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Background: Primary stability of the femoral stem is important for the long-term results of cementless total
hip arthroplasty. Cementless collared stems have been known to have higher stability than collarless stems
when there is a contact between the collar and the calcar. The purpose of this study was to compare the
stabilities of collared stem and collarless stem in 2 loading conditions: 1) flat walking and 2) stair climbing.
Methods: We constructed 3 finite element models. In the first model, the collar had contact with the
calcar. The second model had a 1 mm gap between the calcar and the collar. The third model was
constructed with a collarless stem. The proximal femur around the stem was divided into 3 zones: the
upper zone (Gruen zones 1 and 7), the middle zone (Gruen zones 2 and 6), and the lower zone (Gruen
zones 3 and 5). The micromotion at the stem/bone interface was measured at each zone of the 3 models
under the 2 loading conditions.
Results: The results showed that collared stems were more stable when the collar was in contact with
the calcar than when a gap was left between the collar and the calcar. In particular, collar contact was
highly effective in suppressing the micromotion proximal to the stem.
Conclusions: Compared to the collarless stem, the collared stem had comparable stability when there
was a gap at the collar and calcar interface and higher stability when there was contact between the
collar and the calcar.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Total hip arthroplasty (THA) is a standard orthopedic procedure
for the treatment of deformed hip joints, which alleviates pain and
improves function. THA is performed worldwide, and good long-
term results have been reported owing to recent improvements
in implants and surgical techniques. However, problems such as
aseptic loosening, bone atrophy, infection, dislocation, and peri-
prosthetic fractures after THA surgery remain, which affect the
long-term results [1].

There are various designs and types of cementless stems, each of
which has been reported to yield good long-term results [2]. The
success of cementless stems requires good initial fixation to achieve
ic Surgery, Institute of Medi-
a 305-8575, Japan. Tel.: þ81

Inc. on behalf of The American As
y-nc-nd/4.0/).
bone growth and osseointegration at the coated surface of the stem
[3,4]. The initial fixation of cementless stems is achieved by the me-
chanical stability between the stem and the bone. In the early post-
operative period after THA, loading causesmicromotion (MM) of less
than1mmbetween the stemandbone,which isdefinedasMM.MMs
larger than 150 mmwere reported to inhibit osseointegration due to
the formation of fibrous tissue between the stem and bone [3,5,6].

This study aimed to investigate the effect of the cementless stem
collar on stem stability when a gap is left between the collar and the
cut surface of the medial calcar using finite element analysis (FEA).
Material and methods

Materials

The composite femur used in this study (composite fe-
mur#3403, Pacific Research Laboratories, USA) was manufactured
from glass-filled epoxy. It is made to mimic the mechanical
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properties and morphology of natural human bone based on male
patients’ data and is composed of cortical and cancellous bone [7,8].
We used the Universia stem (Teijin Nakashima Medical, Japan),
which is one of the fully hydroxyapatite (HA)-coated stems. This
stem has been in use in Japan since 2020. It is a collared stemmade
of titanium alloy (Ti-6Al-4V) with a 150 mm HA coating on the
surface.We used computer-aided design (CAD) data from a collared
Universia stem and a collarless stem with the same shape as the
collared stem for the finite element analysis. CAD data was pro-
vided by Teijin Nakashima Medical.

Methods

Computed tomography (CT) scans (Supria, Q2J-BW1645-1;
Hitachi Medical Corporation, Japan) were performed with a bone
mass phantom (QRM-BDC, QRM, Germany) and saved as digital
imaging and communications in medicine data. The following
scanner settings were employed: 1.25 mm slice thickness, 1 mm
slice spacing, 20 cm field of view, and 512 � 512 pixel resolution.

We used the Mechanical Finder ver 11.0 (Research Center of
Computational Mechanics, Japan) to create and analyze the finite
element model.

The stem was aligned to the proximal femoral shaft axis of the
composite femur. We chose the largest stem size that would fit the
proximal medullary canal geometry. Stem depth and offset were
determined so that the neck center reproduced the center of the
simulated femoral head. For these reasons, CAD data of the high-
offset collared stem and collarless stem of Universia stem#11
were used.

Three finite-element models were constructed. The “contact
model (C)” was in contact with the cut surface of the medial calcar
and stem collar. The “non-contact model (NC)” had the same stem
position as the “contact model”, but the cut surface was lowered 1
mm to avoid contact between the collar and cut surface. The
“collarless model (CL)” used a collarless stem and had the same
stem position as the “contact model” (Fig. 1).

We used 1- to 4-mm 4-node tetrahedral solid elements to
construct a three-dimensional (3D) finite element model for the
composite femur, and triangular plate shell elements with a
thickness of 0.001 mm were attached to the synthetic femoral
surface.We used 0.5- to 2-mm4-node tetrahedral solid elements to
construct a 3D finite elementmodel for the stem. The finite element
model of the synthetic femur and stem consisted of approximately
Figure 1. Three finite element models. (a) The “contact model”was in contact with the cut su
between the calcar and collar. (c) The “collarless model” used a collarless stem and had th
220,000 nodes, 1,100,000 elements, and 45,000 shells. The Young's
modulus of the synthetic femur was determined using the equa-
tions proposed by Keyak et al. according to CT density values [9].
Poisson’s ratio of the synthetic femur was assumed to be 0.4. The
Young's modulus and Poisson's ratio of the stem were set to 108
GPa and 0.28, respectively, based on thematerial property values of
Ti-6Al-4V. A coefficient of friction of 0.6 was set between the stem
and the composite femur [10,11]. Joint contact and muscle forces
were simulated as peak forces in flat walking and stair climbing,
which exert the greatest rotational force in daily life (Fig. 2a and b).
For the flat walking condition, the joint reaction force travels
through the trunnion center, and the tensile load is applied to the
greater trochanter by the abductors and tensor fascia latae and to
the lateral side of the femur by the vastus lateralis. In the stair
climbing condition, the joint reaction force travels through the
trunnion center, and the tensile load is applied to the greater
trochanter by the abductors, tensor fascia latae, and iliotibial tract,
to the lateral side of the femur by the vastus lateralis, and to the
medial side of the femur by the vastus medialis muscles [12]. For
both loading conditions, a body weight of 60 kg was assumed. The
femoral condyle was fixed. The relative displacement between the
stem nodes and the bone contact surface is defined as the MM [13].
The median MM values of the 3 finite element models were
compared for the flat walking and stair-climbing conditions. Gruen
zones 1 and 7 were set as the upper zone of the stem, zones 2 and 6
as the middle zone, and zones 3 and 5 as the lower zone; the MM
for each of the 3 zones was compared between the 3 models under
the 2 loading conditions [14]. A contour diagram of the 3D model
was created to evaluate the MM of the entire stem.

Statistical analyses were performed using SPSS version 29 (IBM,
USA). MMs of the 3 models were compared using the
KruskaleWallis test followed by the Dunn test for each of the 2
loading conditions. P-value was set at P < .05.

Results

In both the flat walking and stair climbing conditions, the mean
MM of the contact model was significantly smaller than that of the
noncontact and collarless models (P < .01) (Fig. 3a and b). Themean
MM at each zone according to the type of stem under flat walking
conditions was C: 94 mm, NC: 115 mm, CL: 115 mm in the upper zone,
C: 45 mm, NC: 54 mm, CL: 55 mm in the middle zone, C: 113 mm, NC:
117 mm, CL: 118 mm in the lower zone. For each zone of flat walking
rface of the medial calcar and stem collar. (b) The “non-contact model” had a 1 mm gap
e same stem position as the “contact model”.



Figure 2. Two loading conditions are applied to each model. (a) The loads applied during flat walking simulations include the hip joint contact force through the trunnion center
(P0), the tensile force of the abductors and tensor fascia latae at P1, and the tensile force of the vastus lateralis at P2. (b) The loads applied during stair climbing simulations include
the hip joint contact force through the trunnion center (P0), the tensile force of the abductors, tensor fascia latae, and iliotibial tract at P1, the tensile force of the vastus lateralis at
P2, and the tensile force of the vastus medialis at P3. For both conditions, body weight (BW) was assumed to be 60 kg.
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condition, the contact model had a significantly smaller MM than
did the non-contact model and the collarless model in all zones (P <
.01) (Fig. 4a-c). In addition, the mean MM at each zone according to
the type of stem under stair climbing condition was C: 134 mm, NC:
166 mm, CL: 166 mm in the upper zone, C: 66 mm, NC: 77 mm, CL: 79
mm in the middle zone, C: 160 mm, NC: 165 mm, CL: 168 mm in the
lower zone. For each zone of the stair climbing condition, the
contact model had a significantly smaller MM than did the non-
contact model and the collarless model in the upper zone and
middle zone (P < .01). Moreover, the contact model had a signifi-
cantly smaller MM than did the collarless model in the lower zone
(P < .01). There was also a significant difference between the non-
contact and collarless models in the upper zone (P < .05) (Fig. 4d-f).
Figure 3. Comparison of micromotion among 3 finite element models under (a) flat wa
significantly smaller than that of the noncontact and collarless models under both loading
The median MM of the contact and collarless models for flat
walking conditions in each zone showed that the contact model
was 25% smaller than the collarless model in the upper zone, 18%
smaller in the middle zone, and 9% smaller in the lower zone.
Similarly, the median MM of the contact model and collarless
model for the stair climbing condition for each zone showed that
the contact model was 26% smaller than the collarless model in the
upper zone but 20% smaller in the middle zone and 7% smaller in
the lower zone.

Contour diagrams of theMM for the 3models in the flat walking
and stair climbing conditions are shown in Figures 5 and 6. In the
flat walking condition, the red zones (MM > 150 mm) were
concentrated on the anterior and posterior surfaces of the upper
lking and (b) stair-climbing conditions. The micromotion of the contact model was
conditions. SD, standard deviation.



Figure 4. Comparison of micromotion between 3 zones of the stem (upper, middle, and lower) among 3 finite element models under 2 loading conditions. a-c showed micromotion
under flat walking conditions. d-f showed micromotion under stair climbing. The micromotion of the contact model was significantly smaller than the non-contact model and
collarless model in all zones. C, contact model; NC, non-contact model; Cl, collarless model.
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zone and at the tip of the stem. In the non-contact and collarless
models, the red zones were wider than those in the contact model
on the anterior and posterior surfaces near the collar and on the
lateral surface of the stem (Fig. 5). In the contour diagram of the 3
models for the stair climbing condition, the red zones were spread
over a wider area than in the flat walking condition (Fig. 6). The
percentage of nodes with MM greater than 150 mm was shown in
Table 1. In both loading conditions, nodes with MM greater than
150 mm were concentrated in the upper and lower zones.

Discussion

In this study, the effect of the collar of a cementless stem on the
stability of the stemwas evaluated using FEA. MMwas evaluated by
Figure 5. The distribution of micromotion of 3 finite element models under flat walking co
model showed lateral and posterior aspects of the stem. In all models, red zones (micromotio
and at the tip of the stem. More red zones were observed on the anterior and posterior as
FEA using digital imaging and communications in medicine data of
a composite femur and CAD data of the Universia stem, which is
one of the fully HA-coated stems. The MM of the collared stemwas
found to be smaller and more stable than that of the collarless stem
under flat walking and stair climbing conditions. The stability of the
proximal portion of the stemwas increased by the collar. The collar
provided stability when in contact with the cut surface of the
medial calcar and was as stable as the collarless stem when not in
contact with the cut surface of the medial calcar.

A fully HA-coated stem is a cementless stem in which the entire
surface of the stem is coated with HA. The Corail (Depuy Synthes,
United States of America) was first used in 1986, and other stems
have since been launched and reported to have good results [15,16].
However, there have been a few reports of early postoperative stem
ndition. The left model showed medial and anterior aspects of the stem, and the right
n >150 mm) were concentrated on the anterior and posterior aspects of the upper zone
pects near the collar and the lateral aspect of the stem than in the contact model.



Figure 6. The distribution of micromotion of 3 finite element models under stair climbing conditions. The left model showed the medial and anterior aspects of the stem, and the
right model showed the lateral and posterior aspects of the stem. In all models, red zones (micromotion >150 mm) were concentrated on the anterior and posterior aspects of the
upper zone, the lateral aspect of the middle zone, and at the tip of the stem.
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subsidence for the collarless type of Corail, and the use of collared
type is now recommended [17,18].

Comparisons between collared and collarless stems have long
been reported in mechanical experiments using cadaveric and
simulated bones as well as in FEA. Collared stems have been re-
ported to have higher vertical and rotational stabilities than
collarless stems [19,20]. Mechanical experiments have also
revealed that collared stems are more resistant to periprosthetic
fractures [21,22]. According to registry data, collarless stems have a
higher risk of periprosthetic fracture in the early postoperative
period than collared stems. It has also been suggested that the
collar and medial calcar should be in contact or have a gap of 1 mm
or less to increase the resistance to periprosthetic fractures [23].
However, there are no reports that we have been able to find on the
effect of a gap between the collar and medial calcar on stem pri-
mary stability.

Past finite element analyses found that collared stems sup-
pressed MM better than collarless stem [10,20]. However, the dif-
ference in the median MM between the collared and collarless
stems was small, so the difference would not clinically affect the
stability of the stems. Evenwhen the collar of the collared stem did
not make contact with the calcar, MM around the stem was
equivalent to that of the collarless stem, and the stability was not
significantly reduced. Although greater stability is achieved if the
collar is in contact with the calcar, we believe that if the stem size is
appropriate for the medullary canal, stability is likely to be
acceptable even if the collar is not in contact with the calcar.
Table 1
The percentages of nodes with MM greater than 150 mm are shown in Table.

<Flat walking> Total Upper Middle Lower

Contact 11 17 0 23
Noncontact 13 22 2 23
Collarless 14 25 2 23 [%]

<Stair climbing> Total Upper Middle Lower

Contact 25 29 11 41
Noncontact 32 41 20 44
Collarless 32 38 20 45 [%]

In both loading conditions, nodes with MM greater than 150 mmwere concentrated
in the upper and lower zones.
Further study is needed when the stem is undersized for the
medullary canal and the collar is in contact with calcar.

When MM greater than 150 mm occurs between the porous-
coated portion of the cementless stem and the bone, bone
growth is inhibited [3,5,6]. In this study, the median MM for the
whole stem was less than 150 mm in both flat walking and stair
climbing conditions, but there were areas greater than 150 mm in
the upper and lower zones of the stem. Past studies have reported
that MM was greater than the 95% value at the proximal and distal
ends of the fully HA-coated stem type and short tapered-wedge
stem type [10,24]. Additionally, the percentage of nodes greater
than 150 mm in the contact model was only 11% in the flat walking
condition and 25% in the stair-climbing condition. The Universia
stem is coated with HA on the whole surface of the stem, and
osseointegration between HA and the bone is expected. Therefore,
even if MM increases in one part of the stem, there may be no
problemwith the stability of the entire stem. In the future, it will be
necessary to observe the progress of patients using the Universia
stem for THA to check for loosening of the stem and the appearance
of radiolucent lines and compare the results with those of the
present study.

In this study, 2 loading conditions were selected: flat walking
and stair climbing. Both movements are performed in daily life, and
stair climbing exerts the greatest rotation torque on the stem
among daily life movements [12]. Evaluations of MM performed
under similar loading conditions by FEA revealed that MM and
strain around the stemwere greater in the stair climbing condition
than in the flat walking condition [10,25]. MM was greater in the
stair climbing condition than in the flat walking condition in all 3
models (contact, non-contact, and collarless models) of our study,
and we believe that this was an appropriate loading condition for
the FEA.

This study had several limitations. The first limitation was the
use of CT data from the composite femur, which may have affected
the MM values because the composite femur did not have the same
strength as the actual femur. The Universia stem also creates a layer
of compressed cancellous bone around the stem by compaction
rasp. In this study, the analysis was also performed with cancellous
bone interposed between the stem and the cortical bone. However,
the strength of the compressed cancellous bone was not repro-
duced by FEA. Therefore, it is possible that the stability of the stem
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was decreasing and that of the MM was greater. Second, this study
did not directly compare and verify the results of FEA with those of
mechanical examinations.

Conclusions

Compared to the collarless stem, the collared stem had com-
parable stability when there was a gap at the collar and calcar
interface and higher stability when there was contact between the
collar and the calcar. However, the difference in MMwas small and
had little impact on the clinical outcome. It was found that the
stability of a properly sized stem did not change significantly
depending onwhether the collar of the collared stemwas in contact
with the calcar.
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