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Abstract

micromotion of two types of cementless short stems.

value, and the directions of the micromotion vector.

selection and future stem development.

Background: Evaluation of micromotion in various activities in daily life is essential to the assessment of the initial
fixation of cementless short stems in total hip arthroplasty. This study sought to evaluate three-dimensionally the

Methods: Two types of stems were used: the Fitmore stem with a rectangular cross-section (rectangular stem) and
the octagonal-oval GTS stem with fins (finned stem). Finite element analysis was used to calculate the micromotion of
two activities that place a heavy load on the stem (single-leg stance and stair climbing). Three values were measured:
the magnitude of micromotion (mean and 95th percentile), the location of micromotion above the 95th percentile

Results: 1.There was no significant difference in the magnitude of the micromotion between the rectangular stem
and finned stem groups for single-leg stance or stair climbing. 2. In both groups, the micromotion was greatest at the
proximal and distal ends. 3. The direction of the micromotion was similar in both groups; internal rotation occurred
from the distal to the middle of the stem during stair climbing.

Conclusions: The rectangular stem had comparable initial fixation to that of the finned stem. In both models, the
micromotion was greater at the proximal and distal ends. The direction of the micromotion was not dependent on
the stem shape but on the direction of the load on the artificial femoral head. These results will be important for stem
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Introduction

Cementless short stems have been used for hip arthro-
plasty in an increasing number of cases due to their
superiority in femoral bone preservation. Although the
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medium-term results for cementless short stems are
stable, there are some cases in which the stem loosens
within a short period due to insufficient initial fixation
[1, 2]. To achieve initial fixation, the micromotion of the
stem must be suppressed [3, 4]. When the micromo-
tion is less than 30 um, bone ingrowth occurs between
the coated portions of the stem. When the micromotion
is more than 150 um, bone ingrowth is inhibited by con-
nective tissue [4—8]. It is crucial to evaluate the magni-
tude of micromotion in cementless stems as the stem is
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subjected to many forces during various daily activities
[9, 10]. It is also essential to understand the direction of
the micromotion, as subsidence and rotation of the stem
may occur in the early postoperative period [11, 12].
There are many unknowns with regard to micromotion
for different stem shapes as well as for different activities,
and various implant shapes have been devised to achieve
stable fixation [1]. The purpose of this study was to evalu-
ate three-dimensionally the micromotion of two types of
cementless short stem under loading conditions using
the finite element method.

Materials and methods

The subjects consisted of patients who underwent total
hip arthroplasty (THA) with a Fitmore or GTS stem
(both stems are manufactured by Zimmer Biomet Hold-
ings, Inc., Indiana, USA) (Fig. 1) at Sapporo Medical Uni-
versity Hospital between April 2016 and March 2018.
With regard to the stem used, patients were randomly
selected by the permuted block method. All patients
underwent computer tomography (CT) imaging for pre-
operative and postoperative evaluation. Patient selection
criteria were as follows: a Dorr classification type B [13]
and age less than 75 years. Only femurs with type B Dorr
classification were selected to exclude cases with extraor-
dinarily narrow or extensive medullary cavities. Patients
with previous femoral osteotomy were excluded.

The Fitmore stem (rectangular stem) is characterized
by its rectangular cross section and medial curve, and the
GTS stem (finned stem) is characterized by its elliptical
octagonal cross section with fins. The surgical approach
was antero-lateral (AL), also known as the Orthopédische
Chirurgie Miinchen (OCM) approach, in all cases. This
study was approved by the Institutional Review Board
of our hospital (Approval Number: 292-41). CT images
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(Aquilion PRIME; Toshiba, Tochigi, Japan) were obtained
at 120 kV, 70mAs, and a slice thickness of 0.5 mm. CT
images were taken from the pelvis to both knee joints
before THA and within 2 weeks after THA.

Finite element analysis

As postoperative CT images show strong artifact of the
stem, postoperative femur-stem models were created
using the following method. First, the pre- and post-
operative CT images of all selected patients were con-
verted into standard triangulated language (STL) data
using three-dimensional (3D) imaging software (Mim-
ics ver. 23, Materialize, Leuven, Belgium). The femurs
and the implanted stems were then three-dimensionally
reconstructed from the CT images; values of 200 Houns-
field units (HU) or more were defined as bone [14-16],
and those of 2000 HU or more were defined as the stem
(Fig. 2a, b). Next, the pre- and postoperative femur mod-
els were subjected to 3D-3D registration to reproduce
the postoperative femur-stem models without artifacts
accurately using 3D modeling software (3-matic ver. 15,
Materialize, Leuven, Belgium) (Fig. 2c, d). Finally, the
resultant postoperative femur-stem models (Fig. 2e) were
read by finite element analysis software (MECHANI-
CAL FINDER ver. 11, Research Center of Computational
Mechanics, Japan), which reflected the bone mineral
density (BMD) of the femur from the CT values.

Elastic analysis was used for the analysis. Micromotion
was defined as the displacement difference at the element
nodes of the contact surface between the femur and the
stem [17-19]. The finite element analysis models used
solid elements (4-node tetrahedron) and shell elements
(0.001 mm). The maximum and minimum internal mesh
sizes of the femur were 2 mm and 1 mm, respectively,
and those of stem were 1 mm and 0.5 mm, respectively.

view, and cross section of the GTS stem (finned stem)

Fig. 1 The shapes of the two stems. a Anterior view, lateral view, and cross section of the Fitmore stem (rectangular stem). b Anterior view, lateral
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Fig. 2 Methods for reproducing postoperative femur-stem models without artifacts. a The postoperative femur (including pelvis) and stem with
artifacts. b Preoperative femur and stem. ¢ Superimposed preoperative femur and stem with 3D-3D registration on postoperative femur and stem.
d Cutting out the femur. e Postoperative femur-stem models without artifacts for FEA

The mean number of elements for the femur and stem
was approximately 310,000 and 80,000, respectively, in
the rectangular stem group, and 330,000 and 120,000,
respectively, in the finned stem group. The average num-
ber of elements for the artificial head was 30,000 in both
groups. Mesh convergence tests confirmed that the
deflection converged at the mesh sizes used in the pre-
sent study (Additional file 1 Fig. S1). The Young’s mod-
ulus of the femur was determined for elastic analysis as
follows. The CT value (HU) of each mesh was converted
to BMD (p (g/cm?®)) using the standard calibration curve

Table 1 Parameters for finite element analysis

of the finite element analysis software, as in previous
reports [20, 21], and the Young’s modulus (E (MPa)) was
calculated from the BMD of each mesh based on the pre-
diction equation of Morgan et al. [17, 22] (Table 1). The
Young’s modulus of the stem and artificial head was 109
GPa. The Poisson’s ratio of the stem and artificial head
was 0.28 and that of the femur was 0.40 [20, 23].

The maximum load values for two activities, “single-
leg stance” and “climbing stairs,” were used for the load
conditions. As the rotation torque is small for single-leg
stance and large for stair climbing [24], it is possible to

Femur Rectangular stem Finned stem Artificial head
Young's modulus (MPa) 10+6850p' 4%+ 109 x 10° 109 x 10° 109 x 10°
Poisson’s ratio 04 0.28 0.28 0.28
Friction coefficient - 0.64, 0.49* 0.49 -

tp(g/cm?) =(0.945 HU 4+ 1.35) x 1.073 (HU > — 1), p(g/cm?) =0 (HU £ — 1)
p: Bone mineral density, HU: CT value
*The proximal and distal coated portions of the rectangular stem, respectively
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evaluate both vertical and rotational directions. The load
was calculated in relation to the patient’s weight. For
example, when a patient weighing 50 kg stood on one leg,
a load of 1384 N was applied to the prosthetic head at 16°
in the anterior forehead plane and 4° in the sagittal plane.
Tensile forces of 692 N, 533 N, and 685 N were applied
to the greater trochanter, lesser trochanter, and gluteal
tuberosity, respectively [24—26] (Fig. 3a). For stair climb-
ing, a load of 1488 N was applied to the artificial bone
head at 20° in the frontal plane and 18° in the sagittal
plane, and tensile forces of 806 N, 657 N, and 798 N were
applied [24, 26, 27] (Fig. 3b). The distal end of the femur
was fully constrained. The friction coefficients of the con-
tact surfaces between the femur and the stem were as
follows: 0.64 and 0.49 for the proximal and distal coated
portions of the rectangular stem, respectively, and 0.49
for the coated portion of the finned stem [28].

Data analysis

Outcome measures were the value (mean and 95th per-
centile) of the micromotion of the stem calculated by
finite element analysis, the area in which micromotion
with a value greater than the 95th percentile was distrib-
uted, and the direction of the micromotion vector. The
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95th percentile value was used to minimize the influence
of outliers, as the maximum value could be affected by
outliers. The vectors were displayed as vectors from the
starting point of each node, and the length of the vec-
tors was multiplied by 150 and illustrated using graphing
software (Graph-R for Mac ver. 1.24.3, S-NEXT, Iwate,
Japan) (Fig. 4). In addition, micromotion below 30 pum
was judged to represent good initial fixation [4-8] and
the lowest value of micromotion was shown as 30 pm.
All statistical analyses were performed using statistical
software (Stat Plus: mac Pro ver. 7, AnalystSoft Inc., VA,
USA) and Microsoft Excel (for Mac ver. 16, Microsoft,
USA). Statistics were performed using paired t-test and
Mann—Whitney U test at a significance level of p=0.05.
All data are presented as mean =+ standard deviation.

Results

Twenty patients (3 males and 17 females) with a mean
age at surgery of 62.4+7.9 years and a mean body mass
index (BMI) of 24.74+3.0 were included. Ten patients
had rectangular stems and 10 had finned stems (Table 2).
No stem subsidence was observed on radiographs up to
1 year postoperatively.

Fig. 3 Boundary conditions for the finite element method in two different activities for a body weight of 50 kg. a Single-leg stance. b Stair climbing.
Red arrows and areas indicate the direction and area of load on the artificial head, respectively. The white arrows and area indicate the direction and
area of tension in the greater trochanter, lesser trochanter, and gluteal tuberosity. The yellow shaded areas are fixed in all directions
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Fig. 4 Vectoral representation of the micromotion. The vectors are multiplied by 150. The black arrow indicates a magnified view

Table 2 Patient demographics

Rectangular stem Finned stem Total p-value

Number of joints 10 10 20
Age (years) 59.1+£74 61.1£73 60.1+74 0.569
Sex, n (%) 0.556

Male 2 (20%) 1(10%) 3 (15%)

Female 8 (80%) 9 (90%) 17 (85%)
Height (cm) 161.1+£7.0 1548+39 1580+6.5 0.033
Body weight (kg) 63.7£83 59.5+838 61.6+88 0313
BMI (kg/mz) 245+26 248+34 24.7+30 0.837
Cause of THA, n (%)

OA (due to dysplasia) 9 (90%) 9 (90%) 18 (90%) 1.000

ONFH 1 (10%) 1 (10%) 2 (10%)
Canal flare index 3.69+£0.39 371037 3.53+£045 0.133

In the rectangular stem group, the mean value of the
micromotion was 29.94+5.0 um for single-leg stance and
37.4+7.2 pm for stair climbing, with that for stair climb-
ing being significantly larger (p<0.01) (Fig. 5). In the
finned stem group, the mean value of the micromotion
was 34.8 6.6 pm for single-leg stance and 35.5£7.6 um
for stair climbing, and there was no significant difference
between the two activities. Further, there were no signifi-
cant differences in the mean value of the micromotion
between the two groups. The 95th percentile values of the
micromotion were 50.3 £ 5.9 pm for single-leg stance and

66.6 +10.4 um for stair climbing in the rectangular stem
group, and 63.8+23.3 um and 76.4+28.3 um, respec-
tively, in the finned stem group, with the values for stair
climbing significantly larger in both groups (p<0.01).
There were no significant differences in the 95th percen-
tile values of the micromotion between the two groups.
In both groups, micromotion above the 95th per-
centile value was found at the proximal and dis-
tal ends during single-leg stance and stair climbing
(Fig. 6). Micromotion above the 95th percentile value
was found at the proximal end in all patients during
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Fig. 5 Boxplot of mean values and 95th percentiles of the micromotion for each of the 10 cases in the rectangular stem and finned stem groups

— Rectangular stem

— Finned stem
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Fig. 6 Distribution of micromotion. a Rectangular stem. b Finned
stem

single-leg stance and stair climbing, whereas micro-
motion above the 95th percentile value at the distal
stem end was observed in eight patients in the rectan-
gular stem group and two patients in the finned stem
group during single-leg stance, and in five patients in
the rectangular stem group and five patients in the
finned stem group during stair climbing.

The micromotion vectors were similar for the same
activity in the two groups (Figs. 7 and 8). The direc-
tions of the micromotion vectors of stair climbing
were more internally rotated than those of single-leg
stance.

Discussion

This study is the first to evaluate the direction of the
micromotion of the stem in three dimensions. To evalu-
ate the initial fixation of the cementless short stems, we
need to evaluate micromotion under load [9, 10, 12]. The
evaluation of micromotion in cementless stems has pre-
viously focused on the magnitude and two-dimensional
direction (anterior/posterior/medial/lateral); however, it
is also essential to evaluate the three-dimensional direc-
tion of micromotion. In this study, we evaluated both
the three-dimensional direction and magnitude. The
mean and 95th percentile values for the magnitude of the
micromotion of the rectangular stem and the octagonal-
oval cross-sectioned finned stem did not significantly
differ for either single-leg stance or stair climbing. For
both stems, the micromotion above the 95th percentile
occurred at the proximal and distal ends of the stem. Fur-
thermore, the vector-based assessment showed that stair
climbing produced larger anterior-medial-posterior rota-
tional (internal rotational) micromotion in the distal part
of the stem than did single-leg stance.

For the initial fixation of cementless stems, it is impor-
tant that they have excellent rotational stability [29].
However, few reports have evaluated rotational stability.
In activities in daily life, the rotational torque applied to
the stem is low during single-leg stance and high during
stair climbing [24]. In the present study, we also found
rotational micromotion during stair climbing. In addi-
tion, the mean and 95th percentile values of micromotion
within both stem groups were significantly larger dur-
ing stair climbing than during single-leg stance for most
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Fig. 7 Micromotion vectors of stems during single-leg stance. Anterior, posterior, superior, and inferior views. a Rectangular stem. b Finned stem.
The white arrow indicates the direction of the vector. A, anterior; L, lateral; M, medial; P, posterior
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Fig. 8 Micromotion vectors of stems during stair climbing. Anterior, posterior, superior, and inferior views. a Rectangular stem. b Finned stem. The
white arrow indicates the direction of the vector. A, anterior; L, lateral; M, medial; P, posterior

comparisons. This cause may be due to the increased load
on the artificial head during stair climbing compared to
during single-leg stance and the increased internal rota-
tion torque around the stem axis. On the other hand, the
mean and 95th percentile values of micromotion in the
two stem groups did not differ significantly for single-leg
stance or stair climbing. These results suggest that the
rectangular stem with no fins has comparable initial fixa-
tion to the octagonal-oval finned stem.

Al-Dirini et al. [17] reported that micromotion above
the 95th percentile values occurred at the proximal and
distal ends in standard types of stems with and with-
out collars. In the present study, rectangular stems and

finned stems both produced micromotion above the
95th percentile values at the proximal and distal ends.
In particular, micromotion above the 95th percentile
values was observed at the proximal end in all cases.
These results suggest that micromotion is larger at the
proximal and distal ends in short stems as well as in
standard stems. Therefore, it is necessary to suppress
the micromotion at the proximal and distal ends to
reduce the maximum micromotion. However, to sup-
press the micromotion at the proximal and distal ends,
it is necessary to devise a coating position for the stem
and improve the implanted direction of the stem in the
future.
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No reports to date have evaluated the direction of
micromotion three-dimensionally during multiple activi-
ties. In the present study, the direction of micromotion
was assessed in three dimensions using three-dimen-
sional vectors. In this study, it was found that micromo-
tion with internal rotation from the middle to the distal
part of the stem, regardless of the stem shape, occurred
more during stair climbing than during single-leg stance.
This result suggests that the direction of micromotion in
a cementless short stem is not dependent on the shape
of the stem but on the direction of loading on the bone
head by the activity. By evaluating the micromotion using
three-dimensional vectors, it became possible to evalu-
ate the behavior of the stem during early postoperative
activities.

One limitation of this study is that the number of cases
was small: ten rectangular stems and ten finned stems.
However, the strength of this study is that it compares
not only a single activity but two different activities with
different degrees of rotational torque in daily life. In addi-
tion, this study only uses finite element analysis and no
validation based on cadaver experiments. However, the
same method was used in previous reports where valida-
tion was obtained by finite element analysis and cadaver
experiments [18, 19]. Furthermore, the same method was
used in previous reports on the finite element analysis of
micromotion alone [17]. Unlike conventional finite ele-
ment analysis in which the stem implanted position is
simulated, the postoperative stem placement position
for each patient in this study is reproduced by 3D-3D
registration using CT images taken before and after sur-
gery. Therefore, the finite element analysis based on the
accurate reproduction of the position of the surgically
implanted stem for each patient is considered to repre-
sent the magnitude and direction of the micromotion
under actual clinical conditions. Thirdly, each physiologi-
cal load was assessed one time. The CT images used in
this study were obtained within 2 weeks after THA;
that is, the CT images in this study were taken after the
patient had already started walking. Therefore, the posi-
tions of the stems in this study were obtained after at
least several hundred cycles of physiological loading, and
the effect of initial subsidence on micromotion was con-
sidered almost negligible. Finally, as some cases did not
use a phantom for evaluating bone mineral density, the
standard calibration curve of the finite element analy-
sis software was used for the calculation, as in previous
reports [20, 21].

Conclusions

Using a patient-specific postoperative femoral model,
we evaluated the three-dimensional micromotion as
obtained from finite element analysis of two types of
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cementless short stem. The rectangular stem without fins
had a comparable initial fixation to the octagonal-oval
finned stem. In both models, micromotion was greatest
at the proximal and distal ends. Furthermore, the direc-
tion of the micromotion was similar for the same activ-
ity in both models, suggesting that the direction of the
micromotion may depend on the type of motion regard-
less of the stem shape. By using the three-dimensional
vector evaluation of micromotion, we could analyze not
only the magnitude but also the three-dimensional direc-
tion of the micromotion. The three-dimensional vector
evaluation of micromotion in this study is thought to be
helpful for stem selection and stem development.
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