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Abstract

Ongoing animal preclinical studies on transcutaneous bone-anchored prostheses have aimed to 

improve biomechanics of prosthetic locomotion in people with limb loss. It is much less common 

to translate successful developments in human biomechanics and prosthetic research to veterinary 

medicine to treat animals with limb loss. Current standard of care in veterinary medicine is 

amputation of the whole limb if a distal segment cannot be salvaged. Bone-anchored 

transcutaneous prostheses, developed for people with limb loss, could be beneficial for veterinary 

practice. The aim of this study was to examined if and how cats utilize the limb with a bone-

anchored passive transtibial prosthesis during level and slope walking. Four cats were implanted 

with a porous titanium implant into the right distal tibia. Ground reaction forces and full-body 

kinematics were recorded during level and slope (±50%) walking before and 4–6 months after 

implantation and prosthesis attachment. The duty factor of the prosthetic limb exceeded zero in all 

cats and slope conditions (p < 0.05) and was in the range of 45.0–60.6%. Thus, cats utilized the 

prosthetic leg for locomotion instead of walking on three legs. Ground reaction forces, power and 

work of the prosthetic limb were reduced compared to intact locomotion, whereas those of the 

contralateral hind- and forelimbs increased (p < 0.05). This asymmetry was likely caused by 

insufficient energy generation for propulsion by the prosthetic leg, as no signs of pain or 

discomfort were observed in the animals. We concluded that cats could utilize a unilateral bone-

anchored transtibial prosthesis for quadrupedal level and slope locomotion.

Keywords

Porous titanium implant; Bone-anchored prostheses; Prosthetic quadrupedal walking; Cat

*Corresponding author at: School of Biological Sciences, Georgia Institute of Technology, 555 14th Street NW, Atlanta, GA 
30332-0356, USA. boris.prilutsky@ap.gatech.edu (B.I. Prilutsky). 

Conflict of interest statement
We certify that there is no conflict of interest with any financial organization regarding the material discussed in the manuscript.

HHS Public Access
Author manuscript
J Biomech. Author manuscript; available in PMC 2018 July 27.

Published in final edited form as:
J Biomech. 2018 July 25; 76: 74–83. doi:10.1016/j.jbiomech.2018.05.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

It is a common practice to use animal models to investigate biomechanical function, safety 

and efficacy of orthopedic and prosthetic implants, procedures and technologies for 

translation to human clinical practice. For example, ongoing animal studies on 

transcutaneous porous titanium bone implants (Farrell et al., 2014a,b; Fitzpatrick et al., 

2011; Pitkin et al., 2009; Shelton et al., 2011) have aimed to reduce skin infection in 

individuals with bone-anchored lower limb prostheses (Branemark et al., 2014; Drygas et 

al., 2008; Tillander et al., 2010; Tsikandylakis et al., 2014), and ultimately to improve 

biomechanics of prosthetic locomotion. It is much less common, however, to translate 

successful developments in human biomechanics, orthopedic and prosthetic research to 

veterinary medicine to treat animals with limb loss. According to Mich (2014), the current 

dogma in veterinary medicine of quadrupedal pets (dogs and cats) is: ‘‘animals do great on 3 

legs”. As a result, standard of care in veterinary medicine is amputation of the whole limb if 

a distal segment (e.g., foot) cannot be salvaged. This, in turn, leads to animal limited 

mobility, weight gain, break-down of a sound limb, chronic neck and back pain, and 

premature euthanasia (Mich, 2014; Mich et al., 2013). The method of direct attachment of a 

prosthesis to the residual limb, developed for people with limb loss, could be beneficial for 

veterinary practice.

Direct attachment of limb prosthesis to the residual bone using a transcutaneous solid 

titanium implant inside the medullary cavity has been used in individuals with limb loss 

since the 1990s (Branemark et al., 2001; Hagberg and Branemark, 2009; Jonsson et al., 

2011; Van de Meent et al., 2013). Several advantages of bone-anchored limb prostheses over 

conventional socket-attached prostheses have been reported. Bone-anchored prostheses 

improve load transmission, eliminate skin problems caused by skin friction inside the socket 

(irritation, blisters, edema and dermatitis) (Hagberg and Branemark, 2009; Jonsson et al., 

2011; Juhnke et al., 2015), and increase range of motion (Hagberg et al., 2005; Tranberg et 

al., 2011). Bone-anchored prostheses improve comfort and confidence of the users (Hagberg 

et al., 2008; Lundberg et al., 2011; Witso et al., 2006) and permit easier donning and doffing 

of the prosthesis (Jonsson et al., 2011). In addition, bone-anchored prostheses improve 

perception of prosthesis loading, defined as osseoperception (Haggstrom et al., 2013a; 

Jacobs et al., 2000; Lundborg et al., 2006), lead to fewer clinical visits to the prosthetist 

(Haggstrom et al., 2013b), and result in improvement of walking mechanics (Frossard et al., 

2013; Hagberg et al., 2005; Tranberg et al., 2011).

All these advantages of bone-anchored prostheses would be beneficial to quadrupedal 

animals with limb loss if animals choose to utilize a prosthesis on one leg over locomoting 

on three sound legs, as currently assumed in veterinary medicine (Mich, 2014). Although 

few case report studies have suggested that quadrupedal animals might utilize a unilateral 

distal bone-anchored prosthesis for walking (Farrell et al., 2014a; Fitzpatrick et al., 2011), 

no studies have been published that rigorously document whether quadrupedal animals 

systematically utilize unilateral transtibial prostheses during locomotion and how prosthetic 

locomotion is performed. The use of the prosthetic limb during quadrupedal locomotion 

might depend on which limb is missing (forelimb versus hindlimb) and on loading demands 

on the prosthetic limb. For example, during downslope walking at grade 50%, peak loading 
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on the hindlimbs is reduced by ~25% compared to 50%-upslope walking (Gregor et al., 

2006; Prilutsky et al., 2011). Reduced loading on the prosthetic limb could prompt the 

animal not to utilize the prosthesis at all and to locomote on three legs instead.

Therefore, the aim of this study was to examined if and how cats utilize the limb with a 

bone-anchored passive transtibial pros-thesis during downslope, level and upslope walking. 

We judged whether the animal used the prosthetic limb for locomotion based on the duty 

factor (the ratio of the stance phase duration over the cycle duration). We hypothesized that 

the duty factor will not be zero, i.e. the stance phase of the prosthetic limb would be present. 

If the first hypothesis was confirmed, one would expect a reduced loading of the prosthetic 

leg during locomotion as observed in people walking with a unilateral passive transtibial 

prosthesis (Barr et al., 1992; Fey et al., 2011; Segal et al., 2006). Therefore, if the animals 

would utilize quadrupedal gait with the prosthesis, we would test a second hypothesis that 

the ground reaction forces and work done by the prosthetic limb would be reduced compared 

to those of the sound limbs.

2. Methods

Full descriptions of the surgical and rehabilitative procedures, prosthesis and implant design, 

and data acquisition have been published previously (Farrell et al., 2014a) and only briefly 

described here. All experimental procedures were in agreement with the US Public Health 

Service Policy on Humane Care and Use of Laboratory Animals and were approved by the 

Institutional Animal Care and Use Committees at both Georgia Institute of Technology and 

St. Joseph’s Translational Research Institute (now known as T3 Labs).

The subjects were four adult purpose-bred cats (baseline mass range 3.0–3.2 kg, Table 1) 

from our ongoing translational study on integration of the titanium porous Skin- and Bone-

Integrated Pylon (SBIP; Poly-Orth International; Sharon MA, USA) with the residual limb 

(Farrell et al., 2014a; Jarrell et al., 2016, 2017). The cats were trained (~2 h a day, 5 days a 

week for 3–4 weeks) to walk along an enclosed walkway with 3 embedded force platforms 

(Bertec Corporation, Columbus OH, USA). The walkway was set at three slopes: 0% (level), 

50% (upslope), and −50% (downslope). At the end of the training period, full-body 

kinematics and ground reaction forces were recorded by a 6-camera motion capture system 

(Vicon, UK) and the force platforms during level and sloped walking.

Prior to implantation, sagittal and frontal plane X-ray images of the right tibia of each cat 

were taken to evaluate the size and shape of the medullary canal. Porous titanium SBIP 

implants were obtained from Poly-Orth International (Sharon, MA, USA). Implants had a 

tapered design similar to the tibial marrow cavity, which was reamed to a press fit. The 

distinction of the SBIP from existing systems for direct skeletal attachment of limb 

prostheses (Pitkin, 2013) is its total permeability achieved in a structure consisting of porous 

cladding and perforated inserts (Pitkin et al., 2012). The SBIP material specification has a 

uniquely selected combination of four critical parameters: particle size, pore size, porosity 

and volume fraction (Pitkin and Raykhtsaum, 2012). This allows for deep ingrowth of the 

hosting tissues of bone and skin in combination with implant durability and resistance to 

fatigue (Farrell et al., 2014a,b; Pitkin et al., 2009).
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After implantation surgery, performed on the right hindlimb in each cat under sterile 

conditions with isoflurane anesthesia, the residual right hindlimb with implant (prosthetic 

limb) was casted for 10 weeks to prevent premature loading (Farrell et al., 2014a). During 

weeks 6 through 10 after implantation, the distal end of the protruding implant was loaded 

for 15 min 3 times a week using a hand-held digital dynamometer (Accu-Force Cadet, 

Ametek, Largo, FL, USA) with gradually increased forces in each week from ~4% to 45% 

of body weight with a step of 10% (Farrell et al., 2014a). During this procedure, the animal, 

laying on the left side, was fed and petted by a researcher, while another one gently applied 

the specified load to the implant. This procedure aimed to strengthen bone-implant 

integration and was similar in terms of the loading initiation time, duration and magnitude to 

those used in individuals with press-fitted titanium implants for bone-anchored trans-femoral 

prostheses (Aschoff et al., 2010; Juhnke et al., 2015). Starting with week 11, the cast was 

removed and a prosthesis was attached to the SBIP.

The cat was trained to stand and walk on the prosthesis with food reward for 4–6 weeks (the 

same training protocol as before surgery). After the animal started walking on the J-shaped 

transtibial prosthesis, level and slope locomotion was recorded several days a week for at 

least 4 weeks.

Data for slope walking in the first studied cat (cat QMV5, Table 1) were not collected due to 

uncertainty about the ability of cats with a transtibial passive prosthesis to walk on slopes. 

Data of cat 11NLS4 for level intact walking were of poor quality and could not be analyzed. 

Since there were no intact control data for this cat during level walking, prosthetic level 

walking was not collected. Number of analyzed cycles per limb in each slope condition pre 

and post implantation are summarized in Table 2.

After locomotion data were collected, the animal was euthanized using deep anesthesia (an 

overdose of sodium pentobarbital, 120–180 mg/kg, IV) and the residual shank with the 

implant was harvested for histological analysis as described in (Farrell et al., 2014a).

A full-body inverse dynamics analysis in the sagittal plane was performed to determine the 

resultant moments at hindlimb and forelimb joints, and subsequently their negative and 

positive power and work (Prilutsky and Klishko, 2011; Prilutsky et al., 2005) before 

implantation and during prosthetic walking. Inertial properties of the prosthesis were 

determined using measurements of prosthesis weight, as well as suspension and geometric 

methods (Farrell et al., 2014a). Mass of the prosthesis was smaller than the estimated mass 

of the foot and distal third of the tibia that the prosthesis substituted (Table 1).

The limb duty factor and the mean walking speed in the cycle were calculated for each limb 

and cycle and averaged across cycles for each animal and slope condition and across 

animals. The time-dependent kinetic variables (tangential and normal ground reaction 

forces, GRFx and GRFz, respectively, and joint powers) were time-normalized to the 

duration of the stride of the corresponding limb. Powers were computed for individual joints 

of each limb: metatarsophalangeal, ankle, knee, and hip joints for hindlimbs and 

metacarpophalangeal, wrist, elbow and shoulder joints for forelimbs. Each time-normalized 

variable was averaged at each percent of the cycle across cycles of the corresponding limb 
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for each cat and across cats. Total negative and positive work of each limb was obtained 

from the total limb power computed as the sum of powers in individual joints. All kinetic 

variables were also amplitude-normalized to subject’s body mass.

IBM SPSS Statistics software, v24 (IBM SPSS, Chicago IL, USA) was used to test 

hypotheses of the study. In these tests, cats served as their own controls. The one-sample T-

test (or the one-sample Wilcoxon signed rank test when the variable was not normally 

distributed) was used to test the hypothesis that the duty factor of the prosthetic limb differed 

from zero, i.e. the animals utilized quadrupedal locomotion with the prosthesis. These tests 

were performed on individual animals and across all animals. To test if the duty factor, peak 

GRF, and work of the prosthetic limb pre and post implantation differed from those of the 

sound limbs, we used a mixed linear model analysis (Brown and Prescott, 2006; West et al., 

2015). This analysis takes the advantage of a within-subject design and using all individual 

trials of each subject. That increases statistical power of the analysis and makes it suitable 

for analyzing small-sample data sets. Given a small number of subjects, the mixed linear 

model analysis was first performed on each cat. In this analysis, the fixed factors were 

walking condition (pre implantation, post implantation), limb (prosthetic right hindlimb, PH; 

ipsilateral forelimb, IF; contralateral hindlimb, CH; contralateral forelimb, CF), and walking 

slope (level, downslope, upslope). The dependent variables were the duty factor, peak of 

GRFz, and total positive work of the limb. The post hoc comparisons with Bonferroni 

adjustments were performed when a fixed factor was found to be significant. In addition, the 

same analysis was performed across all cats; to do that a random factor Cat was added. To 

account for a possible influence of the walking speed on kinetic variables (Lelas et al., 

2003), the cycle time of the corresponding limb was used as a covariate in all mixed linear 

model analyses. The cycle time was considered a better covariate than walking speed due to 

interlimb variability of cycle time.

To compare patterns of kinetic variables within the walking cycle between pre and post 

implantation walking, the wavelet-based functional ANOVA (wfANOVA) analysis was used 

(McKay et al., 2013; Potocanac et al., 2016). This method reveals differences in the shape 

and magnitude of time-dependent variables with both high temporal resolution and high 

statistical power (McKay et al., 2013). Significance level in all statistical tests was set at 

0.05.

3. Results

No signs of discomfort or pain were observed in the animals during the post-surgical pylon 

loading in weeks 6 through 10 (the absence of limb withdrawal) or during prosthetic use. 

Behavioral observations of the prosthesis use indicated that the cats engaged the prosthesis 

for standing, walking, and, occasionally, jumping.

3.1. Duty factor

Since the independent fixed factor of slope did not significantly affect the duty factor (F2,268 

= 1.913, p = 0.150), statistical tests on the duty factor were performed across the three slope 

conditions. The duty factor of the prosthetic hindlimb (PH) during walking was significantly 

different from zero for each of 4 animals (QM04: 0.62 ± 0.09, p = 0.001; 09NHT4: 0.62 
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± 0.09, p < 0.001; 11NLS4: 0.44 ± 0.18, p < 0.003; QMV5: 0.56 ± 0.02, p < 0.001), see Fig. 

1A. The duty factor for the prosthetic hindlimb was shorter in post implantation walking 

than in intact pre implantation walking in 3 out of 4 cats (F1,268 = 14.6–85.3, p ≤ 0.001; Fig. 

1A). For the contralateral hindlimb (CH) and forelimb (CF), the duty factor was greater in 

post than in pre implantation walking in each animal (F1,268 = 4.8–84.0, p ≤ 0.001–0.029; 

Fig. 1A). The duty factor of the prosthetic hindlimb analyzed across all slopes and cats, was 

smaller in post implantation than in intact pre implantation walking (F1,268 = 84.4, p < 

0.001), whereas the duty factor of the remaining 3 limbs was higher during post compared to 

pre walking (F1,268 = 4.2–180.1, p ≤ 0.001–0.041; Fig. 1B).

3.2. Ground reaction forces

During the stance phase of post implantation walking, the prosthetic hindlimb of each cat 

exerted substantial peaks of the normal ground reaction force in all slope conditions (GRFz, 

~2–4 N/kg) that, however, were lower than the GRFz peak values prior to surgery in 3 out of 

4 cats (~4–5 N/kg, F1,268 = 17.7–207.4, p < 0.001; Fig. 1C, 2). The contralateral hind- and 

forelimb exerted larger peaks of GRFz during post than pre implantation walking in all cats, 

while the ipsilateral forelimb demonstrated higher peak forces in 3 out of 4 cats (F1,268 = 

4.2–25.1, p < 0.041; Fig. 1C, 2).

GRFz values of the prosthetic hindlimb post implantation were lower than those of the same 

limb before surgery in early and mid-stance of downslope walking, in early and late stance 

of level walking, and in the entire stance of upslope walking (wfANOVA, p < 0.05; Fig. 2, 

shaded areas). GRFz of the contralateral hindlimb and forelimb increased in late stance of 

post implantation walking in all slope conditions, as well as in early stance of downslope 

and level walking (wfANOVA, p < 0.05; Fig. 2). Peaks of GRFz of the prosthetic hindlimb 

post implantation decreased by 30%, 45%, and 46% during level, downslope, and upslope 

walking, respectively (F1,312 = 27.1–90.5, p < 0.001). The GRFz peak of contralateral 

hindlimb and forelimb increased during post implantation walking in all slope conditions in 

the range of 16%–60% (F1,312 = 11.1–68.0, p ≤ 0.001). A small significant increase in GRFz 

peak of ipsilateral forelimb occurred during post implantation level walking (10%, F1,313 = 

4.5, p = 0.035).

GRFx values of the prosthetic hindlimb were lower after implantation throughout most of 

the stance phase duration in all slope walking conditions (as revealed by the wfANOVA, p < 

0.05, shaded areas in Fig. 3). GRFx values in the contralateral hindlimb and forelimb were 

higher in substantial portions of stance during post implantation walking (wfANOVA, p < 

0.05). Compared to pre implantation walking, ipsilateral forelimb GRFx during prosthetic 

walking was slightly but significantly higher in the terminal period of stance in upslope 

condition, and it was lower in the initial and terminal periods of stance in level condition. No 

difference in ipsilateral forelimb GRFx between post and pre implantation walking was 

observed in downslope condition (p > 0.05; Fig. 3). GRFx peaks in the prosthetic hindlimb 

post implantation were lower than during pre implantation walking in level (acceleratory 

force by 59%: F1,316 = 25.7, p < 0.001; braking force by 52%: F1,316 = 14.9, p < 0.001), 

downslope (braking force by 66%: F1,316 = 133.3, p < 0.001), and upslope conditions 

(acceleratory force by 54%; F1,316 = 181.8, p < 0.001). GRFx peaks of the contralateral 

Jarrell et al. Page 6

J Biomech. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hindlimb and forelimb were higher in downslope (braking force by 22–33%: F1,316 = 31.2–

47.7, p < 0.001) and upslope (acceleratory force by 21–85%: F1,316 = 29.4–143.8, p < 0.001) 

conditions of prosthetic walking (Fig. 3).

3.3. Total limb power and work

Little power and work was produced by the prosthetic hindlimb post implantation in all 

slope conditions (Figs. 4 and 5). During pre implantation walking, the same hindlimb 

produced negative power (absorbed mechanical energy) in the stance phase of down-slope 

walking and first third of stance of level walking; positive power (energy generation) was 

produced in last two thirds of the stance phase of level walking and during the entire stance 

of upslope walking. In three out of four cats, positive work done by the prosthetic limb post 

implantation was lower than that of the same limb before surgery (F1,268 = 12.6–78.0, p < 

0.001; Fig. 1D). The contralateral hindlimb produced higher negative and positive power and 

work during post implantation walking in all slope conditions (wfANOVA, p = 0.05; Figs. 4 

and 5). In three of four cats, positive work of the contralateral hindlimb was higher during 

post implantation than pre implantation walking (F1,268 = 4.9–84.6, p ≤ 0.001–0.027; Fig. 

1D).

Forelimbs produced primarily negative power and did negative work during pre implantation 

walking in downslope and level conditions. During post implantation level walking, both 

contralateral and ipsilateral forelimbs generated mostly positive power and work. During 

post implantation downslope walking, the contralateral forelimb produced more negative 

power in the end of stance (wfANOVA, p = 0.05; Fig. 4). There was less difference in power 

generation and work done between post and pre implantation walking in the ipsilateral and 

contralateral forelimbs in individual cats and across all cats (Figs. 1D, 4 and 5).

4. Discussion

The results of the study supported the hypothesis that cats with a SBIP-attached unilateral 

transtibial prosthesis would use it for support during quadrupedal locomotion – the duty 

factor of the prosthetic limb exceeded zero and was in the range of 45.0–60.6% for all cats. 

Additionally, the prosthetic limb generated substantial normal GRF during level and slope 

walking post implantation. The second hypothesis that the GRF and work values produced 

by the prosthetic limb would be lower compared to the sound limbs post implantation was 

also supported. Thus, the current standard of care in veterinary medicine, i.e. amputation of 

the whole limb if a distal limb segment cannot be salvaged, should be reexamined. In our 

study, all four cats utilized the unilateral transtibial prosthesis for walking rather than 

ambulating on three legs. Although quadrupedal prosthetic walking is still asymmetric (Figs. 

1–5) and this may lead to secondary conditions in the sound limbs, back and neck (Mich, 

2014; Mich et al., 2013), the extent of this asymmetry is certainly smaller than that 

occurring during 3–legged locomotion (Fuchs et al., 2014).

It is important to note that the locomotor asymmetry documented in this study was not likely 

pain related. There were no observed clinical signs of discomfort or pain while loading the 

implant and prosthesis (no limb withdrawal) and no signs of infection on X-ray and 

histological images at the end of the study. A possible explanation for the reduced loading of 

Jarrell et al. Page 7

J Biomech. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the prosthetic limb during walking might be the non-optimal length, alignment of the 

prosthesis and shape of the rocker bottom. These parameters were selected to approximately 

match the hindlimb length and orientation during the stance phase of normal cat walking 

(Farrell et al., 2014a). In addition, the decreased loading of the prosthetic limb may reflect 

the limited ability of the cat with the transtibial prosthesis, which lacks an active ankle joint, 

to generate a sufficient amount of mechanical energy for propulsion. Note that the intact 

ankle in the cat does approximately 35% of total hindlimb positive work during level and 

upslope walking (McFadyen et al., 1999; Prilutsky and Klishko, 2011).

There was much greater symmetry between the prosthetic and sound limbs in the normal 

GRFz than in the tangential GRFx during post implantation walking (Figs. 1C, 2 and 3). For 

example, the normal GRFz applied to the prosthesis during walking exceeded 50% of the 

pre implantation walking values on average across all cats (Figs. 1C and 2). Peak GRFx 

values, however, were only between 34% (braking force in downslope walking) and 48% 

(braking force in level walking) of the pre implantation values (Fig. 3). One possible 

explanation for the bigger decrease in GRFx compared to GRFz forces exerted by the 

prosthetic limb could be the reduced ability of the animal with a passive ankle to exert 

substantial tangential forces without slipping. The requirement to prevent slipping during 

stance might have forced the animal to reduce the ratio of the tangential to normal forces, 

known as the required coefficient of friction (Redfern et al., 2001).

The reduced loading of the prosthetic limb and greater loading of the sound contralateral 

limbs found in this study agreed well with previous results of dog locomotion with hindlimb 

lameness (Weishaupt et al., 2004) or hindlimb amputation (Fuchs et al., 2014), and of sheep 

prosthetic locomotion (Shelton et al., 2011). People with unilateral transtibial amputation 

also show reduced loading of the prosthetic leg and increased loading of the contralateral leg 

during prosthetic walking (Barr et al., 1992; Fey et al., 2011; Segal et al., 2006). As 

discussed above, these changes in prosthetic walking may be needed to compensate for the 

lack of energy generation by the passive prosthetic ankle joint. This suggestion is supported 

by the fact that during prosthetic walking in humans, power produced and work done at the 

contralateral leg increase (Beyaert et al., 2008). Cats apparently used a similar strategy to 

compensate for a reduced ability of the prosthetic limb to generate energy and do positive 

work (Figs. 1D, 5). Additional energy is generated by the contralateral hindlimb (Figs. 1D, 

5) in late stance of level and upslope walking (Fig. 4). Note also that all cats increased the 

duty factor of the contralateral hind- and forelimb during prosthetic walking (Fig. 1A), 

which allowed relatively more time to generate mechanical energy.

Several limitations of this study should be mentioned. The limited number of subjects tested 

in this study was caused by the complexity of the procedures. The effects of this limitation 

was partially reduced by the statistical design we selected, i.e. the mixed linear model 

analysis (Brown and Prescott, 2006; West et al., 2015); see Methods for details. Although 

the small sample size limits our ability to generalize the results, the study nevertheless 

provides evidence that the titanium SBIP pylons with deep porosity can serve for anchoring 

transtibial limb prostheses and that the animals can adopt the prosthesis for walking. The 

observed large reduction in loading and utilization of the prosthetic limb during walking 

could be partially caused by a relatively short duration of the study. It is possible that if the 
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study was longer, the loading and use of the prosthetic limb may have increased, and 

walking kinetics might have shifted more toward intact patterns as the cats became more 

familiar with the prostheses. There was uncertainty in the positioning of the markers on the 

prosthesis to specify the location of the metatarsophalangeal and ankle joints. This 

uncertainty should not have affected substantially the calculated power at the passive ankle.

In summary, the results of this study demonstrated that cats could utilize a unilateral bone-

anchored transtibial prosthesis for quadrupedal level and slope locomotion. Although 

walking with the transtibial passive prosthesis was asymmetric, this asymmetry was lower 

than that reported for 3-legged locomotion. Thus, the current standard of care in veterinary 

medicine recommending amputation of the whole limb if a distal segment cannot be 

salvaged should be reexamined.
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Fig. 1. 
Major kinematic and kinetic variables (mean ± SD) during pre (Pre) and post implantation 

(Post) walking in individual cats and limbs. Asterisks indicate significant differences (p < 

0.05) between pre and post implantation conditions. PH, right hindlimb (prosthetic hindlimb 

in Post condition); CH, contralateral hindlimb; IF, ipsilateral forelimb; CF, contralateral 

forelimb. (A) Duty factor of individual cats averaged across all slope conditions and walking 

cycles. (B) Duty factor averaged across all cats, slope conditions and walking cycles. (C) 

Peaks of normal ground reaction force (GRFz) of individual cats averaged across all slope 

conditions and walking cycles. (D) Positive limb work of individual cats averaged across all 

slope conditions and walking cycles.
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Fig. 2. 
Normalized normal ground reaction forces (GRFz) during the cycle of pre implantation (Pre) 

and post implantation (Post) walking in downslope (–50%), level (0%), and upslope (+50%) 

conditions. Mean (±SD) data of 4 animals. The vertical dashed and solid lines separate 

stance and swing phases for post and pre implantation walking, respectively. The shaded 

areas in each panel indicate significant difference (p < 0.05) between the pre and post 

implantation walking determined using wfANOVA analysis. PH, right hindlimb (prosthetic 

hindlimb in Post condition); CH, contralateral hindlimb; IF, ipsilateral forelimb; CF, 

contralateral forelimb.
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Fig. 3. 
Normalized tangential ground reaction forces (GRFx) during the cycle of pre implantation 

(Pre) and post implantation (Post) walking in downslope (–50%), level (0%), and upslope 

(+50%) conditions. Mean (±SD) data of 4 animals. The vertical dashed and solid lines 

separate stance and swing phases for post and pre implantation, respectively. The shaded 

areas in each panel indicate significant difference (p < 0.05) between the pre and post 

implantation walking determined using wfANOVA analysis. PH, right hindlimb (prosthetic 

hindlimb in Post condition); CH, contralateral hindlimb; IF, ipsilateral forelimb; CF, 

contralateral forelimb.
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Fig. 4. 
Normalized power of each limb during the cycle of pre implantation (Pre) and post 

implantation (Post) walking in downslope (–50%), level (0%), and upslope (+50%) 

conditions. Mean (±SD) data of 4 animals. The vertical dashed and solid lines separate 

stance and swing phases for post and pre walking, respectively. The shaded areas in each 

panel indicate significant difference (p < 0.05) between the pre and post implantation 

walking determined using wfANOVA analysis. PH, right hindlimb (prosthetic hindlimb in 

Post condition); CH, contralateral hindlimb; IF, ipsilateral forelimb; CF, contralateral 

forelimb.
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Fig. 5. 
Normalized negative and positive work done by four limbs during the cycle of pre (Pre) and 

post implantation (Post) walking in downslope (–50%), level (0%), and upslope (+50%) 

conditions. Mean (±SD) data of 4 animals. PH, right hindlimb (prosthetic hindlimb in Post 

condition); CH, contralateral hindlimb; IF, ipsilateral forelimb; CF, contralateral forelimb. 

Asterisks indicate significant differences (p<0.05) between pre and post implantation 

conditions.

Jarrell et al. Page 17

J Biomech. Author manuscript; available in PMC 2018 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jarrell et al. Page 18

Ta
b

le
 1

A
ni

m
al

 c
ha

ra
ct

er
is

tic
s.

C
at

 c
ha

ra
ct

er
is

ti
cs

Q
M

04
09

N
H

T
4

11
N

L
S4

Q
M

V
5

M
ea

n 
± 

SD

B
as

el
in

e 
m

as
s,

 k
g

3.
2

3.
2

3.
2

3.
0

3.
15

 ±
 0

.1
0

Te
rm

in
al

 m
as

s,
 k

g
4.

0
3.

4
2.

8
4.

0
3.

55
 ±

 0
.5

7

E
st

im
at

ed
 m

as
s 

of
 th

e 
fo

ot
 a

nd
 d

is
ta

l t
hi

rd
 ti

bi
a,

 g
54

.1
52

.5
49

.5
51

.2
51

.8
 ±

 2
.0

E
st

im
at

ed
 m

om
en

t o
f 

in
er

tia
 o

f 
th

e 
fo

ot
 a

nd
 d

is
ta

l t
hi

rd
 ti

bi
a,

 g
 c

m
2

29
0

32
6

27
9

28
1

29
4 

±
 2

2

Pr
os

th
es

is
 m

as
s,

 g
15

.5
15

.5
18

.4
18

.4
17

.0
 ±

 1
.8

Pr
os

th
es

is
 m

om
en

t o
f 

in
er

tia
 w

ith
 r

es
pe

ct
 to

 f
ro

nt
al

 a
xi

s 
th

ro
ug

h 
pr

os
th

es
is

 c
en

te
r 

of
 m

as
s,

 g
 c

m
2

17
2

17
2

15
7

15
7

16
4.

5 
±

 8
.7

B
as

el
in

e 
w

al
ki

ng
 s

pe
ed

, m
/s

L
ev

el
0.

67
 ±

 0
.0

6
0.

46
 ±

 0
.0

2
–

0.
54

 ±
 0

.0
4

0.
56

 ±
 0

.1
0

D
ow

ns
lo

pe
0.

75
 ±

 0
.1

4
0.

55
 ±

 0
.0

6
0.

58
 ±

 0
.1

0
–

0.
61

 ±
 0

.1
3

U
ps

lo
pe

0.
56

 ±
 0

.2
1

0.
40

 ±
 0

.0
7

0.
71

 ±
 0

.2
0

–
0.

55
 ±

 0
.2

0

Te
rm

in
al

 w
al

ki
ng

 s
pe

ed
, m

/s

L
ev

el
0.

50
 ±

 0
.0

7
0.

39
 ±

 0
.0

3
–

0.
40

 ±
 0

.0
3

0.
44

 ±
 0

.0
7*

D
ow

ns
lo

pe
0.

61
 ±

 0
.0

7
0.

32
 ±

 0
.0

8
0.

59
 ±

 0
.0

7
–

0.
47

 ±
 0

.1
6*

U
ps

lo
pe

0.
54

 ±
 0

.1
4

0.
41

 ±
 0

.0
9

0.
42

 ±
 0

.0
4

–
0.

47
 ±

 0
.1

2*

N
ot

es
: T

he
 te

rm
 ‘

Te
rm

in
al

’ 
de

si
gn

at
es

 m
ea

su
re

m
en

ts
 ta

ke
n 

se
ve

ra
l d

ay
s 

be
fo

re
 e

ut
ha

na
si

a.
 A

st
er

is
ks

 ‘
*’

 in
di

ca
te

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
e 

(p
 <

 0
.0

5)
 b

et
w

ee
n 

in
ta

ct
 a

nd
 p

ro
st

he
tic

 w
al

ki
ng

.

J Biomech. Author manuscript; available in PMC 2018 July 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jarrell et al. Page 19

Table 2

Number of cycles used for analysis of each limb.

Limb Walking conditions Prosthetic right hindlimb Contralateral hindlimb Ipsilateral forelimb Contralateral forelimb

Pre implantation walking

Level 14 12 14 13

Downslope 12 17 14 19

Upslope 17 17 13 13

Post implantation walking

Level 15 13 21 15

Downslope 14 11 15 13

Upslope 14 13 10 12
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