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As many as 25% to 40% of unicompartmental knee replacement (UKR) revisions are 
performed for pain, a possible cause of which is proximal tibial strain. The aim of this study 
was to examine the effect of UKR implant design and material on cortical and cancellous 
proximal tibial strain in a synthetic bone model. Composite Sawbone tibiae were implanted 
with cemented UKR components of different designs, either all-polyethylene or metal-
backed. The tibiae were subsequently loaded in 500 N increments to 2500 N, unloading 
between increments. Cortical surface strain was measured using a digital image correlation 
technique. Cancellous damage was measured using acoustic emission, an engineering 
technique that detects sonic waves (‘hits’) produced when damage occurs in material.

Anteromedial cortical surface strain showed significant differences between implants at 
1500 N and 2500 N in the proximal 10 mm only (p < 0.001), with relative strain shielding in 
metal-backed implants. Acoustic emission showed significant differences in cancellous 
bone damage between implants at all loads (p = 0.001). All-polyethylene implants displayed 
16.6 times the total number of cumulative acoustic emission hits as controls. All-
polyethylene implants also displayed more hits than controls at all loads (p < 0.001), more 
than metal-backed implants at loads ≥ 1500 N (p < 0.001), and greater acoustic emission 
activity on unloading than controls (p = 0.01), reflecting a lack of implant stiffness. All-
polyethylene implants were associated with a significant increase in damage at the 
microscopic level compared with metal-backed implants, even at low loads. All-
polyethylene implants should be used with caution in patients who are likely to impose 
large loads across their knee joint. 

Cite this article: Bone Joint J 2013;95-B:1339–47.

Unicondylar knee replacement (UKR) forms
8.7% of all primary knee arthroplasties
recorded on the National Joint Registry
(NJR) for England and Wales in the last ten
years,1 of which approximately 90% were
for the medial compartment.2 National joint
registries have reported ten-year survival
rates of UKR at around 90%1,3-6 and case
series have described ten-year survival rates
between 80% and 96%, with considerable
variation between implants and institu-
tions.2,7-11 Many registries have found unex-
plained pain to be a leading cause of UKR
revision, 1,4,10,8 with a peak incidence at two
years post-operatively.3 Increased proximal
tibial strain with structural damage and
adaptive remodelling may contribute to this
unexplained pain.12 There is a paucity of
biomechanical evidence to inform decisions
between implants of different materials or
geometries,13 and the effect of implant
design on proximal tibial strain remains
poorly investigated.

Digital image correlation (DIC) is a non-
destructive optical technique for the measure-
ment of surface strain, involving applying a high-
contrast speckle pattern to a sample and observ-
ing the pattern of deformation on loading using
cameras. Rigid body movement is accounted for
and excluded. DIC has been used to measure
macroscopic and microscopic surface strain in
both cadaver14 and synthetic bone.15

Acoustic emission (AE) is a technique for
measuring structural damage at the micro-
scopic level. Damage in response to stress cre-
ates elastic sound waves that, after being
conducted through material, can be detected at
its surface by piezoelectric sensors, transform-
ing the signal into a voltage and enabling real-
time detection and quantification.16,17 It has
been used to investigate the properties of both
cortical and cancellous bone,18,19 including
fracture healing and callus formation,17 the
location and propagation of cement fatigue
cracks, the integrity of bone–cement
interfaces16 and loosening of hip prostheses.20
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Both DIC and AE have been validated using micro-CT
(μCT) in vivo and in synthetic bones.14,16 AE is preferable
to μCT for detecting peri-prosthetic structural damage, as
some microscopically visible cracks close on unloading and
may be missed on μCT in unloaded conditions.

The aims of this study were to determine the effect of medial
UKR metal backing and the design of bearings on proximal
tibial strain. DIC was used to measure cortical surface strain
and AE was used to measure cancellous bone damage.

Materials and Methods
For this study we used 20 fourth-generation left-sided
medium composite Sawbone tibiae (Pacific Research Labo-
ratories, Vashon, Washington). These have < 10% interspec-
imen variability and material properties and mechanical
behaviour similar to those of human cadaver bone.21 Rigid
polyurethane foam (Young’s modulus E = 0.155 GPa) simu-
lates cancellous bone and the short fibre-filled epoxy
composite (E = 16.7 GPa) simulates cortical bone.

The Oxford Partial Knee (Biomet, Swindon, United
Kingdom) is a mobile-bearing UKR and accounted for 68%
of usage in 2011 in England and Wales,22 Scandinavia3,5

and Australasia.4,6 The second most common UKR
recorded by the NJR in 2011 was the Sigma Partial (DePuy,
Johnson & Johnson Professional Inc., Raynham, Massa-
chusetts), constituting 13% of usage.22 This is a fixed-bear-
ing non-conforming implant with both all-polyethylene
(AP) and metal-backed (MB) tibial options. Both AP and
MB tibial components have a keel and a peg, the only geo-
metric differences being a wider keel in the AP implant (AP
5 mm, MB 2.55 mm) and greater under-surface offset in the
AP (AP 1 mm, MB 0.5 mm) (Fig. 1). Both designs are man-
ufactured in cobalt–chromium alloy (E = 210 GPa). A sin-
gle size-3 Sigma Partial femur, five size 3 MB tibiae with an
8-mm matched tibial insert, and five size-3 8-mm AP tibiae
were tested, as well as a single medium Oxford femoral

component (OX) with five size-C tibiae and a 4 mm polyeth-
ylene bearing were used. Five tibiae were allocated to each of
the three implant groups and five were used as controls (TIB). 

In order to ensure uniformity of specimens, horizontal
and vertical proximal tibial cuts were measured using ana-
tomical axes and landmarks and cut without using implant-
specific instrumentation. In the sawbones the medial prox-
imal tibial angle (MPTA) and the posterior tibial slope
(PTS) was 87° and 7°, respectively. Both implants define an
optimal frontal plane alignment as an MPTA of 90° and
sagittal alignment reproducing native PTS (here 7°). Tibial
coronal and sagittal plane anatomical axes were defined
according to Paley,23 and were drawn onto the tibiae prox-
imally. All cuts were referenced from these axes, and 6 mm
of tibia were resected to restore the joint line with MPTA
90° and PTS 7°. The depth of the resected tibia, the MPTA
and PTS were measured to monitor specimen uniformity.
Cut tibiae were randomly assigned to each study group.
Implant-specific instrumentation was used for subsequent
preparation, and implants were cemented using Smart-Set
High Viscosity polymethylmethacrylate bone cement
(DePuy, Warsaw, Indiana) with a cement mantle of 1 mm to
1.5 mm. Mantle thickness was measured at three locations
in each specimen using a digital calliper: the anterior corner
of the implant, the posterior corner and the medial line pre-
sent on all tibiae from manufacturing.

Femoral components were cemented onto custom-
designed blocks made of hard wood and steel to facilitate
loading directly over the point of contact in 30° of flexion.
For the control tibiae, the distal 30 mm of a Sawbone com-
posite femur was cut to represent a 30° articulation. In order
to simulate intervening articular cartilage and meniscus in
controls, a 6 mm thick piece of Sorbothane 75 durometer
polyurethane (Sorbothane Inc., Kent, Ohio) was interposed
between the femoral and tibial surfaces prior to loading. Sor-
bothane is a viscoelastic polymeric solid with a Young’s mod-
ulus from 0.83 MPa to 2.07 MPa (cartilage: E = 0.31 to
1.13 MPa24). The line of loading was drawn on the femoral
component assemblies and aligned with the midpoint of the
tibial component in the sagittal plane to reproduce 30° of
flexion.25 In the mobile-bearing implant the bearing was
aligned with the centre of the tibial base plate.

Distally, coronal and sagittal mechanical axes were
drawn onto the tibiae to aid alignment of the experimental
set-up. A steel coupling cylinder was inserted vertically into
the tibial plafond and the tibia was mounted on a ball bear-
ing as a simply supported construct (Fig. 2). Anterolateral
constraints were applied at the mid-tibia to prevent dis-
placement of the tibia on loading. Medial plateau loading
was achieved via a 5 kN servohydraulic loading machine
(Losenhausen Maschinenbau, Dusseldorf, Germany). A
pre-load of 100 N was applied to check the set-up. Loading
was then undertaken in 500 N increments to a maximum of
2500 N, unloading between increments to 100 N. The
loading rate was 5 mm/min, and load data were recorded
every 0.1 s.

Fig. 1

Diagrams showing the geometry and under-surface projections of
the all-polyethylene (AP) and metal-backed (MB) Sigma Partial
fixed-bearing unicompartmental knee replacements (UKRs) and
the Oxford (OX) mobile-bearing UKR. The fixed-bearing femur is
polyradial and the mobile-bearing femur has a single radius com-
mon to two planes.
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Cortical bone strain – digital image correlation. The proxi-
mal tibia was coated with matt white paint and a black
speckle pattern was applied (Fig. 3). Paint was removed at
two locations on the anterior and posterior surfaces and
two AE sensors were attachment with cyanoacrylate adhe-
sive. Two charge-coupled DIC cameras (Limess, Messtech-
nik und Software GmbH, Krefeld, Germany) were
positioned to view the anteromedial tibia (Fig. 2). A red
light source was used to maximise speckle contrast. The
displacement of pixel regions relative to surrounding
regions is analysed using computer software to represent
the magnitude, gradient and distribution of strain across a
surface. Cameras were calibrated and images taken at zero
load, 100 N pre-load and at each 500 N load and after
loading, giving a total of 12 images for each specimen
loaded up to 2500 N. 

Analysis was performed using Istra 4D 3.1 software
(Dantec Dynamics, Skovlunde, Denmark). A contour sta-
tistical error radius map of the pre-load image was used to
apply a mask over the area where resolution was
< 0.001 mm. This mask determined the area over which
surface strain was examined in all images in the specimen
series (Fig. 3). Strain was visualised as vertical strain in the
y-direction from –5000 to +5000 με (microstrain). For
quantitative analysis, a line was drawn from the cut surface
of the tibia (or the equivalent depth in controls) down the
anteromedial cortex 5 mm anterior to the standard hole
present in each tibia using the camera. This was divided
into 5 mm depth zones to a maximum of 30 mm. This
30 mm length contained strain data at ≥ 80 consecutive
points, with each 5 mm increment containing approxi-
mately 12 consecutive data points. Data were exported to
Excel 2010 (Microsoft, Redmond, Washington) for onward
analysis.

Cancellous damage – acoustic emission. Two piezoelectric
Pancom Pico-z AE sensors (125 to 750 kHz; Pancom,
Huntingdon, United Kingdom)26 were affixed in equivalent
positions on each tibia using cyanoacrylate adhesive
(Fig. 3). Sensors were connected to IL40S pre-amplifiers
(Physical Acoustics Corporation, Princeton, New Jersey)
with 40 dB gain and 20 to 1200 kHz bandwidth. For com-
puter analysis a Physical Acoustics Corporation processor
was used with AEWin 3.5 software (Physical Acoustics
Corporation). Sensor coupling was assessed using a Hsu-
Nielson (H-N) source,27 and the response of all sensors was
seen to be > 97 dB. The data were recorded continuously
throughout the loading cycle. The AE data were marked at
the start of each loading phase, at load hold, and at the start
of each unload. For each acoustic hit > 45 dB the following
parameters were recorded: peak amplitude, duration, rise
time, ring-down counts (number of threshold crossings)
and absolute energy (atto-Joules (aJ)). Data so obtained
were exported to Excel 2010 for onward analysis.
Statistical analysis. Analysis was performed using IBM-
SPSS v19.0 (SPSS Inc., Chicago, Illinois). Continuous para-
metric data (quantitative DIC data) were analysed using
one-way analysis of variance (ANOVA) to compare
implant types, and a two-tailed independent Student’s t-test
to compare implants and controls. Non-parametric data
(AE data) were analysed using the Kruskal–Wallis test to
compare means between implants, and Mann–Whitney U
tests to compare implants and controls. A p-value < 0.05
was deemed significant.

Results
The implantation method produced standardised tibial resec-
tions, prosthesis alignment and cement mantles (Table I). The
mean contact area of the fixed-bearing implants was
116 mm2 (SD 20.0; 68 to 144). There was no significant dif-
ference in mean contact area between AP and MB implants
(114.4 mm2 (SD 28.9) vs 117.6 mm2 (SD 7.8); p = 0.752,
Mann–Whitney). The contact area of the fully conforming
mobile-bearing implant was approximately 665 mm2. 
Digital image correlation. By eye, there was little difference
in vertical surface strain between implants and controls; an
example of the image is seen in Figure 3. In a quantitative
analysis of strain at 1500 N and 2500 N (Table II, Fig. 4), no
implant reproduced the tensile vertical strain of the proximal
control tibiae. At 1500 N, one-way ANOVA showed signif-
icant differences in surface strain between the implant
groups at depths of 0 to 5 mm (p < 0.001), 5 to 10 mm
(p < 0.001) and 25 to 30 mm (p = 0.037). At 2500 N, one-
way ANOVA showed significant differences between
implant groups at depths of 0 to 5 mm (p < 0.001), 5 to
10 mm (p < 0.001), 10 to 15 mm (p = 0.041), 20 to 25 mm
(p = 0.026) and 25 to 30 mm (p = 0.011). Significant differ-
ences existed between all implants and controls at loads of
1500 N and 2500 N for the proximal 5 mm only (Table II).
Significant differences in compressive strain exist between
MB implants and controls at 25 to 30 mm only where the

Fig. 2

Photograph showing the experimental set-
up with camera positions.
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metal backing produced relative shielding. Only the fixed-
bearing MB implant does not breach the physiological
strain limits of -1500 to +1500 με at loads of 2500 N.
Acoustic emission. Of the AE activity, 60% to 70% was
detected at the posterior sensor in all groups. The hit ampli-
tude and number for each implant type throughout the

loading cycle are shown in Figure 5. The cumulative num-
ber of AE hits up to a 2500 N load differed significantly
between implants (p = 0.001 Kruskal–Wallis). AP implants
displayed 352 mean cumulative hits (SD 74.3), MB 140
(SD 19.9), OX 63 (SD 29.4) and controls 23 (SD 11.6). High
hit rates were associated with high absolute energies.

Fig. 3d

Digital image correlation (DIC) figures from camera 1 displaying vertical strain in they-direction (–5000 to +5000 με window) at a 2500 N load in a) an
all-polyethylene (AP) implant, b) a metal-backed implant, c) the Oxford mobile-bearing implant, and d) the control tibia. The area is defined by a spec-
imen-specific mask to maximise accuracy. The acoustic emission (AE) sensors are affixed to anterior and posterior cortices. Compressive strain
appears blue and tensile strain red.

Fig. 3c

Fig. 3a Fig. 3b

Table I. Tibial component alignment, resection and cement mantles in all specimens

Specimen†

Mean (SD) parameter* AP MB OX p-value

MPTA (°) 89.8 (0.45) 90 (0) 89.6 (0.89) 0.581‡

PTS (°) 6.4 (0.89) 6.6 (0.55) 6.6 (0.89) 0.857‡

Resection (mm)
Medial 6.23 (0.44) 6.10 (0.19) 6.48 (0.18) 0.125‡

Minimum 6.01 (0.55) 6.02 (0.20) 6.03 (0.54) 0.961‡

Cement mantle (mm)
Anterior 1.35 (0.18) 1.35 (0.27) 1.37 (0.12) 0.988§

Medial 0.94 (0.24) 1.14 (0.07) 1.18 (0.23) 0.154§

Posterior 1.64 (0.10) 1.50 (0.45) 1.70 (0.26) 0.570§

* MPTA, medial proximal tibial angle; PTS, posterior tibial slope 
† AP, all-polyethylene; MB, metal-backed; OX, Oxford mobile-bearing component 
‡ Kruskal–Wallis test 
§ one-way analysis of variance
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On loading, there were significant differences in the
number of AE hits between implants at every load (500 N
to 2500 N) (Table III) (Fig. 6). Compared with controls
(TIB), AP implants had significantly more hits at all loads,
the MB implants at loads ≥ 1500 N, and the OX at 1500 N
and 2000 N loads only (p < 0.001, Mann–Whitney). Com-
pared with OX, AP implants had significantly more hits at
loads ≥ 1500 N (p < 0.001, Mann–Whitney). There were no
significant differences in AE hits number between MB and
OX implants at any load. The absolute energy associated

with AE hits differed significantly between implants at loads
of 1500 N and 2000 N (Table III). Compared with controls,
AP implants had significant differences in absolute energy
emissions at 2000 N (p < 0.001 Mann–Whitney).

Significant differences in AE activity were also found on
unloading from 2000 N (p = 0.010) and 2500 N
(p = 0.011, Kruskal–Wallis) (Table IV, Fig. 6b). No signifi-
cant differences existed in unloading from lower loads
(500 N, p = 0.392; 1000 N, p = 0.071; 1500 N, p = 0.063).
AP implants displayed significantly more AE hits than

Table II. The mean vertical strain for each implant at each depth zone compared with that of the intact tibia controls at 1500 N
and 2500 N loads. Positive strain values represent tensile strain, and negative values compressive strain (CI, confidence
interval)

Implant/Zone (mm)* Mean (SD) strain (με) % of control strain p-value (vs control)† 95% CI of vertical microstrain

1500 N LOAD
AP

0 to 5 145 (142) 25.4 0.002 -640 to -208
5 to 10 324 (173) -531.1 0.003 169 to 601
10 to 15 -546 (139) 200.0 0.015 -476 to 69
15 to 20 -937 (142) 119.7 0.106 -348 to 40
20 to 25 -1066 (55) 102.0 0.807 -222 to 178
25 to 30 -1130 (55) 93.7 0.344 -98 to 252

MB
0 to 5 154 (142) 27.1 0.002 -631 to -199
5 to 10 357 (84) -585 < 0.001 269 to 568
10 to 15 -311 (161) 113.9 0.710 -256 to 183
15 to 20 -742 (288) 94.8 0.773 -281 to 365
20 to 25 -850 (320) 81.4 0.262 -196 to 586
25 to 30 -872 (336) 72.3 0.087 -63 to 732

OX
0 to 5 -168 (61) -29.0 < 0.001 -932 to -542
5 to 10 -280 (208) 459 0.086 -477 to 41
10 to 15 -450 (188) 165 0.148 -433 to 80
15 to 20 -640 (149) 81.7 0.158 -71 to 358
20 to 25 -974 (59) 93.3 0.344 -98 to 239
25 to 30 -908 (7) 75.3 0.014 99 to 498

2500 N LOAD
AP

0 to 5 550 (280) 58.6 0.037 -746 to -30
5 to 10 632 (324) -482.4 0.004 366 to 1158
10 to 15 -813 (194) 172.2 0.010 -574 to -106
15 to 20 -1503 (256) 123.4 0.104 -645 to 73
20 to 25 -1827 (207) 108.0 0.397 -486 to 214
25 to 30 -1745 (133) 91.0 0.230 -132 to 476

MB
0 to 5 255 (199) 27.2 0.001 -978 to -389
5 to 10 513 (123) -391 < 0.001 457 to 831
10 to 15 -412 (285) 87.3 0.673 -257 to 378
15 to 20 -1145 (357) 94.0 0.714 -369 to 514
20 to 25 -1289 (289) 76.2 0.052 -4 to 809
25 to 30 -1301 (328) 67.8 0.017 150 to 1081

OX
0 to 5 -182 (40) -19.4 < 0.001 -1422 to -819
5 to 10 -345 (123) 264 0.063 -494 to 16
10 to 15 -683 (247) 144.7 0.145 -518 to 97
15 to 20 -1200 (301) 98.5 0.932 -446 to 480
20 to 25 -1676 (99) 99.0 0.926 -389 to 420
25 to 30 -1662 (32) 86.7 0.157 -131 to 642

* AP, all-polyethylene; MB, metal-backed; OX, Oxford mobile-bearing component
† paired t-test
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controls on unloading from 2000 N (p < 0.001, Mann–
Whitney) and more than the mobile-bearing OX on unload-
ing from 2500 N (p < 0.001, Mann–Whitney). AE hits on
unloading the MB implant from 2500 N were significantly
greater than in OX implants (p < 0.001, Mann–Whitney),
but not greater than in controls (p = 0.055).

Discussion
Our findings show significant differences in proximal tibial
strain and damage in synthetic composite bone models
between metal-backed and all-polyethylene tibial compo-
nents in medial UKRs. Metal-backed implants are associ-
ated with a significant strain shielding effect at a depth of
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5 mm to 10 mm below the implant. The most striking
differences between implants, however, occurred when
measuring cancellous damage using AE.

Composite Sawbone models have been validated as
being representative of cadaver bone on biomechanical
testing.21,28 Unlike cadaver specimens they display little
interspecimen variability, and can therefore provide repro-
ducible results.21 These models are widely used in the bio-
mechanical literature to test implant and construct viability
and to validate finite element models, facilitating additional
study.29,30 In synthetic bone, micro-CT has validated AE
activity with actual damage, with high-amplitude hits signi-
fying greater damage.16 Leung et al16 found that AE
detected and located early failure in synthetic bone, where
hits of > 70 dB amplitude were associated with cracks of
> 50 μm, and hits of > 90 dB caused critical damage of

crack length 1 mm to 5 mm. AE activity in cadaver bone
has also been validated with micro-CT as being representa-
tive of actual cancellous microfracture,31 with high-ampli-
tude emissions indicating fracture.32 Although cracks may
not propagate identically through cadaver and synthetic
bone owing to the trabecular microstructure of cadaver
bone, these studies have shown that high amplitudes and
high energies reflect significant damage in both.31-33

Although there appear to have been no direct comparisons
of AE activity between cadaver bone and synthetic bone in
the literature, some of their failure characteristics have been
shown to be similar.34

Only the Oxford UKR has been reported in finite ele-
ment analyses (FEAs), where a 40% increase in proximal
tibial bone strain is reported.12 One mechanical testing
study has been reported13 using DIC with photoelastic

Table III. Number of acoustic emission (AE) hits and associated absolute energy on loading by implant

Implant*

AP MB OX Control tibiae p-value†

Mean (SD) AE hits (n)
500 N load 9.40 (4.77) 2.80 (2.59) 1.60 (2.07) 0.60 (0.89) 0.010
1000 N load 24.40 (8.38) 11.80 (16.53) 4.80 (6.94) 1.60 (1.82) 0.012
1500 N load 96.00 (61.08) 15.00 (5.52) 9.60 (8.17) 1.00 (1.00) 0.001
2000 N load 70.80 (14.10) 39.00 (18.88) 19.40 (9.61) 2.40 (2.51) 0.001
2500 N load 104.80 (36.90) 53.60 (14.26) 23.20 (8.70) 12.60 (10.31) 0.001

Mean (SD) absolute energy (aJ)
500 N load 1.92E+05 (2.60E+05) 8.59E+04 (1.14E+05) 1.03E+06 (2.18E+06) 2.31E+03 (5.12E+03) 0.182
1000 N load 2.83E+05 (5.87E+05) 4.51E+05 (1.00E+06) 7.49E+04 (1.12E+05) 6.08E+04 (1.36E+05) 0.213
1500 N load 3.26E+06 (5.27E+06) 2.26E+05 (2.49E+05) 6.45E+05 (1.44E+06) 9.85E+03 (2.19E+04) 0.013
2000 N load 1.55E+07 (3.46E+07) 5.03E+05 (5.10E+05) 5.12E+03 (5.27E+03) 1.59E+02 (2.00E+02) 0.002
2500 N load 7.71E+06 (1.72E+07) 1.71E+06 (1.90E+06) 8.75E+06 (1.96E+07) 2.14E+07 (3.07E+07) 0.548

* AP, all-polyethylene; MB, metal-backed; OX, Oxford mobile-bearing component 
† Kruskal–Wallis test
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Fig. 6a

Graphs showing the mean number of hits (as measured on acoustic emission) by implant type and load on a) loading and b) unloading. The error
bars denote the 95% confidence intervals (AP, all-polyethylene; MB, metal-backed; OX, Oxford mobile-bearing; TIB, control tibia).

Fig. 6b
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paint to compare the Oxford implant with a fixed-bearing
AP implant at loads of 1500 N. Surface shear strain
appeared to be significantly greater in the AP implant.

High-amplitude hits occurred with greater frequency, and
at lower loads, in the AP implants than in both metal-backed
implants and controls, and hits were of high absolute ener-
gies even at low loads. Metal-backed implants produced high
energies at high loads only. AP implants also produced signif-
icant amounts of AE activity on unloading. This probably
reflects bending of the polyethylene on loading,35 with elastic
recoil on unloading causing further damage. 

Stiffer implants subside without bending. Stiffness is a
function of both material properties and geometry, and the
MB implant with 1.54 mm of metal backing is less stiff,
allowing more bending and creating more damage, than the
OX implant with 2.5 mm thick metal backing, and this is
reflected in their AE differences on unloading. The thinner,
less stiff fixed-bearing metal base plate is associated with
more cumulative hits on loading and unloading, more
energy, and more hits of greater amplitude than the stiffer
Oxford implant with thicker metal backing.

In vivo measurements of load in TKR show 290% to
345% body weight (BW) (mean 316%) passes across the
knee in 35° of flexion during stair climbing36; 57% of this
total load passes through the medial compartment, and

load is maximal at 35°.37 Table V shows that the tibiofem-
oral loads applied in this study were compatible with equiv-
alent activities.36-38 Loading up to 2500 N was
representative of physiological conditions. Load was
applied to the medial compartment, similar to the study by
Small et al.13 This was thought to be representative of a
worst-case scenario and prevented lateral artefact from
influencing AE readings. Loads were applied at 5 mm/min,
a strain rate associated with favourable bone properties.19

Implants were loaded centrally, the point of contact identi-
fied as appropriate by the available kinematic data.25

Limitations of this study include the use of synthetic,
rather than cadaveric bone. This was necessary to standard-
ise conditions and evaluate the effect of the implant alone.
The control tibiae were loaded with interposing simulated
soft tissue, which may have had an excessive cushioning
effect. The necessary mid-tibial constraint may have intro-
duced bending moments. The region imaged with DIC
excluded anterior and posterior regions where strain may
be concentrated.

In conclusion proximal strain shielding occurs in metal-
backed implants and the thickness of the metal backing
affects cancellous bone damage at the microscopic level.
All-polyethylene medial UKR implants are associated with
significantly more cancellous damage than metal-backed

Table IV. Number of acoustic emission (AE) hits and associated absolute energy on unloading by implant

Implant*

AP MB OX Control tibiae p-value†

Mean (SD) AE hits (n)
500 N (unloading) 0 0 0 0.20 (0.45) 0.392
1000 N (unloading) 2.60 (3.13) 0.40 (0.55) 0.80 (0.45) 0.20 (0.45) 0.071
1500 N (unloading) 7.20 (8.64) 0.80 (1.10) 0.80 (0.84) 0.20 (0.45) 0.063
2000 N (unloading) 18.20 (18.36) 3.00 (4.06) 1.40 (2.07) 0.20 (0.45) 0.010
2500 N (unloading) 19.00 (18.99) 13.80 (12.72) 1.00 (1.22) 2.80 (3.90) 0.011

Mean (SD) absolute 
energy (aJ)

500 N (unloading) 0 0 0 3.53E+01 (7.88E+01) 0.392
1000 N (unloading) 1.12E+02 (1.59E+02) 2.01E+01 (4.02E+01) 9.27E+01 (1.13E+02) 1.19E+01 (2.67E+01) 0.164
1500 N (unloading) 1.07E+03 (1.21E+03) 3.77E+01 (5.95E+01) 1.82E+03 (4.04E+03) 2.21E+00 (4.94E+00) 0.114
2000 N (unloading) 5.18E+03 (5.54E+03) 4.14E+03 (9.03E+03) 3.11E+01 (4.89E+01) 2.34E+01 (5.24E+01) 0.029
2500 N (unloading) 3.44E+04 (5.43E+04) 4.19E+04 (4.55E+05) 3.48E+01 (4.44E+01) 1.80E+04 (3.88E+04) 0.017

* AP, all-polyethylene; MB, metal-backed; OX, Oxford mobile-bearing component 
† Kruskal–Wallis test

Table V. Loads applied with corresponding body weight (BW) values for an 80 kg per-
son (the mean weight of patients undergoing unicompartmental knee replacement at
our institution), including medial compartment correction for 57%, and the correspond-
ing physical activity from the literature.36-38 Gravity constant = 9.8065 m/s2, 1BW =
785 N

Load (N) %BW (absolute) %BW (corrected) Activity

500 60 110 Cycling
1000 130 220
1500 190 330 Level walking, chair rising
2000 260 440 Uphill walking
2500 325 550 Stair descent
3000 390 660 Downhill walking
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implants, even at low loads in our experimental system.
Implant stiffness is affected by both material properties and
geometry, and this should be considered in implant selec-
tion. The clinical importance of elevated tibial strain and
contribution to pain requires further investigation.
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