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Aims

One of the main causes of tibial revision surgery for total knee arthroplasty is aseptic
loosening. Therefore, stable fixation between the tibial component and the cement, and
between the tibial component and the bone, is essential. A factor that could influence the
implant stability is the implant design, with its different variations. In an existing implant
system, the tibial component was modified by adding cement pockets. The aim of this
experimental in vitro study was to investigate whether additional cement pockets on the
underside of the tibial component could improve implant stability. The relative motion
between implant and bone, the maximum pull-out force, the tibial cement mantle, and
a possible path from the bone marrow to the metal-cement interface were determined.

Methods

A tibial component with (group S: Attune S+) and without (group A: Attune) additional
cement pockets was implanted in 15 fresh-frozen human leg pairs. The relative motion
was determined under dynamic loading (extension-flexion 20° to 50°, load-level 1,200
to 2,100 N) with subsequent determination of the maximum pull-out force. In addition,
the cement mantle was analyzed radiologically for possible defects, the tibia base cement
adhesion, and preoperative bone mineral density (BMD).

Results

The BMD showed no statistically significant difference between both groups. Group A
showed for all load levels significantly higher maximum relative motion compared to
group S for 20° and 50° flexion. Group S improved the maximum failure load significantly
compared to group A without additional cement pockets. Group S showed a significantly
increased cement adhesion compared to group A. The cement penetration and cement
mantle defect analysis showed no significant differences between both groups.

Conclusion
From a biomechanical point of view, the additional cement pockets of the component have im-
proved the fixation performance of the implant.
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Article focus Key messages
The aim of this experimental in vitro From a biomechanical point of view, this
study was to investigate whether addi- has further improved the fixation perfor-
tional cement pockets on the underside mance of the implant.

of the tibial component could improve
implant stability.
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Strengths and limitations
The high degree of standardization allows direct
conclusions regarding the implant design.
However, the transferability of the experimental data
to the patient should be confirmed by clinical studies.

Introduction

One of the most common causes of revision in total knee
arthroplasty (TKA) is aseptic loosening,' with the overall
number of cases expected to increase in the coming
years.? A study of 21,000 evaluated tibial components
found a correlation between early migration and late
loosening, and showed that early increased relative
motion could increase the risk of revision by up to 8%.3
The reasons for loosening of prostheses with increased
relative motion at the implant interfaces can be mani-
fold. Parameters such as stem length, surface texture,
geometry, size of rotation-stabilizing elements, stem
cementation, and cement pockets are reported in the
literature as parameters responsible for implant inter-
face stability.*® In vivo results for the tibial component
of the Attune knee system showed early aseptic loos-
ening with failure of the cement-implant interface.* The
authors assumed missing cement pockets and fewer
rotation-stabilizing components as a reason for pros-
thesis loosening. Revision surgeries were performed
on average 19 months after primary implantation.*
Cerquiglini et al® used retrieval analysis to investigate
the cement attachment at the underside of the tibial
component, and found that there was no evidence
of cement attachment for the investigated Attune
components. In contrast, the predecessor model, the
P.F.C. Sigma, showed evidence of cement adhesion.
According to Cerquiglini et al,® the differences in cement
attachment could be related to the design differences
of these implants, especially with regard to the cement
pockets. Another clinical study by Staats et al'® showed
a significantly higher incidence of radiolucent lines after
12 months below the tibial Attune prosthesis (35.1%)
compared to the predecessor P.F.C. Sigma (7.5%).
Therefore, it is important to investigate whether the
newer model of the tibial Attune component with the
design modification of the additional cement pockets
can actually improve implant fixation.

Regarding cement application, however, there
is some disagreement about the best approach.”
Refsum et al'™ showed that in six out of ten cases,
cement application was performed with a cement gun,
and in four cases by finger-packing technique. The
question of cement application to the undersurface
of the prosthesis with or without cementation of the
stem is still controversial. In this case, the advantages
of presumably improved stability, due to additional
stem cementation, are in contrast to the disadvantage
of increased bone loss in the case of revision.®'>'® The
evidence is clearer in terms of the further cementing
procedure, preferring an early cement application to
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Fig. 1

Attune (left) and Attune S+ (right) tibia components with additional cement
pockets.

the prosthesis and subsequently to the prepared bone
bed for increased interface stability.’®?> Contamination
with blood or lipids must be avoided, as these lead to
significant degradation of the bond between the pros-
thesis, cement, and bone.?

The aim of this experimental in vitro study was there-
fore to investigate whether additional cement pockets
on the underside of the tibial component could improve
implant stability. As evaluation criteria, the relative
motion between implant and bone, the maximum
pull-out force, the tibial cement mantle, and a possible
path from the bone marrow to the metal-cement inter-
face were determined in human cadaver legs.

Methods

The following in vitro study using cadaveric specimens
was structured into the following parts: the measure-
ment of the relative motion under dynamic loading, and
determination of the maximum pull-out force. Addi-
tionally, a radiological determination of bone mineral
density (BMD) and 2D and 3D cement penetration
analyses were conducted. The study received a positive
vote from the local ethics committee (Ethics Committee
Heidelberg). In 15 pairs of fresh frozen human legs,
the Attune total knee arthroplasty was implanted by
an experienced surgeon (RGB). The regular Attune and
the newer Attune S+ tibial components (both DePuy
Synthes (USA), both fixed-bearing) were implanted
in a randomized fashion. The differences between the
two tibia designs are additional cement pockets and a
modified surface roughness of the under-surface of the
Attune S+ component (Figure 1).

The specimens were randomly allocated — right and
left knee — to group A (Attune) or group S (Attune S+), by
means of a computer-generated list (Randlist 1.2; Datinf
GmbH, Germany). The donor data showed a mean age of
68.3 years (standard deviation (SD) 11.5), a mean height
of 174.4 cm (SD 10.9), a weight of 75.1 kg (SD 16.4), and
a BMI of 24.6 kg/m? (SD 4.7).

Radiological examinations with determination of implant
size. Franck et al** showed a high correlation between
standard dual-energy X-ray absorptiometry (DXA) at the
hip and various locations such as the limbs. Therefore, we
measured BMD using DXA with standard hip parameters
(Hologic QDR-2000, USA). This allowed us to compare
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the two groups and to assess bone quality. Native radio-
graphs in anteroposterior (AP) and lateral projection of all
30 knee joints were obtained preoperatively, as it is com-
mon clinical practice. This allowed determination of pros-
thesis size using the TraumaCad software (Voyant Health,
Brainlab AG, Germany) and exclusion of pre-damage.
The same prosthesis size was planned and implanted on
the right and left side of each pair of legs. This resulted in
the following tibial implant sizes: size 3 (n = 1), size 4 (n
= 3), size 5 (n = 2), size 6 (n = 2), size 7 (n = 5), and size
8 (n = 2). Postoperative radiographs were used to verify
the implantation result and to exclude any intraoperative
fractures.

Cementing procedure. Prior to surgery, the human legs
were thawed at room temperature. To standardize the ex-
perimental conditions and the surgical steps, all adjust-
ments and resection measurements were documented
and transferred to the contralateral side. Bone bed prepa-
rations and implantations were performed according to
the prosthesis manufacturer’s surgical instructions. For
the preparation of the keel, two different keel impactors
are available for the Attune Knee System. Both are intend-
ed for cemented implantation. One is the cement mantle
prep keel punch, which we used in this study, and the
other is the line-to-line keel punch. Prior to cementation,
the cancellous bone was cleaned of lipid deposits, blood,
and bone debris using the OptiLavage system (Zimmer
Biomet, USA) and dried with a compress until immedi-
ate cement application. The implantation of the group
A and group S prostheses was performed with a vacuum
mixed high viscosity bone cement (Optipac 40 Refobacin
Bone Cement R, Zimmer Biomet). A two-stage cementa-
tion technique was used in order to be able to ensure an
early cementation with early full leg extension for cement
curing and thus to create optimal conditions. The cement
was applied using early cement timing for vacuum-mixed
cement at a room temperature of 21.2°C (+ 0.2°C). We
applied the bone cement to the under-surface of the tib-
ial component 80 seconds after the start of the mixing
process. In the next step the cement was applied to the
bone at 110 seconds using the cement gun. The impac-
tion of the tibial component was performed 140 seconds
after start of mixing. Immediately thereafter, excess ce-
ment was removed, the femoral trial component with
associated inlay was inserted, and the leg was placed in
extension position at 240 seconds after start of mixing,
where the cement was allowed to harden. The leg was
left in extension position for ten minutes after start of
mixing to ensure complete cement-hardening. The corre-
sponding femoral component was implanted afterwards.
The amount of cement used in the right-left comparison
was verified by checking the weight of the cement car-
tridge together with the removed cement.

Load simulation and determination of relative mo-
tion. Before starting dynamic loading to measure rela-
tive motion, the femur and tibia were separated, and the
soft-tissues were removed. Subsequently, the specimens
were cast in a mould using synthetic resin (Rencast FC

Fig. 2

Left: dynamic loading with extension and flexion. Right: applied bone and
implant marker.

53, Huntsman Advanced Materials, Germany) in order
to be able to integrate the specimens into the material
testing machine. For the assessment of implant stability,
a tibiofemoral contact force (axial force) was applied in
a sinusoidal double peak. In addition, a second actuator
was used to apply extension-flexion between 20° and 50
° (Figures 2 and 3). The load maxima (maximum force)
occurred at the time of extension and flexion, respective-
ly,>> using a servo-hydraulic testing machine (MTS 858
Mini Bionix Il, MTS Systems Corporation, USA) (Figure
2). The load corresponds to the daily activity of climbing
stairs.?¢2 |nitially, a preload of 200 N was applied before
cyclic loading was started. Subsequently, the force was
applied for 1,000 cycles per load level (4,000 cycles in
total). The load level increase was incremental by 300 N
(1,200N, 1,500 N, 1,800 N, 2,100 N) (Figure 3). The meas-
urement of the relative motion between implant and
bone was performed using optical, camera-based meas-
urement techniques (PONTOS-GOM — Gesellschaft fir
Optische Messtechnik mbH, Braunschweig, Germany).
Bone and implant markers were applied to the prosthe-
sis and at the line of resection to record the 3D relative
motions (Figure 2). The maximum relative movements
were evaluated in relation to all three spatial axes, with
normalization to the right tibia for maximum extension
and flexion (20°, 50°).

Maximum pull-out force and cement adhesion. Maximum
failure load was determined using a pull-out test with a
cross head speed increment of the material testing ma-
chine (MTS 858 Mini Bionix I, MTS Systems Corporation)
of 2 mm/min (Figure 4) immediately after the cyclic load-
ing. The maximum failure load was determined in the ax-
ial direction of the prosthesis stem.

After the pull-out test, the cement adhesion to the
under surface of the prosthesis was also evaluated. For this
purpose, the adherent cement quantity was evaluated in
relation to the total area (without stem). To determine
the cement adhesion, the underside of the prosthesis
was digitized using a copy stand (Kaiser Fototechnik,
Germany) with integrated Canon EOS 350D and a macro
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The figure shows a schematic sinusoidal loading scenario with increasing load every 1,000 cycles. The synchronous extension-flexion is shown in the upper plot.

Fig. 4

Determination of the maximum failure load.

objective 1:2.8 DG (SIGMA, Germany). The assessment of
the cement adhesion was performed using the software
Image] 1.52 a (National Institutes of Health, USA).

Radiological cement analyses. Postoperative radiographs
were used to measure the cement penetration area of
each specimen in two planes. Using Image] 1.52, the
area of cancellous bone penetrated by cement could be
marked and measured (Figure 5).% Subsequently, the ce-
ment surface was calculated with the aid of a reference
sphere. To be able to investigate possible cement defects
of the cement mantle, and thus a possible direct connec-
tion from the fat marrow to the metal-cement interface,

we obtained CT scans (SOMATOM Emotion; Siemens
Healthcare, Germany) of the tibia specimens. The CT scans
were performed, after determining the maximum failure
load, with a slice thickness of 0.75 mm. Furthermore,
we used the scans to measure the cement mantle defect
area for the keel and stem of the two groups (Figure 6).
In the first step, the cement was segmented from the
CT scans using the ITK-SNAP software.>® Subsequently,
the cement defects were analyzed with the Geomagic
Studio (Raindrop Geomagic, USA) program by measur-
ing the defect area and calculating the percentage of the
total embedding implant surface. A 0.9% saline solution
mixed with blue pigment was injected into the medullary
canal distally of the prosthesis tip (Figure 7) to check for
cement defects with direct contact between the medul-
lary canal and the under-surface of the implant. The only
way for the fluid to escape from the medullary canal was
through defective areas of the cement mantle. This could
be proven by blue staining of the cement surface.

Statistical analysis. Prior to the start of the experimental
study, a sample size calculation was performed using
G*Power 3.1 (University Kiel, Germany),?' based on the
reported data by Schwarze et al.3? Input parameters to
compute the required sample size were tails: two, effect
size d: 1.33, a err prob: 0.05 and power (1-8 err prob):
0.95. This results in the output parameters sample size
16 for each group and an actual power of 0.95. A sample
size of 15 paired fresh-frozen human legs were available
for us. The data were evaluated descriptively using the
arithmetic mean, SD, range, and 95% confidence inter-
vals (Cls). Pre-analysis, the normal distribution of the data
was evaluated using a Shapiro-Wilk test, and the homo-
geneity of variance was verified using Levene’s test. We
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Fig. 5

2D X-ray analysis: cement penetration area in anteroposterior (left) and lateral direction (right).

Fig. 6

CT scans with different views and blue arrows to mark the cement mantle defects. a) Anterior, b) lateral, c) posterior, d) medial, e) caudal, and f) cranial. g)
The corresponding radiograph in anteroposterior projection without visible cement mantle defect.

Bl r—— Y e conducted an independent-samples t-test to assess ef-
> A T e I fects between both groups on the parameters BMD, max-
: ' imum failure load, cement penetration, cement mantle
defect, and relative motion within each load level. For the
cement adhesion, we used the Mann-Whitney U test for
normal distribution results. A repeated measures analysis
of variance (RMANOVA) was conducted to investigate the
dependent variable (relative motion) at four timepoints
(load levels 1 to 4) for differences in means. Within-
subject effects were examined for significant differences
For validation of the cement defects (using CT scans), and to check whether in the dependent variable over time. For the RMANQOVA,
there was a direct coqnection .betwe‘zen the m.edullary cana.l e?nd thg tibial a Greenhouse-Geisser adjustment was used to correct for
component, 0.9% saline solution with blue pigments was injected into the . . L. .

medullary canal distally of the prosthesis tip. violations of sphericity. All data were analyzed using SPSS

25 (IBM, USA) with a significance level of p < 0.05.

Fig. 7

VOL. 11, NO. 4, APRIL 2022



234 S. JAEGER, M. EISSLER, M. SCHWARZE, M. SCHONHOFF, P. KRETZER, R. G. BITSCH

Table I. Maximum relative motion for 20° flexion and all investigated load
levels.

Table II. Maximum relative motion for 50° flexion and all investigated load
levels.

Variable Mean maximum relative motion, pm (SD) Variable Mean maximum relative motion, pm (SD)
Load level, 1,200 1,500 1,800 2,100 Load level, 1,200 1,500 1,800 2,100
N N
Group A 26.8 (3.1) 41.8 (5.5) 58.4 (4.8) 77.4 (5.5) Group A 40.4 (5.0) 63.6 (6.6) 87.0(5.6) 129.1(13.2)
Group S 20.7 (2.4) 28.8(2.5) 36.4(2.2) 45.1(2.4) Group S 28.3(3.8) 40.2(2.3) 49.9 (2.3) 64.2 (4.1)
SD, standard deviation. SD, standard deviation.
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Fig. 9

Results
One pair of legs was excluded from the relative motion
analysis and maximum pull-out force due to a prosthesis
loosening during the test preparations, and one pair of
legs was excluded due to a fracture during the loading
simulation.
Bone mineral density. No statistically significant differ-
ence was found in mean BMD between group A (0.882
g/cm? (SD 0.109)) and group S (0.891 g/cm? (SD 0.105)),
(t(24) = -0.224; p = 0.824, independent-samples t-test
(95% Cl1-0.096 to 0.077)).
Relative movement for 20° flexion. Relative motion
showed statistically significant differences between load
levels for 20° flexion (F (1.2, 9.8) = 3,093.9; p < 0.001)
in the RMANOVA with a Greenhouse-Geisser correction.

When comparing the two prosthesis designs, the
independent-samples t-test showed a significant differ-
ence in maximum relative motion at each of the four
load levels (Table I, Figure 8). Group A showed consis-
tently for 20° flexion a higher maximum relative motion
compared to group S. At load level 1,200 N, there was a
mean difference increase of 6.0 um (95% Cl 2.0 to 10.1) in
maximum relative motion (t(8) = 3.4; p = 0.009). For load
level 1,500 N, the mean difference increase was 12.9 ym
(95% Cl 6.7 to 19.1), (t(8) = 4.8, p = 0.001). For load level
1,800 N, the mean difference was 22.0 um (95% Cl 16.6
to 27.4), (t(8) = 9.4, p < 0.001). Finally, for load level
2,100 N, the mean difference was 32.3 ym (95% Cl 26.1
to 38.5), (t(8) =12.1, p < 0.001).

The RMANOVA showed that an increase of the load
levels has a significant influence on the relative motion in

Mean maximum failure load of the investigated prosthesis designs. The lines
represent the standard deviations.

20° flexion (F (1.2, 9.8) = 3,093.9; p < 0.001), correction
according to Greenhouse-Geisser.

Relative movement for 50° flexion. A statistically signif-
icant difference of relative motion between load levels
for 50° flexion was seen in RMANOVA with Greenhouse-
Geisser correction (F (1.1, 8.8) = 881.6; p < 0.001).
Evaluation of the two tibial component designs using the
independent-samples t-test showed a significant differ-
ence in maximum relative motion at each of the four load
levels (Table Il, Figure 8). Group A consistently showed a
higher maximum relative motion compared to group S
for 50° flexion. At load level 1,200 N, there was a mean
difference increase of 12.1 ym (95% Cl 5.6 to 18.6) in
maximum relative motion (t(8) = 4.3; p = 0.003). For load
level 1,500 N, the mean difference increase was 23.1 ym
(95% C115.1 to 31.2), (t(5) =7.4; p=0.001). For load level
1,800 N, the mean difference was 37.1 um (95% Cl 30.8
to 43.4), (t(8) = 13.6; p < 0.001). Finally, for load level
2,100 N the mean difference was 64.9 um (95% Cl 48.7
to 81.1), (t(5) = 10.5; p < 0.001).

RMANOVA showed, for the main effect of the within-
subject, that an increase of the load levels has a signif-
icant influence on the relative motion in 50° flexion (F
(1.1, 8.8) = 881.6; p < 0.001), correction according to
Greenhouse-Geisser.

Maximum failure load and cement adhesion. The
independent-samples t-test showed a statistically signif-
icant difference in mean maximum failure load between
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Fig. 10

Left: Group A (Attune). Centre: Group S (Attune S+) without adherent cement. Right: Group S with adherent cement.

group A (1,062.4 N (SD 942.6, 0.0 to 3,288.0)) and
group S (3,876.7 N (SD 2,124.4, 1,372.0 to 7,426.0))
prosthesis designs (t(18) = -4.5, p < 0.001). There was
a decreased maximum failure load of 2,814 N (95% ClI
-4,119.8 to -1,508.9) for the group A components. Group
S, by contrast, showed a 265% increase in maximum fail-
ure load compared to group A (Figure 9). In nine cases,
the Attune group showed values below 1,000 N for the
maximum failure load, with one value at O N. Evaluation
of percent cement adhesion to the under-surface of the
tibial prosthesis was assessed with Mann-Whitney U test
after pull-out. Group S showed significantly increased ce-
ment adhesion compared to group A (U =43; p=0.034).
Group A showed a mean cement adhesion ratio of 0.3%
(SD 0.9%). No cement remained on the underside of 12
group A prostheses, with a cement area of 3.3% in one
(Figure 10). All group A prostheses showed a fat layer on
the under-surface.

In group S, minimal cement residues remained in the
cement pockets of nine components, and partial cement
in three (Figure 10). One prosthesis under-surface was
completely covered with cement and bone after pull-out.
On average, a mean 12.3% (SD 27.3%) of the area in
group S remained covered with cement. The group S
tibial components also showed fat debris on the metal.
Cement penetration area and cement mantle defect. Mean
cement penetration area for the anteroposterior (AP) di-
rection was 426.7 mm? (SD 55.5) for group A and 464.8
mm? (SD 72.4) for group S. The independent-samples t-
test showed that this difference was not statistically sig-
nificant (t(24) =-1.5; p =0.146 (95% Cl -90.3 to -14.2)).

On the lateral radiographs, there was also no signifi-
cant difference between group A (379.2 mm? (SD 58.9))
and group S (415.7 mm? (SD 85.1)), (t(24) = -1.3; p =
0.215, (95% C1-95.8 to 22.7)). The independent-samples
t-test for the cement mantle defect in relation to the inter-
face area between cement and metal showed no statis-
tically significant difference between group A (2.3% (SD
2.3%)) and group S (3.4% (SD 2.2%)), (t(24) =-1.3; p =
0.222, (95% CI -2.9, to -0.7)).

Discussion
Aseptic loosening is still the most common cause of
revision in TKA,"* and can be influenced by a variety

of different factors. These include factors that influence
implant stability due to their design characteristics. These
could be features such as the geometry and length of the
prosthesis stem, and the presence of anti-rotation wings
or cement pockets.”**** Furthermore, it has been shown
that an adequate cementing technique with appropriate
bone-cleansing can be crucial for cement penetration
and thus for implant stability.>¢*

The objectives of this study were to evaluate if thereis a
potential difference in relative motion between the Attune
and Attune S+ tibia components, and their behaviour
related to the maximum failure load under standardized
test conditions. We also analyzed the tibial cement mantle
defect, cement penetration area, and cement adhesion.
Additionally, bone density was determined to ensure
that there were no significant differences between both
groups. The results of the 3D in vitro measurements of
the relative motion between tibial component and bone
were evaluated at 20° and 50° flexion. Group A showed
for all four load levels significantly higher mean maximum
relative motion compared to group S for 20° and 50°
flexion. At the load level of 2,100 N, the group A tibial
base showed values of 129.1 um (SD 13.2) compared to
64.2 ym (SD 4.1) for group S. These were the highest
values for both groups. For both investigated groups
and flexion angles, the mean maximum relative motion
showed a significant increase with increased load levels.
The observed range of the maximum failure load showed
values between 0 and 3,288 N for group Aand 1,372 and
7,426 N for group S. The Attune S+ component, with its
additional cement pockets, significantly improves the
maximum failure load compared to the Attune without
additional cement pockets. For group A, we set the value
for the maximum failure load to O N, since the prosthesis
loosening occurred before the relative motion was deter-
mined. When preparing the specimen for insertion of
the polyethylene inlay to determine the relative motion
under dynamic loading, we found that the tibial Attune
component had already loosened. Therefore, we assessed
the pull-out force as O N. A possible cause could be the
combination of impaction and ligament tension force.
The ligament tension force during cement hardening
and the impaction force must exceed the radial press fit.
Jaeger et al®® found an increased radial press fit around the
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tibial stem and keel, with growing radii of the rounded
tibial edges and with decreasing cement mantle space
around the implants. The Attune component showed a
2 mm radial press fit with maximum incomplete seating
of 1.8 mm for the cement mantle instrumentation. The
radial press fit effect as reported by Jaeger et al*® could
be enhanced in sclerotic bone. Evaluation of the post-
operative radiographs showed no significant differences
in the cement penetration area for the AP or the lateral
radiographs between both investigated groups. The
examination of the cement mantle showed no signifi-
cant difference for the cement mantle defect related to
the interface area between metal and cement for both
groups. The fluid test with coloured 0.9% saline solution
injected into the medullary canal showed that there was
a direct connection between the medullary canal and
the implant under-surface. Both groups showed defects
of the cement mantle that allowed lipid to penetrate the
cement-metal interface, but group S showed significantly
improved implant stability compared to group A. There
was minor cement adhesion after the pull-out test with
significantly decreased cement adhesion ratio for group
A compared to group S. In addition, lipid contamination
was observed on the underside of all prostheses after pull
out.

Turgeon et al*® investigated 30 patients in a clinical
in vivo study using radiostereometric analysis (RSA) to
determine the maximum total point motion (MTPM) for
the Attune tibia component. The implantations of the
components were performed using Palacos or Simplex
cement and showed a mean MTPM of 160 uym (SD
70) after six months, 200 ym (SD 100) after one year, and
210 uym (SD 120) after two years. Compared to ourin vitro
measured relative motions under dynamic loading, the in
vivo MTPM data were higher. For the Triathlon (Stryker,
USA) prosthesis, one of the most commonly used pros-
theses according to the Australian registry,*® Molt et al,*
also using RSA, showed mean MTPM values of 460 pm
(SD 290) at three months, 610 pm (SD 520) at one year,
650 pym (SD 660) at two years, and 660 pm (SD 380) at
five years. Based on 21,000 evaluated tibial components,
Pijls et al* showed that early migration and relative motion
increase the risk of revision. Another type of failure mech-
anism that has been reported is tibial debonding, with
detachment of cement from the metal under-surface of
the implant.* Different causes for tibial debonding have
been reported: Silva et al® found that the cementation of
the stem has a significant influence. Contamination with
blood or lipids could also lead to a significant decrease
of the bond between metal and cement; Billi et al?
reported that lipid contamination of the underside of
the prosthesis could reduce the bond stability between
implant and cement to almost zero. However, we could
exclude lipid contamination during cement application
to the prosthesis underside and to the bone/cement.
After the pull-out test, we could observe fat contamina-
tion on the under-surface of all prostheses. Furthermore,
similar to Billi et al,?*> we measured low maximum failure

load, especially for the group without cement pockets.
The cementation took place under ideal conditions, and
a possible lipid contamination was checked during each
individual cementation. Therefore, possible fat contam-
inations must have occurred during or after placement
of the component. Bonutti et al* also reported, in rela-
tion to the Attune tibia component, an early aseptic loos-
ening with failure of the cement-implant interface. In
this context, missing cement pockets and fewer rotation-
stabilizing components were blamed for the loosening of
this prosthesis design. However, such failure mechanisms
have also been observed in other prosthesis designs.234243

One of the limitations of this study was the number of
human leg pairs available to us. Another limiting factor
was the cement timing. We only used optimal timing with
early cement application, and a two-stage cementation
technique. How implant stability behaves with single-
stage cementing technique and later cement application
needs to be investigated in further study. Furthermore,
no other bone cements with different viscosities could
be investigated. The investigated cement mantle defects
could only be analyzed after the test to determine the
maximum force. Therefore, there is a possible influence of
the defects by the pull test. Although the selected loading
scenario takes into account different extension and flexion
angles, and the associated differences in shear stress on
the tibial plateau, it was not possible to simulate physio-
logical everyday loading in its entirety. The transferability
of the results that additional cement pockets generally
improve implant stability in an existing implant design
cannot be determined. This should be checked individu-
ally for each implant design.

In conclusion, both tibial prosthesis designs showed
cement mantle defects and a connection between bone/
fat marrow and metal-cement interface. With regard to
the Attune S+ component, the additional cement pockets
showed a significantly reduced relative motion between
implant and bone and a significantly increased maximum
failure load. We attribute this enhanced implant stability
of the tibial component to the additional cement pockets,
which allow for improved mechanical cement adhesion.
From a biomechanical point of view, this has further
improved the fixation performance of the implant.
However, the transferability of the experimental data to
the patient should be confirmed by clinical studies.
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