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stem migration under full weight bearing
in cementless total hip arthroplasty:
a model-based RSA study
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Abstract

Background High-offset stems in cementless primary total hip arthroplasty (THA) have been potentially associated
with early aseptic femoral loosening. This study aimed to evaluate the primary and secondary stability of a cement-
less high-offset femoral component under full weight-bearing conditions using model-based RSA, comparing it
with a standard offset stem in patients undergoing THA.

Methods In this prospective, observational, single-center study, 42 patients with end-stage hip osteoarthritis under-
went cementless primary THA using either a standard (SL-PLUS Standard) or a high-offset (SL-PLUS Lateral) cementless
stem. Radiostereometric analysis (RSA) was employed to monitor stem migration at six weeks and three, six, twelve,
and twenty-four months. Clinical outcomes were assessed using the modified Harris Hip Score (HHS) and the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMACQ).

Results There were no significant differences in mean stem subsidence between the groups at any follow-up
interval, indicating comparable primary and secondary stability. After minimal initial subsidence (SL-PLUS Standard:
up to—0.54 mm; SL-PLUS Lateral: up to—0.73 mm), no further progressive migration was observed. A significant dif-
ference in stem anteversion was noted between the groups at six months (P=0.021) and two years (P=0.001). The
SL-PLUS Lateral group had significantly better WOMAC scores at the two-year follow-up (P=0.027).

Conclusions This RSA study demonstrated similar migration patterns for the high-offset and standard-offset cement-
less stems within the first two years after operation. Both groups exhibited initial subsidence followed by high
secondary stability. Based on the results of this study, the SL-PLUS Lateral is a safe alternative for patients with high
femoral offset undergoing cementless THA.
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Introduction

Total hip arthroplasty (THA) aims to restore native hip
joint geometry and preoperative biomechanical condi-
tions to optimize functional outcomes and implant sur-
vival [1-3]. An adequate reconstruction of the femoral
offset (FO) correlates with improved abductor mus-
cle function, increased hip stability, extended range of
motion, and reduced polyethylene wear [1, 3—6]. How-
ever, the variability in native FOs often necessitates the
use of lateralized femoral stems in patients with high
offsets [7, 8]. A large FO can generally lead to increased
strain at the implant-bone interface of the femoral com-
ponent. Biomechanical studies suggested that high-
offset stems lead to higher strains in the cement around
cemented THA [9] by increasing the bending moment
on the implant [10], increasing torsional loading along
the long-axis [11], and contributing to increased micro-
motion in the upper stem zone [12]. In cementless THA,
the resulting mechanical stress can potentially impede
secondary osseointegration under full weight bearing,
thereby promoting early aseptic loosening and implant
failure [13—16]. However, other studies found no signifi-
cant differences in micromotion between different offset
versions when analyzed with 3-dimensional methods [17]
and finite element models [18], but confirmed reduced
risk of dislocation with high-offset stems, as each 1 mm
offset increase allows a greater range of motion before
impingement [19].

While registry studies have shown a detrimental
effect of lateralized stem designs on implant fixation in
cemented THA, with an associated risk of aseptic loos-
ening, data regarding cementless high-offset stems are
inconclusive. [16, 20, 21]. Recently published data have
raised concerns about an increased risk of aseptic femo-
ral loosening in patients treated with lateralized cement-
less stems [22, 23]. Jud et al. reported a 3.7-fold increased
probability of aseptic loosening in a cohort of patients
following cementless THA using a straight standard
stem, when a high femoral offset combination was used
[23].

The long-term stability of a hip implant after THA
depends on primary fixation and subsequent osseoin-
tegration (secondary fixation). Initial fixation is estab-
lished by the mechanical stability between the stem and
bone. In the early postoperative period, loading can
cause micromotions at the stem-bone interface. Micro-
motions can hinder osseointegration and compromise
secondary fixation by promoting fibrous tissue forma-
tion [24-27]. Radiostereometric analysis (RSA) has
demonstrated high accuracy and precision in detect-
ing postoperative implant migration in vivo [28, 29]. Of
note, increased stem migration in the first two years after
surgery has been demonstrated to be a viable predictor
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for early implant failure [28—31]. However, to the best of
our knowledge, no study has yet investigated the effects
of increased FO on the primary and secondary stabil-
ity of a cementless femoral component using RSA. This
prospective controlled study aimed to assess the three-
dimensional migration pattern of a cementless straight
high-offset stem in vivo using model-based RSA and
to investigate the influence of the FO on the primary
and secondary stability of the implant under full weight
bearing.

Materials and methods

This prospective, observational, single-center study
included a total of 42 patients with end-stage osteoar-
thritis of the hip who were indicated for primary THA.
Based on native hip joint anatomy and preoperative
digital planning using the TraumaCad software (Brain-
lab Inc., Westchester, USA), patients were allocated to
receive either a standard (SL-PLUS Standard, Smith
& Nephew Orthopaedics AG, Baar, Switzerland) or a
high-offset cementless stem (SL-PLUS Lateral, Smith &
Nephew Orthopaedics AG, Baar, Switzerland). The selec-
tion of the appropriate stem version aimed to reconstruct
the hip joint geometry and restore the center of rota-
tion. Both stem versions were digitally planned for each
patient, and allocation was based on which stem design
best replicated the patient’s native hip joint anatomy.
Therefore, although the study included a control group
(Standard stem), it was not randomized. We chose to
compare different offset versions of the SL-Plus stem
because its design is based on the Zweymidiller stem, one
of the most established and extensively studied stem
designs. Its rectangular cross-sectional profile enables
stable diaphyseal fixation, and the proximal hydroxyapa-
tite (HA) coating promotes osseointegration.

Inclusion criteria were patients between 35 and
75 years of age with end-stage primary or secondary
osteoarthritis of the hip and indication for cementless
THA. Exclusion criteria were patients with rheumatoid
arthritis, ongoing corticosteroid or osteoporosis treat-
ment, hereditary skeletal diseases, or a history of correc-
tive osteotomy of the proximal femur. Twenty patients
were allocated to the high-offset group, and 22 to the
control group. A sample size calculation was performed
using the software G*Power (Version 3.1.9.3 for MacOS)
[32]. The power analysis indicated that 17 patients per
group would be needed to achieve a power of 80% in a
two-sided t-test at a significance level of 0.05, assum-
ing a clinically significant difference in stem migration
between the two groups of 0.6 mm and a standard devia-
tion of 0.6 mm based on previous study results [33, 34].
To account for potential dropouts and follow-up losses,
at least 20 patients were recruited per group. The control
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group was also part of another clinical study conducted
in parallel at our institution. Hence, the results of the
SP-PLUS Standard group have already been published
[35]. The study received approval from the local ethics
committee (No. S-217/2007) and the Federal Office for
Radiation Protection (No. Z 5-2246/2—-2007-063) before
the first patient was included. The study was conducted
in accordance with the Helsinki Declaration, and writ-
ten informed consent was obtained from all participants
before study inclusion.

Surgical technique

Two experienced senior surgeons (TG and SW) per-
formed all surgical procedures according to the manu-
facturer’s surgical instructions. A modified anterolateral
Bauer approach was used in all patients. Femoral ream-
ing was standardized using a pneumatic broaching sys-
tem (Woodpecker®, Integrated Medical Technologies
USA, LLC, Minnesota, USA). Before implantation of
the femoral stem, 5-10 radio-opaque tantalum mark-
ers with a diameter of 1.0 mm (Wennbergs Finmek AB,
Gunnilse, Sweden), were implanted into the peripros-
thetic cancellous bone around the greater and lesser tro-
chanter (Gruen zones 1 and 7) using the Halifax Bead
Inserter (Halifax Biomedical Inc., Nova Scotia, Canada).
Each patient received either the SL-PLUS Standard stem
or the SL-PLUS Lateral stem (Smith & Nephew Ortho-
paedics AG, Baar, Switzerland) according to their native
FO and based on the surgeon’s intraoperative assessment.
Both stems feature a straight, dual-tapered design with
a rectangular cross-section and are made of grit-blasted
titanium alloy (Ti6Al4Va) with a proximal hydroxyapatite
(HA) coating. The proximal coating, which is supposed
to facilitate bone ingrowth at the metaphyseal region,
consists of a 0.3 mm open-pore titanium plasma layer
and a 0.05 mm HA layer with a mean surface roughness
of approximately 20-30 um. The caput-collum-diaphy-
seal (CCD) angle of the SL-PLUS Standard stem is 131°,
whereas the CCD angle of the SL-PLUS Lateral stem is
123° [36]. On the acetabular side, a cementless press-fit
titanium shell was used in combination with a highly
crosslinked polyethylene inlay (Allofit® cup and Durasul®
insert, Zimmer Biomet, Warsaw, IN, USA). Except for
one patient who required a cobalt-chromium alloy metal
head due to a large head length, all patients received a
32 mm ceramic femoral head (BIOLOX® forte, CeramTec
GmbH, Plochingen, Germany). Patients were mobilized
under full weight bearing immediately after surgery.

Radiostereometric analysis (RSA)

The primary objective of this study was to evaluate and
compare the primary and secondary stability of the femo-
ral component in both the study and the control group
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by monitoring stem migration during the first two years
after surgery using the model-based RSA technique. To
obtain unipolar stereo images, two synchronized X-ray
tubes were set at a 40-degree angle to each other. A car-
bon filter calibration box (Medis Specials, Leiden, Neth-
erlands) was placed under the patient’s joint, with two
digital film cassettes positioned in the lower plane of the
box. The X-ray exposure settings were standardized at
90 kV and 12.5 mAs across all images. For image analy-
sis, the model-based RSA software (Version 3.3, Medis
Specials, Leiden, Netherlands) was used. Adhering to
the RSA guidelines, the mean error for rigid body fitting
was limited to a maximum of 0.35 mm, and the condition
number was restricted to 150 to ensure adequate marker
stability and distribution [37]. At each follow-up interval,
the linear migration of the stem relative to the baseline
was measured in terms of rotation and translation along
all three axes. RSA assessments were conducted one-
week post-surgery (as the baseline), and subsequently at
6 weeks, 3 months, 6 months, 12 months, and 24 months
postoperatively (Fig. 1).

To verify the precision of the RSA system, double
examinations were performed on 28 patients at the
6-month follow-up visit. As part of the double exami-
nation, the patients were repositioned between the RSA
measurements, and the mean value and the standard
deviation (SD) of the difference between the two meas-
urements were calculated for all patients [37, 38]. The
precision level was then calculated using the following
formula, where P represents precision, x is the difference
between the double examinations, and 2.048 represents
the critical value in a 95% t-distribution for a sample size
of n =28 [39].

> ()

n

P =2.048 x SD = 2.048 x

Clinical and radiological evaluation

The secondary objective of this study was to evaluate dif-
ferences in clinical results between the two groups using
the modified Harris Hip Score (HHS) and the Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) as outcome measures [40]. The HHS ranges
from O (worst) to 100 (best) and includes assessments of
pain, function and range of motion [40]. The WOMAC
ranges from 96 (worst) to O (best) and is a patient-
reported outcome measure, covering the sub-items pain,
stiffness, and functional limitations [41]. Clinical out-
comes were scored preoperatively and at the 3-month,
12-month, and 24-month follow-up visits. In addition,
standard anteroposterior radiographs of the lateral radi-
ographs the hip were taken for radiological evaluation
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6 weeks

Fig. 1 Model-based RSA process for tracking stem migration over time. a AP radiograph showing reference markers (yellow) and control markers
(green) used for calibration. b Visualization of the tantalum beads (red), inserted during surgery into the cancellous bone as femoral markers.
Implant outline serves as the basis for the 3D surface model of the implant, with its actual projection relative to the markers, used for assessing
the implant’s position and rotation by matching the two synchronized radiographic stereo images. d—f lllustrations of a 3D implant model
visualizing stem migration from (d) baseline, through (e) 6 weeks, to (f) 6 months post-THA, with the dashed line indicating the level of the stem

shoulder at baseline

pre- and postoperatively, and subsequently at 3, 12, and
24 months. Radiographs were analyzed for the presence
of radiolucent lines (>2 mm), signs of cortical hypertro-
phy and the presence of heterotopic ossifications (HO),
which were graded according to the Brooker classifica-
tion system [42].

Statistical analysis

Data were evaluated descriptively as arithmetic mean,
standard deviation (SD), minimum and maximum val-
ues. The Shapiro—Wilk test demonstrated that the data
were normally distributed. To compare demographic
data and differences in stem migration between the two
groups at a given time point, the Student’s ¢-test for inde-
pendent samples was used. For comparing differences
in stem migration across different time intervals within
each group, analysis of variance for repeated measures
(ANOVA) with Tukey’s test for multiple comparisons
was applied. The chi-square test and Fisher’s exact test
were used to compare categorical variables between the
two groups. All tests were two-sided, and a P-value <0.05
was considered statistically significant. Statistical analysis
was performed using the software SPSS® for Windows®
(version 29.0; SPSS IBM Corp., Chicago, IL, USA) and

Graphpad Prism® (version 10.0, Graphpad Software, San
Diego, CA, USA).

Results

Demographic data of the study and control groups are
summarized in Table 1. Except for the distribution of
genders, there were no statistically significant differences
in the demographic variables between the two groups.
One patient was lost to follow-up because he refused
the 12-month follow-up visit. A total of nine patients
with insufficient marker detection and one patient with
a condition number>150 were excluded from the RSA
analysis. Another patient, who did not meet the eligibility
criteria, was excluded from the control group. This left a
total of 15 patients in the SL-PLUS Lateral group and 15
patients in the SL-PLUS Standard group with complete
RSA data sets available for final RSA analysis. Figure 2
illustrates the study flow and follow-up of patients.

One complication was reported in the control group at
the 3-month follow-up visit with a trochanteric tip frac-
ture in a 57-year-old male patient, which did not require
revision surgery or further treatment. The patient was
pain-free and reported to be satisfied with the outcome
of the hip replacement.
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Table 1 Demographic data of the study group (SL-PLUS Lateral)
and the control group (SL-PLUS Standard)

Parameter SL-PLUS Lateral SL-PLUS Standard P-value
(n=20) (n=22)

Age at surgery? 586(SD11.2) 60.7 (SD 10.1) 0.51

(years)

Gender (female/ 5/15 14/8 0.01

male) (n)

Operated hip (right/  9/11 12/10 0.54

left) (n)

BMI® (kg/m?) 28.8(SD 5.6) 26.5(SD4.7) 0.16

Head length (S/M/L/  5/11/4/0 7/6/8/1 0.27

XL) (n)

HHS preoperatively® 51.2(5D11.2) 48.8 (SD 14.8) 0.56

(points)

WOMAC preop? 524 (SD 18.8) 56.7 (SD17.1) 045

(points)

2The values are given as the mean, with the SD in parentheses

BMI Body mass index, HHS Harris Hip Score, WOMAC Western Ontario and
McMaster Universities Osteoarthritis Index
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To prove the reproducibility of the RSA method, we
performed a precision analysis through double exami-
nation measurements 6 months after the surgical
procedure. We observed RSA precision levels for trans-
lational measurements of 0.12 mm, 0.23 mm, and 0.63
mm and rotational measurements of 0.64°, 1.33°, and
0.35° along the frontal, longitudinal, and sagittal axis,
respectively.

The results of the RSA analysis demonstrated no sta-
tistically significant differences in mean stem subsidence
(translational migration along the stem axis) between the
two groups at any follow-up (Table 2). Mean stem sub-
sidence ranged from —0.54 to —0.73 mm for the SL-PLUS
Lateral stem and from—0.40 to—0.54 mm for the SL-
PLUS Standard stem.

The SL-PLUS Lateral stem showed statistically signifi-
cant subsidence during the first six weeks postoperatively
(ANOVA, P=0.015, Table 3), indicating initial settling
of the stem under full weight bearing (Fig. 3). Both stem
designs exhibited high secondary stability and optimal
osseointegration after initial settling without signs of per-
sistent migration up to the latest follow-up. A statistically

Allocation
SL-PLUS Lateral (n=20) SL-PLUS Standard (n=22)
l Follow-up y
Lost to Follow-up: Lost to Follow-up:
®  none e declined 12-month FUP (n=1)
Exclusions: Exclusions:
®*  none e none

l Analysis l

Primary Outcome (RSA Analysis)
Analyzed (n=15)
Excluded from analysis:

e incomplete RSA data (n=5)
e condition number>150 (n=0)

v

Secondary Outcome Measure

Analyzed at 2 years (n=20)
Excluded from analysis (n=0)

Primary Outcome (RSA Analysis)
Analyzed (n=15)

Excluded from analysis:

¢ incomplete RSA data (n=4)

¢  condition number>150 (n=1)

e  deviation of eligibility criteria
(age>75years) (n=1)

v

Secondary Outcome Measure

Analyzed at 2 years (n=22)
Excluded from analysis (n=0)

Fig. 2 Study flowchart demonstrating the follow-up and analysis of both study cohorts
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Table 2 RSA measurement results of femoral stem migration and rotation
SL-PLUS Lateral (n=15) SL-PLUS Standard (n=15) Lateral vs.
Standard
Interval Mean (SD) (95% CI) Mean (SD) (95% Cl) P-value
Translation (mm)
Proximal(+)/Distal(—) 6 weeks -0.73(0.72) -1.121t0-0.33 —0.41(0.83) —0.86 t0 0.05 0.266
3 months —-0.59 (0.67) —0.96t0—-0.22 —048 (0.64) —0.841t0-0.13 0.649
6 months —-0.59 (0.63) —-0.941t0-0.24 —0.54 (0.67) -0.90t0-0.17 0.829
12 months —0.58 (0.68) —0.96 t0-0.21 —0.45 (0.76) -0.87t0—-0.02 0.604
24 months —0.54 (0.65) —090t0—-0.18 —040 (0.66) —0.77 t0-0.04 0.578
Rotation (degrees)
Ante-(—)/Retroversion(+) 6 weeks 0.37(1.82) -063t01.38 —0.12 (1.95) -1.19t00.96 0.484
3 months 0.02 (2.45) -1.341t0 138 —0.48 (1.76) —1461t0 049 0.523
6 months 0.72 (2.48) -0.651t02.10 —1.15(1.64) —2.06 t0—-0.25 0.021*
12 months 0.33(2.18) —0.87to 1.54 —0.66 (1.48) —148100.16 0.155
24 months 5(1.95) 01710233 -1.29(1.81) —2.30t0-0.29 0.001*
Rotation (degrees)
Valgus-(+)/Varus(-), Tilt 6 weeks —0.29(0.95) -0.811t00.24 0.02 (0.19) —-0.091t0 0.13 0.231
3 months -0.01(0.52) -0.30t0 0.27 0.07(0.51) —-0211t00.36 0.651
6 months —0.22 (0.99) —0.771t0033 0.09(047) —0.18100.35 0.288
12 months —0.11(0.85) -0.57t00.36 0.01(041) —-022100.24 0.633
24 months —0.13(0.68) —0.511t00.25 0.04 (0.39) -0.18100.25 0412
*P<0.05
Table 3 Comparison of stem subsidence between adjacent follow-up intervals within each group
Group Follow-up interval Mean of difference 95% Cl of difference P-value
SL-PLUS Lateral Baseline vs. 6 weeks 0.73 0.12t0 133 0.015*
6 weeks vs. 3 months -0.13 -044100.17 0.712
3 months vs. 6 months -0.01 -0.26t00.25 >0.999
6 months vs. 1 year —0.003 -0.16t00.16 >0.999
1 yearvs. 2 years -0.05 -021t00.12 0927
SL-PLUS Standard Baseline vs. 6 weeks 041 -029to 1.11 0439
6 weeks vs. 3 months 0.08 -020100.36 0.942
3 months vs. 6 months 0.05 -007t00.18 0.739
6 months vs. 1 year —-0.09 -034100.15 0.824
1 yearvs. 2 years -0.04 -0.27t00.18 0.987

*P<0.05

significant difference in stem anteversion was seen
between the two groups after six months (P=0.021) and
two years (P=0.001, Table 2). However, the accuracy of
the RSA method for detecting changes in stem rotation
along the longitudinal axis should be considered a limi-
tation when interpreting these results. No other statisti-
cally significant differences in stem rotation along the
longitudinal and sagittal axis or stem translation in these
planes were observed between the two groups or over the
follow-up intervals.

This table presents the results of RSA measurements
for femoral stem migration (translation), stem rotation
along the longitudinal axis (ante-/retroversion), and
stem rotation along the sagittal axis (varus/valgus tilt)
for both SL-PLUS Lateral and SL-PLUS Standard stem
designs at each follow-up interval. The data includes
the mean values, standard deviations (SD), 95% confi-
dence intervals (CI), and p-values comparing the two
groups with * indicating statistically significant differ-
ences between the study and the control group.
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Fig. 3 Mean stem subsidence for SL-PLUS and SL-PLUS Lateral stem designs over time

This table compares stem subsidence at different
follow-up intervals within the SL-PLUS Lateral and
SL-PLUS Standard groups. The data includes the mean
difference in subsidence, 95% confidence intervals (CI)
for the difference, and p-values for each comparison,
with” indicating statistically significant differences.

This figure shows the mean stem subsidence of the
SL-PLUS (circles) and SL-PLUS Lateral (square) stem
designs, measured over a period of up to two years
post-surgery. The x-axis represents the follow-up time
in weeks, while the y-axis indicates the amount of stem
subsidence in millimeters (translation). Data points
illustrate the mean subsidence for each design at dif-
ferent time points.

Conventional radiographs at the two-year follow-
up demonstrated no signs of loosening or progressive
radiolucent lines. Seven patients (35%) in the SL-PLUS
Lateral group and 7 patients (32%) in the SL-PLUS
Standard group exhibited heterotopic ossifications
(HO) Brooker grade I or II. No patient had HO grade
IIT or IV. Femoral cortical hypertrophy was more fre-
quently seen in the SL-PLUS Lateral group (n=4;
20%) when compared to the control group (n=1; 5%),
although the difference was not statistically significant
(P=0.12).

There was a significant postoperative improve-
ment in mean HHS and WOMAC at the 2-year inter-
val compared to the baseline (?<0.0001). At two year
follow-up, the mean HHS was 94 points (SD 9.2) in
the SL-PLUS Lateral group and 89 points (SD 11.9)
in the SL-PLUS Standard group. The mean WOMAC

score was 2.1 points (SD 3.7) in the SL-PLUS Lateral
group and 7.3 points (SD 8.9) in the SL-PLUS Standard
group. The difference in WOMAC scores between the
two groups was statistically significant (?=0.03).

Discussion
This study aimed to assess the primary and secondary
stability of a cementless high-offset femoral component
in vivo under full weight bearing using the model-based
RSA technique and to compare implant stability with
a control group of patients, who underwent cement-
less THA with a standard offset stem. The results of our
study demonstrated that an increased femoral offset did
not adversely affect the primary and secondary stability
of the femoral component. Both stem designs exhibited
high primary stability, with only minimal subsidence (<1
mm) observed during the initial postoperative weeks.
Additionally, they showed excellent secondary stability,
characterized by good osseointegration and an absence of
progressive implant migration up to the final follow-up.
Adequate reconstruction of the native FO is crucial
for achieving satisfactory functional outcomes, optimal
hip stability, and muscle strength by enhancing the lever
arm for abduction [1-3]. However, the increased lever
arm also leads to greater strain on the femoral compo-
nent, particularly in the varus direction and retroversion.
This added strain can cause excessive implant migra-
tion and early aseptic loosening [13, 43]. In cementless
THA, these increased mechanical stresses can potentially
adversely affect both primary stabilities, leading to exces-
sive implant migration in the first postoperative weeks,
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and secondary stability due to increased micromotions.
These micromotions can compromise secondary osse-
ointegration and potentially lead to early implant failure
due to aseptic loosening [13—16]. Indeed, micromotions
exceeding 150 pm have been shown to hinder osseointe-
gration and compromise secondary fixation by promot-
ing the formation of fibrous tissue [24—27].

Registry data have demonstrated an increased fail-
ure risk for high offset stems in cemented THA [15, 16,
43]. A study from the Norwegian Arthroplasty Register
reported a 3.3 times higher relative risk for stem revi-
sion when a lateralized stem was used [43]. Similarly,
another study from the Swedish Hip Arthroplasty Regis-
ter, which analyzed 71,184 primary THA, found a com-
parable increase in revision risk for cemented high-offset
stems [15]. However, the published data regarding the
revision risk of high-offset stems in cementless THA are
inconclusive. Jameson et al. investigated independent
predictors of failure in 35,386 cementless single-brand
total hip replacements (Corail/Pinnacle, DePuy Synthes)
using data from the National Joint Registry for England
and Wales and found no correlation between stem off-
set and the risk of revision [20]. In contrast, Melbye
et al. analyzed the survivorship of different cementless
Corail stem variants in 51,212 THA from the Norwegian
Arthroplasty Register and reported an increased revision
risk for aseptic loosening associated with the high-offset
stems compared to the standard stems [21]. Similarly,
Cantin et al. compared the survival rates of 807 primary
THA using the cementless Corail stem after a mean fol-
low-up of 2.3 years and found an increased risk for asep-
tic loosening associated with the high-offset stem version
[22]. This finding is consistent with a recently published
study by Jud et al., who reported a 3.7-fold increased risk
of aseptic femoral loosening in a cohort of 2,459 cement-
less THA when a high femoral offset combination was
used [23]. The authors concluded that an adjustment of
the postoperative protocol might be necessary for these
patients to ensure adequate stem ingrowth [23]. Notably,
the inclusion of various stem designs in these registry
studies may contribute to the conflicting results observed
across different studies.

To our knowledge, no study has yet investigated the
migration pattern of a cementless high-offset stem in vivo
under full-weight bearing using RSA. Model-based RSA
is highly accurate in detecting stem migration in vivo
and has proven to be a viable and reliable method for
the early detection of potential implant failures [44]. The
stem subsidence measured in our study was minimal for
both stem designs and occurred primarily during the first
six weeks postoperatively, representing initial settling.
After this period, no implant demonstrated excessive
migration beyond the critical threshold of 0.5 to 1.0 mm,
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which is considered to be associated with an increased
risk of clinical failure and aseptic loosening [45]. Both
stem designs share key structural features, such as a
rectangular cross-sectional profile, which likely contrib-
utes to stable diaphyseal fixation, irrespective of the off-
set version. Additionally, the proximal hydroxyapatite
(HA) coating on both stems enhances osseointegration,
promoting secondary stability and preventing further
migration after the initial settling period. Our findings
are consistent with the results of Fottner and colleagues
[17], who found no significant differences in micromo-
tions between cementless hip prostheses with varying
offsets under physiological loading conditions. The use
of the same pneumatic broaching system for femoral
reaming in both groups likely standardized the surgical
procedure, minimizing variability in stem fixation. Early
postoperative full weight-bearing may have further con-
tributed to the comparable outcomes by stabilizing both
stem designs similarly.

Although there was a statistically significant differ-
ence in mean stem rotation along the longitudinal axis
(ante-/retroversion) between the high-offset and the
control groups at the six-month and two-year follow-up,
no statistically significant changes in stem rotation over
time were observed within each group. It is important
to consider the limited precision of the RSA method for
detecting rotational changes along the longitudinal axis,
which may be a limitation in interpreting these results
[46]. Based on recent RSA studies [47], mean rotational
changes of up to 2.4° have been reported without clini-
cal impact. In our study, the differences in ante-/retrover-
sion at 6 and 24 months, though statistically significant,
likely fall within the RSA method’s precision limits, as
indicated by our precision analysis (double examination
measurements) showing a level of 1.33° for rotational
measurements along the longitudinal axis. Thus, these
differences are most likely due to the accuracy limitations
of RSA rather than prosthesis design, surgical technique,
or patient-related factors.

The stem migration rates measured in our study and
the precision levels assessed by double examination at
the six-month follow-up interval, align closely with the
results of other RSA studies that have been reported in
the literature [33, 39]. Nysted et al. reported an RSA
precision level of 0.21 mm for translation and 1.36
degrees for rotation around the longitudinal axis, which
corresponds well with the precision measured in our
study [39]. The standard deviations for subsidence in
our study, ranging from 0.63 to 0.83 mm across both
stem types, were also within the normal range reported
in RSA studies. Given the precision level of 0.23 mm for
translational measurements in our study, this variabil-
ity is not unexpected. Additionally, another study by
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Hoornenborg et al. investigated the migration pattern
of the same femoral component (SL-PLUS Standard)
using RSA [33]. They reported a mean stem subsid-
ence of 0.46 mm (range—2.17 to 0.05 mm) after two
years, which is consistent with the results of our study
[33]. We acknowledge that a further subgroup analysis
based on patient factors, such as BMI or gender, could
help explain individual variations in migration. How-
ever, a larger sample size would be required for a more
detailed analysis, and we plan to address this in future
studies.

Some limitations of this study should be acknowledged.
We noticed a high rate of incomplete RSA data in our
cohort, leading to the exclusion of 9 patients from the
final RSA migration analysis. This issue was primarily due
to insufficient marker detection, which is the main limi-
tation of this study, as it influenced the study’s statistical
power. It highlights the importance of an adequate posi-
tioning of the tantalum beads during surgery to ensure
sufficient marker detection. This consideration should be
prioritized in future RSA studies. A wide distribution of
the tantalum markers around the prosthesis is beneficial
for enhancing the accuracy and precision of RSA meas-
urements. Another limitation is the unequal gender dis-
tribution between the groups, with a predominance of
male subjects (75%) in the SL-PLUS lateral group com-
pared to the control group (36%). This discrepancy can
be attributed to gender-related anatomical differences in
native hip joint geometry, as a higher prevalence of large
FOs in male subjects often necessitates the use of a high-
offset stem [21]. Previous studies have identified male
sex as an independent risk factor for stem revision [21,
43]. In fact, male sex was associated with a relative risk
(RR) of revision that was 2.5 times higher than that for
females, specifically for stem revision due to aseptic stem
loosening [43]. Gender differences in hip joint anatomy
(e.g., offset, leg length, osteoporosis) must therefore be
recognized during reconstructive hip surgery with THA
[48]. Our study did not confirm this finding. However,
we recognize that this gender imbalance may introduce
bias and limit the generalizability of the results. To miti-
gate this limitation in future studies, we suggest strati-
fying patients by gender during the study design phase
(e.g., age- and gender-matched randomization) to ensure
a more balanced distribution. Additionally, increasing
the sample size may help account for any gender-related
variability.

Additionally, the single-center study design may limit
the generalizability of our results. Although the con-
trolled environment allowed for standardized surgical
procedures and postoperative care, a multicenter rand-
omized follow-up study could increase the level of evi-
dence. Finally, while the procedures were performed
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by two experienced surgeons using the same surgical
approach and pneumatic system for femoral reaming, we
recognize that surgeon expertise may affect the repro-
ducibility of these outcomes in other settings with vary-
ing levels of experience.

Conclusions

In conclusion, our RSA study demonstrated simi-
lar migration patterns for the high-offset version of a
cementless dual-tapered straight femoral stem com-
pared to the standard stem within the first two years
after surgery. Both groups exhibited initial subsidence
under full weight bearing, followed by high second-
ary stability and good osseointegration. Although the
sample size was relatively small, with a high proportion
of missing RSA data, our findings provided valuable
insights. A larger cohort with equal gender distribu-
tion would further strengthen the conclusions. Based
on the clinical results of our study, the SL-PLUS Lateral
is a safe alternative for patients with high FO undergo-
ing cementless THA and a postoperative rehabilitation
protocol with mobilization under full weight bear-
ing is feasible for these patients to ensure adequate
osseointegration.
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