the first and third quartiles, the band inside the box is the
second quartile (themedian) and the ‘x’ is themean. The lines extending vertically from the boxes (whiskers) indicate theminimum andmaximum
of all of the data. *Significant differences between in relation with the dry condition (p< 0.05)

3.6 Tarsal joint kinematics

When comparingwith dry treadmill, analysis has found statistically sig-

nificant increases in tarsal flexion from dry level to digit (p = 0.011),

tarsal (p = 0.000337), stifle (p = 0.000001) and hip (p = 0.000016)

water levels. However, there has been no significant changes in exten-

sion (p = 0.927). Tarsal ROM had significant difference at stifle level (p

= 0.004) and hip level (p = 0.019) when compared with the dry condi-

tion (Figure 4). These significant differences can be seen on Table 2 as

% of change in relation to without water.

4 DISCUSSION

We have detected various changes in kinematics following exercise at

different water levels, in comparison with a dry treadmill. The most

marked findings are consistent increases in flexion for the elbow, sti-

fle and tarsal joints, which were observed for all the water levels. The

carpal joint had an increase in flexion in most water levels. An increase

in shoulder flexion was seen only with water on or above stifle level,

and hip kinematics had the fewest changes, with the only significant

change being increase in ROM at the highest water level (hip level).
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TABLE 2 Hindlib joints flexion, extension and ROMpercentage
change at all water levels in relation to dry treadmill values (n= 10)

Joint assessed Water level Flexion Extension ROM

Hip Digit +5.2% +0.9% +20.4%

Tarsus +4.2% +1.5% +21.1%

Stifle +5.4% +1.9% +22.2%

Hip +23.2% +3.8% +44.4%

Stifle Digit +10.97% –3% +4.4%

Tarsus +19.43% –4.5% +27.5%

Stifle +28.37% –5.32% +51.5%

Hip +25.1% +1.8% +46.6%

Tarsal joint Digit +9.18% –0.1% +20.5%

Tarsusl +15.15% –5.9% +46.8%

Stifle +21.27% –6.8% +62.9%

Hip +21.8% +0.6% +60.3%

Note: The highlighted numbers represent the water levels where the out-

comes were statistically significant different from dry treadmill, in green

when therewas an increase and in redwhen therewas a decrease (p<0.05).

Extension of studied joints was not markedly affected, with only few

outcomes being significantly different from dry treadmill. Carpal joint

had an overall decrease in extension during UWTM walking and stifle

joint had a decreased extension when water was at the same level as

the joint.

To our knowledge, this was the first experiment exploring canine

full limb joints kinematics duringUWTMexercises. Barnicoat andWills

(2016) have assessed stride parameter changes, but not individual

joints kinematics. In Barnicoat and Wills (2016) research there was a

significant effect of water depth on duty factor, stride frequency and

stride length.

A baseline condition of dry was used to gain comparisons between

the different water levels. A 30-s period was filmed in the study as

this has been supported in a study by Owen et al. (2004), which found

kinematic results to be maintained over a 30-s period in a 2-min

test period. Furthermore, Torres et al. (2013) found that ground and

treadmill-based walking delivered similar waveforms regarding direc-

tional movement. This highlights a similarity between walking on land

andwalking on the treadmill, whichwas important in this study to allow

comparisons between eachwater level and the baselinewalking ondry.

Immersion to the digit level encourages an increase in elbow, sti-

fle and tarsal flexion (13.5%, 10.97% and 9.18% respectively). Similar

observations have been seen in equine research with an increase in

elbow, stifle and tarsal flexion; however, carpal flexion was also seen to

increasewhichwas not observed in the current study (Mendez-Angulo

et al., 2014). This can be attributed to the anatomical and biome-

chanical differences of the carpal joint in horses and dogs. Dogs have

hyperextension of this joint, contributing to an increased extension and

ROM.

The results of immersion to the digit level could be an indica-

tor of proprioceptive benefits. Neural pathways are re-established by

stimulating nerve signals and motor pathways to activate muscle con-

traction and stimulate nociceptors (Olby et al., 2005). Peripheral nerve

stimulation improves motor performance by stimulating corticospinal

pathways, enlarging awareness of the limb (Frank & Roynard, 2018).

With a small amount of water touching the limbs, tactile stimulation

plays a large role in active ROM. Tactile stimulators act via cuta-

neous mechanoreceptors, which modulate limb activation in response

to cutaneous afferent stimulation (Clayton et al., 2010). The reactive

phase of muscular response is the same stimulus triggering flexor or

extensormuscles (Rossignol et al., 1981). Research in humans explores

cutaneous stimulation of the plantar surface of the foot influencing

reflexmodulation of the tarsalmuscles (Fallon et al., 2005). In the study

described here, afferent input from cutaneous mechanoreceptors in

the digits region increased tarsal flexion, and consequently the stifle

was also stimulated, consistent with the human responses described

above. Following this stimulation at digit level, lower joints increase

flexion, but no effects were seen at upper joints when the water was

only at digit level. In terms of rehabilitation, this study supports water

contributing to increased neural input, whichwill be beneficial for neu-

rological cases that require tactile stimulation to help neural pathways

becomemore efficient.

At tarsal water level, we observed a significant increase in carpal,

elbow, stifle and tarsal flexion. Water immersion at the tarsal will pro-

vide some resistance and also stimulate cutaneousmechanoreceptors.

Muscle activation has been recognised to be in response to cutaneous

afferent stimulation (Sherrington, 1910). With the water activating

mechanoreceptors for muscle activation, increase in flexion of the

carpal, elbow, stifle and tarsal will be activated via the radial and tib-

ial nerve. Furthermore, with the small amount of resistance felt at

the tarsal, the participants will increase movement through the joints

to overcome the surface tension and resistance by raising the limbs

above water level rather than through the water (McGowan & Goff,

2016).

Furthermore, at tarsal level, there is evidence to suggest that buoy-

ancybegins tohaveaneffect asbodyweight hasbeen seen to reduceby

9%, which reduces vertical ground reaction forces (Levine et al., 2010).

The effects of buoyancy may be beneficial for patients with arthritis as

it will reduce theweight bearing on the limbs. Accordingly, in our study,

carpal extension decreased by as much as 8.92%, which implies less

loading of forelimbs during hydrotherapy, as carpal extension is seen

to increase when more loading is imposed (Appelgrein et al., 2019).

This may be beneficial for some forelimb conditions, which are exacer-

bated by forelimb loading such as elbow dysplasia. Indeed, description

of improvement of elbow ROM following a hydrotherapy session has

been described by Preston andWills (2018).

When thewaterwas raised to the stifle, it began to have an effect on

themost proximal joints. All joints, apart from the hip, increased in flex-

ion. Shoulder flexion increased by 7.62%. Reasoning for a difference in

shoulder movement at stifle level may be due to the resistance causing

the limb to retract more. Furthermore, stifle water level induced the

biggest flexion increase at the stifle joint. This reflects Jackson et al.

(2002) with joint flexion being its greatest when the water is filled at

the joint of interest. Therefore, stifle water level was the first level

that encouraged active ROM in the stifle and tarsal joint. It could be
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suggested that hydrostatic pressure may be acting on the joints by

stimulatingmechanoreceptors (King et al., 2013).

However, at stifle level, extension of the stifle decreases. This could

be due to the cohesion and resistance of the water. Stifle extension

occurs in preparation for ground contact at 80% of the total stride

(McGowan & Goff, 2016). With depth of immersion, more force is

required to move the body against the water resistance (Torres-Ronda

& Alcázar, 2014). Therefore, it could be argued that instead of acting

against the force, the canine participants exert less force and energy

to make it easier when walking through the water, ultimately reducing

stifle extension. Therefore, if a dog is presenting with a lack of sti-

fle extension, for example, after cranial cruciate ligament surgery, the

UWTM exercise at this level would not bring any benefit in restoring

extension as also discussed byMarsolais et al. (2003).

Current research highlights hip water level providing the most

reduction in vertical ground reaction forces (Levine et al., 2010). Less

concussive forces are placed through the joints at a higher water level

and an increase in ROM has been noted in similar research (Mendez-

Angulo et al., 2014; Orselli & Duarte, 2011). Hip water level creates

the greatest shoulder flexionwith a 90.7% increase in ROM. Therefore,

if the rehabilitation is targeting shoulder flexion, a higher water level

should be recommended.

Elbow flexion increased by 115%, which highlights a reduction in

forces being placed through the limbs in order for the elbows to flex.

Levine et al. (2010) found 71% of weight distributed to the forelimbs

at hip level during stationary partial immersion. However, the study

conducted involved walking which encourages individual limb use for

correct gait patterning, preventing compensatory mechanisms (Millis

& Levine, 2014).During swimming, elbow flexionhas beendocumented

to be at its greatest without a floatation device compared to with

(Preston et al., 2018).

Stifle flexion decreased at hip water level compared to the stifle

water level. This could be due to participants not being able to break

water surface tension as the joint was fully submerged (Prankel, 2008).

Hip water level did provide the best ROM for the stifle which may

be beneficial for conditions that lack overall stifle ROM rather than

a reduction in flexion alone which is commonly seen post cruciate

surgery (Jandi & Schulman, 2007).

Hip ROM was seen to increase at hip water level by 42%, which

could benefit patients with hip dysplasia. Hip water level creates sub-

stantial buoyancy (Levine et al., 2010) andParkinson et al. (2018) found

a reduction in activity at the gluteus medius so UWTM may not be the

ideal modality when an increase in hip extension or flexion is desired.

This study was not without limitations. These factors included the

use of a 2-D kinematics analysis and refraction of light in water. How-

ever, all attempts were made to minimise these factors: the same

researcher placed markers on all, filled the underwater treadmill with

water, set up the video camera and manually analysed the videos. In

addition, three strides for each dog at each water depth were anal-

ysed; this has minimised variability. Some authors, while doing UWTM

analysis in horses (Mendez-Angulo et al., 2013), have attempted to cor-

rect data for the camera position and refraction of light; however, it is

not possible to correct for error attributable to motion of the tread-

mill, water turbulence, or movement of limbs. As the calculated error

due to refraction of light seems to be as low as 1.3% (McCrae et al.,

2020), we have conducted without any correction for refraction of

water.

In conclusion, the UWTM is a modality that provides therapeutic

benefits through the improvement of jointmotion, especially joint flex-

ion. The aim of this study was to identify changes in both forelimb and

hindlimb kinematics as they relate to a therapeutic programme. The

current study has shown that water level has to be adjusted to tar-

get specific joint being treated, with higher water necessary to impact

kinematics of themost proximal joints. Results have shown that a small

amount of water at the digit provides sensory input and could poten-

tially help with inducing a small increase in elbow and stifle flexion.

However, it has also shownalternating increases between the stifle and

elbow joint at varying water levels due to the different water prop-

erties acting on the joints, portraying compensatory mechanisms that

occur during UWTM exercise. UWTM exercise has also proved to be

safe on the situations where increase in joints extension is not desir-

able. This piece of research highlights the importance of considering

the effects of correct water height when formulating a hydrotherapy

protocol.
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