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ABSTRACT: Hip resurfacing offers advantages for young, active patients afflicted with hip osteoarthritis and may also be a

beneficial treatment for adult canines. Conventional hip resurfacing uses metal-on-metal bearings to preserve bone stock, but it

may be feasible to use metal-on-polyethylene bearings to reduce metal wear debris while still preserving bone. This study

characterized the short-term wear behavior of a novel hip resurfacing implant for canines that uses a 1.5 mm thick liner of highly

cross-linked polyethylene in the acetabular component. This implant was tested in an orbital bearing machine that simulated

canine gait for 1.1 million cycles. Wear of the liner was evaluated using gravimetric analysis and by measuring wear depth with

an optical scanner. The liners had a steady-state mass wear rate of 0.99� 0.17 mg per million cycles and an average wear depth in

the central liner region of 0.028 mm. No liners, shells, or femoral heads had any catastrophic failure due to yielding or fracture.

These results suggest that the thin liners will not prematurely crack after implantation in canines. This is the first hip resurfacing

device developed for canines, and this study is the first to characterize the in vitro wear of highly cross-linked polyethylene liners

in a hip resurfacing implant. The canine implant developed in this study may be an attractive treatment option for canines

afflicted with hip osteoarthritis, and since canines are the preferred animal model for human hip replacement, this implant can

support the development of metal-on-polyethylene hip resurfacing technology for human patients. ß 2017 Orthopaedic Research

Society. Published by Wiley Periodicals, Inc. J Orthop Res
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Hip osteoarthritis is a debilitating and irreversible

disease that damages the articular cartilage in the hip

joint. In the United States, the lifetime risk of

symptomatic hip osteoarthritis is approximately 25%

for humans,1 while 20% of adult canines and 80% of

geriatric canines suffer from osteoarthritis,2 with the

highest incidence of canine osteoarthritis occurring in

the hip.3 The standard treatment for humans and

canines with hip osteoarthritis is a total hip arthro-

plasy (THA). In THA, the damaged femoral head is

surgically removed and the femoral shaft and acetabu-

lum are reamed to prepare for replacement with a

prosthetic femoral and acetabular component. Tradi-

tionally, the THA femoral component consists of a

metallic femoral head (ball) and stem, and the acetab-

ular component consists of a metallic shell and poly-

meric cup made of ultrahigh-molecular-weight

polyethylene. Although THA has been highly success-

ful at relieving pain and returning elderly patients to

moderate activity levels, THA is less ideal for younger

human patients. For example, implant survival in

younger patients does not reach 10 years in 28% of

cases.4 Although THA revision surgeries are feasible,

they have less favorable outcomes than primary THA

and can result in decreased joint stability.5,6

Another option for human patients with hip osteo-

arthritis is hip resurfacing, where surgeons “resurface”

the hip joint by fitting it with a thin acetabular cup

and femoral head. Hip resurfacing, introduced in 2006,

better mimics the natural hip anatomy, and compared

to THA, it has several major benefits that include:

bone preservation that facilitates future conversion to

conventional stemmed prosthesis,7,8 low dislocation

risk due to the large femoral head diameter, physiolog-

ical hip loading that prevents stress shielding, more

natural gait, and a return to more high-impact sport-

ing activities.5,6,9,10 Despite these advantages, hip

resurfacing has not been widely adopted, due partly to

complications related to metal wear debris generated

by the metal-on-metal (MoM) bearing surfaces, such

as metallosis and pseudotumors.11–15 A reason MoM

bearings are traditionally used in hip resurfacing is

because the limited amount of bone stock around the

acetabulum places inherent size constraints on the

thickness of the acetabular component. This geometric

constraint has precluded the use of conventional

polyethylene liners in hip resurfacing devices. For

example, commercial MoM hip resurfacing implants

have acetabular components with a total thickness of

3 mm, while a recommended minimal thickness for a

metal-on-polymer (MoP) bearing surface using a con-

ventional polyethylene liner, not including the metal

backing, is 6 mm.16 One option to reduce the liner

thickness is to replace the conventional polyethylene

with highly cross-linked polyethylene, which is a more

wear resistant and durable material.17 In recent
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prospective studies by Pritchett16 and Amstutz et al.,18

hip resurfacing implants that used a highly cross-

linked polyethylene liner had a 97% and 81% Kaplan–

Meier survivorship at 10 years, respectively. Although

results from these studies are encouraging, the acetab-

ular component used in these studies was still over

twice as thick as a standard MoM hip resurfacing

device. In addition, in vitro wear testing was not

conducted on these implants, and a wear analysis was

only available from a limited number of retrieved

specimens. Nevertheless, highly cross-linked polyeth-

ylene has potential to bring a renewed interest in

using MoP hip resurfacing for younger patients.19

The potential clinical adoption of MoP hip resurfac-

ing implants could be expedited with an appropriate

animal model to test this technology. The canine is the

animal model of choice for THA,20,21 where the perfor-

mance of canine hip implants is most comparable to

young, active human patients.22,23 Federal regulation

of veterinary medical devices is less stringent than

human medical devices, and therefore developing a

canine hip resurfacing implant that uses highly cross-

linked polyethylene could permit more rapid assess-

ment of in vivo device performance.

The objective of this research was to characterize

the wear of a novel hip resurfacing implant for canines

that uses a highly cross-linked polyethylene liner. The

acetabular component of this implant is the first to

have a thickness equivalent to MoM hip resurfacing

implants. This experimental study will determine if

the thin liners will fracture or experience excessive

wear during over a million cycles of in vitro testing.

METHODS
A new hip resurfacing device for canines was developed that

incorporates a thin cross-linked polyethylene liner in the

acetabular component. This device was tested for wear

behavior in a canine hip simulator for 1.1 million cycles.

Wear of the polymer liner was evaluated using gravimetric

analysis, light microscopy, and 3D optical scanning.

Hip Resurfacing Implant

Prototype hip resurfacing implants were developed that

consist of three parts: An acetabular shell, an acetabular

liner, and a femoral head (Fig. 1; Securos Surgical, Fiskdale,

MA). The acetabular shells were made of titanium (Ti–6AL–

4V) and were machined to a uniform thickness of 1 mm. The

acetabular liners were manufactured using highly cross-

linked polyethylene powder (GUR 1020; Celanese, Irving

TX), and were compression molded into their stock form

between 190–200˚C (PPD Meditech, Quebec Canada). Cross-

linking was achieved using 75 kGy of gamma irradiation,

and the annealing process used a ramp up to 105˚C and a

slow cool of 5–10˚C per hour. A 5-axis milling machine was

used to dry machine the acetabular cup to have an inner

diameter of 24 mm and a uniform thickness of 1.5 mm.

Terminal sterilization was performed using ethylene oxide

per ISO 11135 (Sterigenics, Oakbrook IL).24 Tabs were

included on the outer circumference of the liner to prevent

rotation when press-fit into the metallic shell. The femoral

heads were cobalt chromium with a diameter of 24 mm and

were coated with titanium niobium nitride (Ti–Nb–N). The

surface roughness of the femoral head was �0.77 microns.

Canine Hip Simulator

Wear testing was performed using a custom hip simulator

(Fig. 2A). The simulator is a single-axis orbital bearing

machine (OBM) that was built according to international

standards for wear testing of human hips25; however, it was

modified to reproduce hip kinematics of an adult medium-

sized canine. The hip simulator consists of two chambers

filled with lubricant, each housing one implant. The top

chamber houses a “load soak control” implant that is only

subjected to axial loading while the bottom chamber houses a

“wear” implant that is subjected to axial and torsional

loading. The titanium shells and femoral heads in both

chambers were centered and fastened into separate holding

fixtures (Fig. 2B and C). Dental cement was used to fasten

the implants (Fricke International Inc., Streamwood, IL;

Vitacrilic), and required the adhered surfaces of the metal

shell to be roughened with 120 grit sandpaper. The holding

fixture (Fig. 2B) for the wear implant was connected to a pin

and block single universal joint to self-align the femoral cup

and head during the simulated gait cycle.

The hip simulator was bolted onto an electrodynamic

mechanical test system (Instron, Norwood, MA; E10000), and

a vertical axial load was applied to the load soak control

implant (Fig. 2A). This axial load was applied in force control

at 2 Hz from 10 to 211 N (Instron, Norwood, MA; 1kN

Dynacell 2527, error¼ 0.4%), and was directly transferred to

the wear implant through a spring fixture. The wear implant

Figure 1. Components of the canine hip resurfacing implant.
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was simultaneously rotated using a high torque rotary motor

(Anaheim Automation, Anaheim, CA; NEMA 17). To syn-

chronize the linear and rotational motion, waveform signals

were concurrently sent to the motors using a custom Lab-

VIEW program (National Instruments, Austin, TX). The

waveform signal for the linear load was sent to the mechani-

cal test system console, which applied the loading profile in

force control using a feedback loop. The testing system was

programmed to apply a peak load of 211 N during the stance

phase (0–45% of the gait cycle) and a minimum load of 10 N

during the swing phase (45–100% of the gait cycle). The

magnitude and timing of this loading profile was based on

published experimental measurements of an adult medium-

sized canine at a trot.26 The measured axial load and rotary

position were recorded by the LabVIEW software to verify

that the load was being properly applied during the gait

cycle (Fig. 3A). There was a very strong positive correlation

between the targeted and measured load during stance phase

(R2¼ 0.94).

The OBM design enables three axes of motion to occur

between the bearing surfaces of the wear implant. These

axes of motion correspond to the clinical rotations of flexion-

extension (FE), abduction-adduction (AA), and internal-ex-

ternal rotation (IER). The slope of the slanted base compo-

nent controls the amplitude of FE and AA, while the vertical

position of the rotation-prevention lever controls the ampli-

tude of IER.27 These OBM design parameters were selected

to produce values for FE, IER, and AA that best matched the

kinematics that have been experimentally measured for an

adult medium-sized canine (Fig. 3B–D).28

Kinematic Validation of the Hip Simulator

A test procedure was developed to validate that our OBM hip

simulator design did successfully reproduce the hip kinemat-

ics of an adult canine, where the clinical rotations of the hip

simulator were quantified using Euler angles and a struc-

tured-light 3D scanner (LMI Technologies, Delta, Canada).

For this analysis, the “static” acetabular cup and “rotating”

femoral head in the bottom chamber of the hip simulator

were replaced by coordinate system triads (Fig. 4A and B).

When attached to the hip simulator, the origin of these

coordinate system triads corresponded to the centroids of the

cup and head. These triads were imaged with the 3D scanner

at 90˚ increments, which corresponded to where the local

maximum, local minimum, and inflection points of the FE,

IER, and AA rotations would exist. Three-dimensional recon-

structions of the static and rotating triads were generated at

each angle increment (Flexscan; LMI Technologies, Delta,

Canada). Orthonormal coordinate systems were formulated

by taking cross products of vectors measured from the point

cloud data of the triad axes.29 The transformation matrix

between the stationary and rotating coordinate systems was

calculated at each angle increment, and a back calculation of

the Euler angle values for FE, IER, and AA was computed

using established methods.30 Since the physical constraints

of the OBM will prescribe sinusoidal curves for all three

rotation waveforms, a three-parameter sine function was fit

to these experimental data points using a non-linear least

squares fitting approach (Fig. 3B–D). This analysis deter-

mined that the OBM hip simulator could reasonably repro-

duce the FE and IER kinematics of a canine (R2¼ 0.78 and

0.61, respectively; Fig. 3D), but the simulator could not

reproduce the AA kinematics (R2¼ 0.21; Fig. 3D).

To visualize the differences between the kinematics

produced by the hip simulator and an adult canine, slide

tracks were calculated on a unit sphere. For this analysis,

the FE, IER, and AA waveforms for the hip simulator and

adult canine in Fig. 3B–D were merged into time-dependent

transformation matrices. Using an established methodology,

these transformation matrices were used to determine the

slide tracks of three fixed points on the polymer liner that

were articulating against the femoral head during one gait

cycle (Fig. 4C). Slide tracks from the hip simulator were

qualitatively similar to the slide tracks measured in an adult

Figure 2. Canine hip simulator. (A) An axial load (yellow
arrow) is applied to both the load soak control and wear
implants, but only the wear implant is rotated (green arrow). (B)
The titanium shell and (C) CoCr femoral head were cemented
into hip simulator fixtures.
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canine, and this qualitative comparison was comparable to

hip simulators used for human hip prostheses.31

Wear Testing

The hip resurfacing implants were each wear tested in the

canine hip simulator for 1,100,000 cycles of loading at 2 Hz,

broken into four stages of 275,000 cycles (Fig. 5). Wear

testing was performed on four load soak control implants

and four wear implants. This sample size complied with

standards for gravimetric wear assessment of prosthetic hip

designs in simulator devices.32 Prior to wear testing, the

implants in each chamber were lubricated with 400 ml of

Figure 3. Hip simulator kinetics and kinematics. (A) Loading profiles of the hip simulator and an adult canine during gait. (B–D)
Clinical rotations of the hip simulator and an adult canine during gait. The simulator waveform (dashed) was fit to data points that
were experimentally measured using a 3D optical scanner, and was compared to kinematic data from an adult canine (solid). Note: The
0% and 100% gait cycle use the same scanned data.

Figure 4. Kinematic validation of canine hip simulator. (A) Hip resurfacing implant in simulator. (B) Replacement of the hip
resurfacing implant with triads to create coordinate systems. (C) Slide tracks of three points on the femoral head using left) kinematic
data measured from an adult canine and right) kinematic data from the hip simulator.
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bovine calf serum that had been diluted with deionized water

to a protein concentration of 2.5 g/100 ml (Hyclone Laborato-

ries, Logan, UT). During wear testing, it was necessary to

add additional deionized water to replenish fluid lost from

evaporation or small leaks in the O-rings, but in keeping

with international standards, the serum was never diluted

below a protein concentration of 2.0 g/100 ml.25 The bovine

serum was heated in external tanks and circulated through

each chamber using a peristaltic pump to prevent contamina-

tion of the serum. Temperature sensors in each chamber and

external heating plates were used to monitor and maintain

the temperature in each chamber to a targeted canine body

temperature of 38˚C. The bovine serum in each chamber was

fully changed every 550,000 cycles.

The peak axial load and chamber temperatures were

recorded every 550 cycles to verify the consistency of test

conditions during the 1.1 million cycle experiment (Table 1).

Results for each test showed that temperature and peak

loads were on average kept within 3% and 1% of targeted

values, respectively. The rotary motor position was sampled

at the beginning, middle, and end of each testing stage to

verify that the linear and rotational motion were properly

synchronized (Fig. 3A).

Gravimetric wear analysis was performed every 275,000

cycles (Fig. 5).33 Prior to wear testing, liners were initially

weighed after presoaking in diluted bovine serum for 48

hours. After each 275,000 cycle testing stage, implants were

removed from their test chamber, cleaned, and dried using

established protocols.33 The weight of the load soak control

liner, wctrl
i , and wear liner, wwear

i , at each testing stage, i,

were acquired by taking the average of 3 weight measure-

ments using a microbalance (AT201; Mettler-Toledo AG,

Greifensee, Switzerland; readability¼ 0.01 mg, sensitivity

¼ 0.00015%, reproducibility¼ 0.015 mg). If two successive

measurements of the same specimen were not within 0.1 mg,

the measurements were repeated until the successive meas-

urements were within 0.1 mg.33 The net mass loss of the

liner, Wi, was then calculated at each testing stage by adding

the weight gain of the load soak control liners between

testing stages to the weight loss of the wear liners between

the testing stages (Equation 1).33 Note that wwear
0 and wctrl

0

represent the initial weight measurement of the wear and

control implants respectively before testing, and consider

that W0¼ 0 for this notation.

Wi ¼ S
i� 1
0 Wi

� �
þ wwear

i� 1 � w
wear
i

� �
þ wctrl

i � wctrl
i� 1

� �
; i ¼ 1;2;3;4f g

ð1Þ

Using Wi from Equation (1), a least squares linear

regression was used to fit parameters in Equation (2).33

Here, aG is the mass wear rate, n represents the number of

cycles, and b is a constant.

Wi ¼ aG � nþ b; i ¼ 1;2;3;4f g ð2Þ

Wear data from the first 275,000 cycles was not consid-

ered in the wear rate calculation since the wear rate had not

yet reached a steady-state condition.34 The associated volu-

metric wear rate, aGvolume, was computed using the density

of the liner (r ¼ 0:932 gncm3).

Image Analysis

After wear testing and gravimetric analysis were com-

pleted, the polymer liners were imaged to analyze surface

wear topology. To detect scratch patterns on each implant

surface, digital images were taken using a stereo micro-

scope at 20� magnification (AmScope, Irvine, CA). The

wear depth was then measured using the previously

mentioned structured-light 3D optical scanning system. In

preparation for scanning, each load soak control and wear

liner were finely airbrushed from 10 to 12 inches away

with 1/4 teaspoon of hexagonal boron nitride dissolved in

6 ml of acetone. Individual liners were securely press fit

into a titanium shell cemented into a custom stand. Each

individual liner and stand was scanned 11 times in incre-

ments of 10˚ over a total range of 100˚. These scans were

then combined into individual 3D models consisting of on

average 1.84 million points per liner. To measure the wear

depth, the 3D models of the wear liner and matching load

soak control liner were aligned based on the stand geome-

try, and the difference between these models was due to

wear. The accuracy of this 3D scanning procedure was

quantified using a delrin reference block with known wear

depths; and this validation procedure determined that the

3D scanner can measure 10 mm of wear with 16% error and

20 mm of wear with 8% error.

Statistical Analysis

An ANOVA test was performed to determine the effect of test

cycles on the net mass loss. The linearity of steady-state

wear was determined using the coefficient of determination

(R2). For all statistical tests, significance was set to a

p< 0.05.

RESULTS
Steady-state wear was achieved after 275,000 cycles

(Fig. 6; R2¼0.99). The liners had an average steady-

state mass wear rate of 0.99 mg per million of cycles

(Mc) and an average steady-state volumetric wear rate

of 1.06 mm3/Mc (Table 2). The wear rate during the

first stage of 275,000 cycles was 3.9 mg/Mc, which was

significantly greater than the other three stages

Figure 5. Flow chart for wear testing and analysis.

Table 1. Temp and Load Measured During 1.1 Million

Cycle Tests

Temperature (ºC) Axial Load

Test # Control Wear (N)

1 36.8� 0.6 38.2� 0.4 208.8� 0.9

2 37.1� 1.0 38.1� 0.3 209.3� 0.7

3 36.7� 1.5 37.8� 0.7 209.1� 0.8

4 37.4� 1.5 38.5� 0.4 209.2� 0.8

All 37.0� 1.2 38.2� 0.5 209.1� 0.8

CANINE HIP RESURFACING 5
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(Fig. 6; p< 0.001). After 1.1 million cycles, the weight

gain in the four load soak control liners was

0.04� 0.20 mg.

No liners, shells, or femoral heads had any cata-

strophic failure due to cracking or fracture. Visual

examination by stereomicroscopy revealed scratching

on the articular surface of all liners subjected to wear

testing (Fig. 7). The average wear depth for the four

liners was 19.6� 7 mm. The average wear depth in the

central regions of the four liners was 28.0�10 mm

(Fig. 8), where the central region was defined to have

approximately 15% of the liner’s total surface area.

Cup distortion was evident, as the liner material had

asymmetric wear patterns in three of the four wear

tested implants, with localized regions of elevated and

depressed surfaces (Fig. 8).

DISCUSSION
The enhanced wear resistance of cross-linked polyeth-

ylene has expanded design options for hip replacement

devices. The goal of this study was to incorporate a

thin liner of radiated cross-linked polyethylene into a

hip resurfacing device for canines. To our knowledge,

this is the thinnest polyethylene liner yet developed

for a hip resurfacing or THA device. The polymer liner

did not fracture and showed acceptable wear after 1.1

million cycles of in vitro testing. Results from this

study will be useful to veterinary surgeons interested

in implanting this device into canines.

The incorporation of polyethylene liners into

hip resurfacing implants is a relatively new design

strategy. While an advantage of this strategy is the

elimination of metal wear debris, a clear challenge has

been designing a thin two-piece acetabular component

that preserves the acetabular bone stock. Initial

designs of polyethylene hip resurfacing used conven-

tional polyethylene, which resulted in high rates of

aseptic loosening and osteolysis.35–37 A more recent

prospective study by Pritchett examined 190 hip

resurfacing procedures that used a two-piece acetabu-

lum component that included a 3.8 mm thick highly

cross-linked polyethylene liner.16 This 3.8 mm liner

had previously been used successfully in THA,38 and

the Pritchett study was similarly successful with a

Kaplan–Meier survivorship of 97%. Pritchett stated

that two notable concerns of fabricating cross-linked

polyethylene liners that are thinner than 3.8 mm is

that the liners would be prone to fracture and the

metal shell and liner would be susceptible to abnormal

cup deformation.39

Veterinary medicine presents a pragmatic environ-

ment to test the efficacy of using highly cross-linked

polyethylene liners that are thinner than 3.8 mm for

several reasons. First, canines are highly active, and

canine hip implants are considered a reasonable model

for human hip implants that target younger human

patients with an active lifestyle.22,23 Second, veteri-

nary medical devices do not require pre-market ap-

proval from the U.S. Food and Drug Administration,

and therefore the iterative product development pro-

cess between in vivo results and design modifications

can be expedited. Third, hip osteoarthritis is highly

prevalent in many canine breeds,1 and hip resurfacing

may be an attractive treatment option as the larger

diameter femoral head can support the strenuous

activity levels that canines want to naturally return to

post-surgery. Therefore, not only can canine hip

resurfacing serve as a valuable animal model to

evaluate and optimize the design of MoP hip resurfac-

ing implants for humans, but hip resurfacing has

potential to be an advantageous treatment of hip

osteoarthritis for canines.

The present study has developed a new canine hip

resurfacing implant with a two-piece acetabular com-

ponent that has a cross-linked polyethylene liner with

a wall thickness of 1.5 mm. This liner thickness was

selected to maximize bone preservation in the canine

acetabulum while also maintaining structural integ-

rity. For a locking mechanism, tabs on the polyethyl-

ene liner were press fit into grooves along the inner

circumference of the titanium shell. To cross-link the

polyethylene, a high irradiation dose of 75 kGy was

selected to increase wear resistance and shelf life. The

aggregate thickness of the polyethylene liner and the

metal shell is 2.5 mm, which is less than the thickness

of MoM hip resurfacing implants for humans. For this

in vitro experiment, the metal shell had a smooth

backing, but for future clinical applications this would

need to be modified to have a porous backing for

cementless implantation.

Figure 6. Wear behavior of the acetabular liners. Steady-state
wear (dashed line) was reached after 275,000 cycles. Error
bars¼ standard deviation.

Table 2. Gravimetric Wear Results

Test

#

Mass Wear Ratea

(mg/106 Cycles)

Volumetric Wear Ratea

(mm3/106 Cycles)

1 1.06 1.14

2 1.20 1.29

3 0.89 0.95

4 0.81 0.87

All 0.99� 0.17 1.06� 0.19
aSteady-state wear rate with load soak control correction.
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The hip simulator developed in this study has

enabled for the first time the assessment of wear

behavior in a hip replacement prosthesis for canines

(THA or hip resurfacing). Furthermore, to the authors’

knowledge, this is the first in vitro wear assessment of

a hip resurfacing implant that uses a highly cross-

linked polyethylene liner (human or canine). The in

vitro measurement of wear behavior from joint simu-

lators is a cost-effective method to detect design flaws

in implant designs prior to clinical trials.40 The design

of our OBM hip simulator was based on international

standards for human hip simulators with modifica-

tions to simulate the kinematics of canine gait.

Although the FE and IER waveforms produced by our

hip simulator were a good match with in-vivo canine

kinematics (R2¼ 0.78 and 0.62, respectively), the AA

waveform was a poor match (R2¼0.21). This is an

inherent limitation of the OBM design, but it’s impor-

tant to note that the overall wear characteristics of hip

implants are still well predicted using OBMs.25,27

The wear rate of each thin liner was estimated by

simulating 1.1 million gait cycles with the OBM. In

the first 275,000 cycles, we observed a high initial

wear rate of 3.9 mg/Mc (Fig. 6), which is consistent

with running-in or run-in wear that has been observed

and discussed in human hip simulator studies.41–44

The physical reason for high run-in wear is that the

contacting surfaces of the femoral head and polyethyl-

ene liner are conforming to each other as non-ideal

surface irregularities are worn away.44 After 275,000

cycles, the wear rate became steady-state at 0.99 mg/

Mc (Fig. 6). The linearity of our steady-state region

(R2¼0.99) was comparable to the steady-state linear-

ity measured in previous human hip simulator studies

(R2 range¼0.90–1.00).43,45 These results indicate that

the 1.1 million duration of this short-term study was

able to estimate the run-in wear and steady-state wear

of the canine MoP bearing. Although test durations of

five million cycles are recommended to fully character-

ize bearings in human hip implants,25 simulator

studies have also used short-term tests between 0.5

and 2.5 million cycles to evaluate wear in human

THA,45–48 which is reasonable since the wear of cross-

linked polyethylene in simulators is consistently

shown to be highly linear with cycle count and hence

predictable once a steady-state wear rate is

achieved.42,43,49–51 Therefore, the steady-state wear

rate of 0.99 mg/Mc measured in this short-term study

is likely a reliable estimate for the canine hip implant.

The wear rates measured in this canine study can

be compared to previous human research that uses

gamma cross-linked polyethylene. Our steady-state

wear rate of 0.99 mg/Mc is 2.4� less than a study by

Saikko et al.52 that examined gamma cross-linked

polyethylene in human THA (irradiation dose¼95

kGy). We would have expected a greater difference in

wear rates, since canine implants experience approxi-

mately 10� less load than human implant wear tests,

and a previous study of postmortem-retrieved canine

hip implants found the volumetric wear rates of

conventional polyethylene liners are 10� greater in

humans than in canines.22,23 A potential explanation

for the relatively high wear results in our study is that

the surface roughness of our femoral head components

Figure 8. Three-dimensional colorimetric maps showing wear depth of liners after 1.1 million cycles.

Figure 7. Stereomicroscopy of liner surface for a
left) control specimen and right) wear specimen.
Scratching is evident in the wear specimen.
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(Ra¼0.77 mm; Fig. 1) was fifteen times greater than

the standard roughness of femoral heads used in

human studies (Ra¼ 0.05 mm). This explanation seems

justified, since wear and morphological changes in

highly cross-linked polyethylene liners have been

shown to rapidly increase with small rises in femoral

head surface roughness.50,53 The reason a high surface

roughness was selected for our study was to provide a

“worst-case” scenario to rigorously test whether the

thin cross-linked polyethylene liners would experience

excessive wear or fracture during testing. It is impor-

tant to note that any comparison between the wear

behavior of human and canine THA should be treated

with caution, as intrinsic differences exist in joint

kinematics, loading magnitudes, and implant sizing.

Nonetheless, the canine is the animal model of choice

for THA,21–23 and since this is the first study to

develop a cross-linked polyethylene implant for can-

ines and the first study to develop a hip simulator for

canines, there are no previously published in vitro

studies of canine hip implants that can be used for

comparison.

The surface wear of our cross-linked polyethylene

liner was measured using structured-light 3D scan-

ning. While deformation of the acetabular component

has historically not been a clinical problem when thick

polyethylene liners are used in THA, it does become a

concern when the polyethylene liner is very thin.39

Our imaging analysis revealed that most of the wear

was centralized evenly around the vertical loading

path of the simulator, and had an average wear depth

of 0.028 mm. It is estimated that a healthy canine has

10,000 loading cycles per day,54 equating to 3.65

million cycles per year. The annual surface wear is

therefore estimated to be 6.7% of the 1.5 mm liner

thickness per year. Both these estimates are based on

average surface wear in the central region of the liner,

where surface wear was greatest. It is worth noting

that the average estimates of surface wear may

underestimate the wear penetration occurring in

small, localized regions. Conversely, the number of

cycles per day is based on a healthy dog and may

overestimate canine activity after hip surgery. Uneven

wear of the polyethylene liner was evident, with the

liner surface area having elevated regions near the

outer ring in Figure 8, which may have been caused

by small differences in deformation of the hemispheri-

cal cup geometry between the control and wear

implants. The colorimetric maps of wear depth in

Figure 8 were calculated using reference dimensions

from the load soak control per international stand-

ards.33 Therefore the figures should represent material

loss and not plastic deformation (creep) associated

with “bedding in,”55 which is accounted for in the load

soak control and is expected to occur within the first

500,000 cycles.33,55,56 Since “bedding in” is a function

of cyclic creep, the annual activity level of the patient,

whether human or canine, should not affect the

number of cycles until “bedding in” is complete.

Therefore, even if a canine implant experiences 3.65

million cycles per year, the “bedding in” period would

still be expected to occur within the first 500,000

cycles. Finally, circular scratches were noticeable on

the polyethylene surface of the wear group, which is

common for cross-linked and conventional polyethyl-

ene liners tested in hip simulators.57

There are several limitations to this study. First,

the duration of the wear test in this study was 1.1

million cycles, and would be classified as a short-term

test.46,48 Nevertheless, this duration enabled us to

observe run-in wear and steady-state wear, and

thereby provides a preliminary wear characterization

of this new implant. Second, the specimens in the hip

simulator were concentrically mounted, and more

accurate wear behavior could be acquired by using an

anatomical approach, where the femoral and acetabu-

lar components are positioned at a physiological angle

relative to each other. This could result in different

wear patterns since the wear would be concentrated

closer to impingement locations.25 Yet, the concentric

mounting approach used in this study gave reasonable

slide tracks (Fig. 4C) and is an established methodol-

ogy for wear testing.27 Third, the size of the polyethyl-

ene wear debris was not measured in this study, and

the size of these particulates is an important factor in

determining host response and risk of osteolysis.58

Finally, only one implant size was investigated in this

study, so it is currently unknown how different

implant sizes would affect wear rates.

In conclusion, this study has demonstrated that a

canine hip resurfacing implant with a 1.5 mm thick

liner made of highly cross-linked polyethylene will not

fracture or have excessive wear after 1.1. million

cycles. This thin liner can enable the use of a large,

more physiologic femoral head to support a return to

an active lifestyle. The hip resurfacing device devel-

oped in this study may improve the standard of care

for canines with hip osteoarthritis, and since canines

are the preferred animal model for young, active THA

patients,22,23 this device can assist the evaluation and

optimization of MoP hip resurfacing devices for human

patients.
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