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Aims

Periprosthetic hip fractures (PPFs) after total hip arthroplasty are difficult to treat. Therefore,
it is important to identify modifiable risk factors such as stem selection to reduce the occur-
rence of PPFs. This study aimed to clarify differences in fracture torque, surface strain, and
fracture type analysis between three different types of cemented stems.
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We conducted biomechanical testing of bone analogues using six cemented stems of three
different types: collarless polished tapered (CPT) stem, Versys Advocate (Versys) stem, and
Charnley-Marcel-Kerboull (CMK) stem. Experienced surgeons implanted each of these types
of stems into six bone analogues, and the analogues were compressed and internally rotated
until failure. Torque to fracture and fracture type were recorded. We also measured surface
strain distribution using triaxial rosettes.

Results

There was a significant difference in fracture torque between the three stem types (p =
0.036). Particularly, the median fracture torque for the CPT stem was significantly lower than
that for the CMK stem (CPT vs CMK: 164.5 Nm vs 200.5 Nm; p = 0.046). The strain values for
the CPT stem were higher than those for the other two stems at the most proximal site. The
fracture pattern of the CPT and Versys stems was Vancouver type B, whereas that of the CMK
stem was type C.

Conclusion

Our study suggested that the cobalt-chromium alloy material, polished surface finish, acute-
square proximal form, and the absence of a collar may be associated with lower fracture
torque, which may be related to PPF.
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To decrease the risk of periprosthetic
femoral fracture, the choice of stem is
crucial. The purpose of this study was to
clarify the differences in fracture torque,
surface strain, and fracture type anal-
ysis between three different types of
cemented stems in biomechanical study.

The fracture torque of the femora with
collarless polished tapered (CPT) stem
was significantly lower than that of the
femora with Charnley-Marcel-Kerboull
(CMK) stem. The strain values for the CPT
stem were higher than those for the other
two stems at the most proximal site in the
anterior and posterior of femur. The frac-
ture pattern of the CPT and Versys stems

270

VOL. 11, NO. 5, MAY 2022


mailto:takegami@med.nagoya-u.ac.jp

COMPARISON OF PERIPROSTHETIC FEMORAL FRACTURE TORQUE AND STRAIN PATTERN OF THREE TYPES OF FEMORAL COMPONENTS 271

was Vancouver type B, whereas that of the CMK stem
was Vancouver type C.

Strengths and limitations

The strength of this study is that it clarified the
difference in fracture torque between different stem
concepts, and visualized the site of torque application
by using a strain gauge.

This model did not represent osteoporotic bone. We
discarded the influence of the soft-tissue envelope in
our model.

Introduction

The risk of periprosthetic fracture (PPF) after total hip
arthroplasty is about 0.4% to 3.5%, which is relatively
low, ' yet PPFs are difficult to treat when they do occur.
Prevention is likely to be a more effective strategy than
treatment; thus the identification of modifiable risk
factors that can guide surgical decision-making, such as
the choice of stem, is crucial.

Several prior registry-based studies showed that the
types of femoral stems and their fixation could be related
to the increased risk of some prosthetic designs. The risk
of fracture for the taper-slip stem was higher than that
for the composite-beam stem.* The use of a collarless
polished tapered (CPT) stem was associated with the
highest risk of revision for PPF compared with any of the
other types of cemented stems.?

Among the several previous in vitro studies using the
polished taper-slip stems, it was reported that torque
to fracture was lower with a shorter stem than with a
longer stem.® Larger taper-slip stems with higher use
rates are associated with greater torque to fracture.”
Femora implanted with the CPT stem showed that lower
rotational force and torque were needed to generate
PPF compared to femora implanted with the Exeter or
DePuy C-Stem stems.® Although compressive rotation
tests using simulated bone and fracture type analysis
have been performed in taper-slip type stems only, few
studies have compared changes in fracture torque and
fracture type between different stem concepts, including
the composite-beam stem and the Charnley type stem.

The purpose of this study was to clarify the differences
in fracture torque, surface strain, and fracture type anal-
ysis between three different types of cemented stems.

Methods

Materials. We prepared 18 bone analogues (Sawbones
medium left femur model 3403; Pacific Research
Laboratories, USA) for cemented implantation of the fem-
oral components. These were divided into three groups
of six each. We used The Optipac system (Zimmer Biomet,
USA), which is already pre-packed with an identical
amount and type of bone cement. The system contained
80 g of Refobacin Bone Cement R (Zimmer Biomet),

which was stored at ambient temperature, for filling in
the Palamix and EasyMix systems.

Implants. We used three types of stems based on the new
classification of cement stems described by Cassar-Gheiti
et al® (Figure 1). The CPT stem (Zimmer Biomet) is also
known as a taper-slip or force-close stem. These stems are
double-tapered without a collar, and the surface finish of
these implants is polished. The Versys Advocate (Versys)
stem (Zimmer Biomet) is known as a shape-closed or
composite-beam type, which intends to maximize the
interlock between the stem and the cement. The design
of the stem is tapered and flanged with a collar, and its
surface finish is satin. The Charnley-Marcel-Kerboull
(CMK) stem (Zimmer Biomet) is designed to achieve a
press-fit fixation in the anterior-posterior plane with a
self-centering effect. The CMK stem has a polished sur-
face with a collar.

Morishima et al® showed that the difference in offset
affected the difference in fracture torque. Therefore, in
our study, we decided to unify the offsets among the
stems to cancel the effect of offset. Table | shows the stem
length and neck shaft angle of each stem when the offset
was unified. We used the CT data of the composite femur.
We planned the stem setting with 3D software (ZedHip
LEXI, Japan). Using the template, we planned the head
centre to be the same position for all stems.

Preparation. All implant constructs were prepared by an
experienced orthopaedic surgeon (YT). According to the
plan, we composed a plastic neck cutting guide, and the
neck cut was performed accordingly. The bone analogues
were broached using the appropriate broaching rasp for
each stem. A bone plug made of wax was fixed into the
femoral canal distal to the tip of the implant. The implant
was then cemented without the use of a stem centralizer
into the Sawbone using 80 g of Refobacin Bone Cement
R (Zimmer Biomet).

Mechanical loading test. We conducted compression-
torsion tests using a CMH Biaxial Material Test System
(SAGINOMIYA SEISAKUSHO, Japan). This system allows
the performance of a combination test with axial stress
and torsional stress by adding biaxial forces to a test piece
simultaneously. The phase between the forces can also
be freely controlled. The proximal femur was held by a
mechanical clamp at the centre of rotation of the implant
head. We set the vertical loading axis of the machine
through the centre of the femoral head and the intercon-
dylar notch. The distal end of femur was fixed with spe-
cial device (Figure 2). The femora were tested using com-
bined compression force with torque to imitate fracture
patterns in the femora. A preload of 2 Nm in the internal
rotation direction and 2 kN of compression were applied
as previously described.®” The compressive load was then
maintained, and the implant was internally rotated 40° in
one second. The angle of 40° was chosen to ensure that
a fracture had fully occurred. Fracture torque was defined
as the maximum torque measured. We recorded the frac-
ture pattern in reference to the Vancouver classification.™
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Fig. 1

a) The collarless polished tapered stem (Zimmer Biomet, USA), b) Versys Advocate (Zimmer Biomet), and c) Charnley-Marcel-Kerboull stem (Zimmer Biomet).

Table 1. Implant size.

Variable CPT stem Versys Advocate stem CMK stem
Manufacturer’s stem size 3 (high offset) 14 203

Stem offset, mm 45 44 43

Neck length, mm 3.5 3.5 4

Total offset, mm 47.5 47.5 47

Stem length, mm 130 135 115

Neck shaft angle, ° 125 135 130

Surface finish Polished Satin Polished
Material CoCr alloy CoCr alloy Stainless steel

CMK, Charnley-Marcel-Kerboull; CoCr, cobalt-chromium; CPT, collarless polished tapered.

Surface strain measurement. We measured surface strain
distribution using triaxial rosettes (UFRA-5-350-17, Tokyo
Sokki Kenkyujo, Japan) medially and laterally at the meta-
physeal region according to a previous report.” The strain
gauge positions on the femur surface were determined as
in Figure 3a. The strain signal is measured from nine sec-
tions around the metaphyseal-diaphyseal region defined as
follows: greater trochanter (Figure 3b: sections 1, 2, and 3),
proximal medial calcar (Figure 3c: sections 4 and 5), anterior

(Figure 3d: sections 6 and 7), and posterior (Figure 3e: sec-
tions 8 and 9). We rasped a region larger than the bonding
area using 220 to 320 grit carbide paper. The femur sur-
face was then finely cleansed with a small amount of ac-
etone. The adhesive (M-Bond 200 (Micro-Measurements,
USA)) was then swabbed uniformly at the back of the strain
gauge base. The strain gauge was attached to the femur
surface and pressed down with mastic tape (M-M Number
PCT-2 cellophane tape, Nitto Denko Corporation, Japan).
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Fig. 2

The proximal femur is attached at the centre of rotation of the implant head
by means of a clamp. The femoral head is located in the vertical loading axis
of the machine, to replicate the natural loading axis of the femur.

A terminal foil shape connector (TF-2S) was placed near
the gauge (3 to 5 mm) to support the wiring process. The
gauge leads were soldered slightly taut to the connecting
terminal to avoid excessive tension during strain measure-
ment. The extension lead wire was soldered to the terminal
wire at the opposite side of the connecting terminal. The
terminal wires connected to the strain gauge were finally
connected to a multichannel data logger (TDS-630, Tokyo
Sokki Kenkyujo). The equivalent von Mises stress was calcu-
lated using the strain data acquired.

Statistical analysis. We used the Kruskal-Wallis test, fol-
lowed by Bonferroni’s post-hoc test, for fracture torque
and strain distribution. A p-value of < 0.05 was considered
to indicate statistical significance. The statistical analysis
was performed with EZR (Saitama Medical Centre, Jichi
Medical University, Japan).'?

Results

Fracture torque. The median fracture torques were 164.5
Nm (interquartile range (IQR) 145.8 to 178.7) for the CPT
stem, 171.5 Nm (IQR 153.0 to 180.2) for the Versys stem,
and 200.5 Nm (IQR 193.8 to 208.0) for the CMK stem.
There was a significant difference in fracture torque be-
tween the three types of stems (p = 0.036). The medi-
an fracture torque of the CPT stem in particular was sig-
nificantly lower than that for the CMK stem (p = 0.046)
(Figure 4).

Surface strain. Table Il shows the maximum strain values
for each stem. The median values statistically differed in

Sections 6 and 8 (proximal site both anterior and poste-
rior). The differences in fracture strain values in the other
sections were not statistically significant.

Fracture pattern. In all samples of the CPT stem
(Figures 5a and 5b), the fracture spread from the poste-
rior surface of the proximal femur to the diaphysis, and
reached near the tip of the stem. The fractures were spi-
rally shaped, and the degree of fracture comminution
varied. We observed failure at the cement-bone interface
in all cases. In the samples of the Versys stem (Figures 5c
and 5d), the fractures occurred vertically, running from
the cut to the diaphysis from the medial side of the great-
er trochanter posteriorly, and from the base of the collar
anteriorly. The fragments were larger than those in the
CPT stem fractures. The CMK stem (Figures 5e and 5f)
showed a comminuted oblique fracture of Vancouver
type C at the tip of the stem in all cases.

Discussion

This biomechanical study showed that torque to frac-
ture was significantly different depending on the stem
concepts, and that the fracture torque of the femora with
CPT stem in particular was significantly lower than that of
the femora with CMK stem. The strain values statistically
differed in the proximal site, both anteriorly and poste-
riorly, depending on the types of stems. The fracture
pattern of the CPT and Versys stems was Vancouver type
B, whereas that of the CMK stem was Vancouver type C.

The CPT had significantly lower fracture torque than
the CMK; Versys had no significant difference with either
stem. This could be attributed to the material and the
surface finish: CPT is a cobalt-chromium alloy (CoCr)
stem with a polished finish; Versys is a CoCr stem but with
a satin finish; and CMK is stainless steel with a polished
finish.

In a biomechanical study comparing three different
types of tapered slip-type stems, they reported that
PPF occurred in CPT implanted femora at lower torque
forces compared with those implanted with the Exeter
or DePuy C-Stem stems. The surface finish of all three
stems is polished, but the CPT is made by CoCr, while
the Exeter and C stems are stainless steel stems.8 Surface
wettability of materials is related to metal fixation in bone
cement. Borruto et al”® showed that different surface
wettability between materials affects the coefficient of
friction between cement and implant. Another biome-
chanical study revealed the difference of the hydro-
phobic nature between the metal materials, including
CoCr and stainless steel.™ The study showed that CoCr
had a lower surface wettability than stainless steel, and
tended not to adhere to bone cement with a polished
surface. Furthermore, the frictional coefficient of CoCr
was significantly lower than that of stainless steel.™
These results indicate that, in CoCr, the low adhesion
effect with low frictional coefficient may result in the
excessive taper-slip. Tsuda' demonstrated that subsid-
ence into the bone cement was significantly greater in

VOL. 11, NO. 5, MAY 2022



274 Y. TAKEGAMI, T. SEKI, Y. OSAWA, S. IMAGAMA

Fig. 3

a) The bone analogue with sensors attached. b) to e) Location of the strain sensors. b) Lateral (1, 2, and 3), c) medial (4 and 5), d) anterior (6 and 7), and e)

posterior (8 and 9).

CoCr stem than in stainless steel stem. They speculated
that the difference of surface wettability between the
two materials is associated with the different mechan-
ical behaviours in the bone cement. Lamb et al'® also
showed, through their study of data from the National
Joint Registry, that CoCr stems were associated with a
higher risk of PFF compared with stainless steel stems,
regardless of cement viscosity. These results suggest
that the material difference in polished taper stem may
affect subsidence in the cement.

The surface appearance also depended on the wetta-
bility of each metal. Hirata et al™* demonstrated that the
decreasing surface roughness increased the contact
angle, and that metal surface wettability decreased in
accordance with greater polishing. In addition, regard-
less of the metal type, the roughness of the surface finish
is proportional to the coefficient of friction. When the
surface finish was satin, the friction coefficient was about
twice that of polished finish.' The surface design would
matter, as roughness would create interlocking at the

cement implant interface. This would in turn change the
biomechanical properties of stem at the interface.'

In the proximal femur, the three types of stems showed
different surface strains, and although not significant, the
CPT was more strained than the CMK. This may be related
to the cross-sectional shape of the proximal stem design,
and the presence of the collar. The cross-sectional shape
of the stem is a triple-tapered design with CPT being the
most acute and square, whereas Versys has a less acute
and square design and CMK has a more rounded shape.
Windell et al® also showed that the implant shape is one
of the biomechanical features of implants that could affect
their behaviour in loading test to the point of failure. We
assumed that the various stem shapes caused differences
in proximal surface strain, resulting in differences in frac-
ture type.

In our results, the distortion of the bone surface was
smaller in the stem with the collar than in the collar-
less stem. In a previous biomechanical study, the stem
collar works protectively against subsidence. Total mean
subsidence of the cemented stem in the calcar-collar
contact group was significantly less than that in the
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The fracture torque between the three stems: collarless polished tapered (CPT), Versys Advocate, and Charnley-Marcel-Kerboull (CMK). Values for fracture
torque are presented as box plots, where each box represents the 25th and 75th percentiles, the line within the box represents the median, and the whisker
bars represent the 10th and 90th percentiles. *p-value < 0.05 for post hoc analysis.

Table II. Median maximum strain of each stem (interquartile range). All p-values were calculated using Kruskal-Wallis test.

Stem Stem section
1 2 3 4 6 7 8 9

CPT,pe 379 (350to  2,841(2,820 5,587 (5,557 4,445 (4,411.5 2,956 (2,904 3,501 (3,283 5,532 (5,467.5 5,232(5,220.5 4,226 (3,882.5

401) t02,979.5)  105,632.5)  to732.5) t0 2,972.5) to 3,565.5) t0 5,544.5) to0 5,277.5) to 4,725.5)
Versys, 172(169.5t0 2,160 (2,129 to 5,146 (4,924.5 4,485 (4,123 to 2,267 (2,132t0 2,694 (2,675 to 4,446 (4,432.5 5,156 (5,140.5 3,954 (3,663
pE 214) 2,342) t0 5,613) 4,677.5) 2,442) 2,731) to 4,546.5) t0 5,214.5) to 3,979)
CMK, 181(175.5t0 2,645(2,298 4,937 (4,879.5 4,600 (4,676.5 2,882 (2,807.5 2,946 (2,852.5 4,355 (4,473.5 4,903 (4,892.5 4,565 (4,460
JE 198) to 2,886) t0 5,569) to 4,895) to 3,040.5) to 3,046.5) to 4,689) to 4,999) to 4,679)
p-value  0.067 0.148 0.733 0.561 0.067 0.048 0.067 0.048 0.148

CMK, Charnley-Marcel-Kerboull; CPT, collarless polished tapered.

non-calcar-collar contact group (0.38 mm vs 0.80 mm,
p = 0.002).” Even in the cementless stem, the frac-
ture torque and torsional stiffness in the calcar-collar
contact group are greater than those in the non-contact
group.'618

These results indicate that the collar would work
defensively against excessive sinking. We speculated that
stem material, surface finish, and the presence of a collar
would be associated with excessive stem subsidence,
which may be related to PPF.

In the present study, a Vancouver type B2 fracture
occurred in the composite femora with the CPT and
Versys stems, whereas a type C fracture occurred in the
composite femora with the CMK stem. The fractures
were most comminuted with the CPT stem. The experi-
ments of Morishima et al® and Ginsel et al” also resulted

in type B fractures. Chatzigorou et al'® revealed that the
Exeter, which is a polished stem, had a higher risk of
type B fracture. Conversely, the Lubinus SPIl, which is
a shape-closed anatomically S-shaped stem with collar,
had comminuted fractures located distally to the stem.

The CMK stem, which is the shortest in length,
produced the greatest fracture torque. There are several
reports that suggest longer stems are better. Morishima
et al® showed that a femur with a short stem could be
broken with less torque, and Kwak et al?® reported that
in terms of stress distribution at the cortical bone around
the femoral stem, the longest stem was least likely to
break; this is corroborated by Windell et al.® All of these
studies compared taper-slip types of the same design,
so stem design may have a greater effect on breaking
torque than stem length.
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Fig. 5

Examples of the fracture pattern of each stem created by our testing mechanism. a) and b) Collarless polished tapered stem: a) anterior side, b) posterior side.
c) and d) Versys stem: c) anterior side, d) posterior side. e) and f) Charnley-Marcel-Kerboull stem: e) anterior side, f) posterior side.

The present study has several limitations. First, we
used a bone analogue, which represents a normal
femoral bone in a healthy young male, and not an oste-
oporotic bone model. This model was used because at
the time of testing there was no validated bone analogue
available for osteoporotic bone, and cadaveric bone was
not available. PPFs of the femur often occur in elderly
patients;*' we predict that an osteoporotic model would
show a lower-energy fracture. Second, we discarded the
influence of the soft-tissue envelope in our model. In an
in vivo model, several muscle groups would counter the
internal torsion force applied in the model. This would
potentially influence the direction of force and the frac-
ture pattern. Third, we considered three different types
of stems but not all types of cement stems. Fourth, we
only showed the fracture torque of compressive torsion,
not other mechanisms such as torsion, bending, and
direct impact.

In conclusion, our study suggested that the CoCr alloy
material, polished surface finish, acute-square proximal

form, and the absence of a collar may be associated with
lower fracture torque, which may be related to PPF. The
difference of surface strain pattern may be associated
with the difference of fracture pattern.
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