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Stem anteversion is not affected by proximal
femur geometry in robotic-assisted total hip
arthroplasty
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Abstract

Background In the present study, the surgeon aimed to align the stem at 5° to 25° in anteversion. The robotic
technology was used to measure stem anteversion with respect to proximal femur anteversion at different levels
down the femur.

Methods A total of 102 consecutive patients underwent robotic-arm-assisted total hip arthroplasty (RTHA). 3D
CT-based preoperative planning was performed to determine femoral neck version (FNV), posterior cortex antever-
sion (PCA), anterior cortex anteversion (ACA), and femoral metaphyseal axis anteversion (MAA) at 3 different levels: D
(10 mm above lesser trochanter), E (the midpoint of the planned neck resection line) and F (head-neck junction). The
robotic system was used to define and measure stem anteversion during surgery.

Results Mean FNV was 6.6° (SD: 8.8°) and the mean MAA was consistently significantly higher than FNV, growing pro-
gressively from proximal to distal. Mean SV was 16.4° (SD: 4.7°). There was no statistically significant difference (P=0.16)

anteversion ra nge.

between SV and MAA at the most distal measured level. In 96.1% cases, the stem was positioned inside the 5°-25°

Conclusions Femoral anteversion progressively increased from neck to proximal metaphysis. Aligning the stem close
to femoral anteversion 10 mm above the lesser trochanter often led to the desired component anteversion.

Keywords Total hip arthroplasty, Combined anteversion, Stem anteversion, Robotic arm-assisted surgery

Background

In total hip arthroplasty (THA), stem and cup antever-
sion are major factors affecting joint range of motion and
risk of impingement [1]. Several studies have investigated
optimal combined version to avoid impingement and to
reduce the risk of hip dislocation: Dorr et al. [2] defined
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combined anteversion as the sum of stem and cup ante-
version, identifying the safe zone as the interval between
25°-45° (+5° in female patients), while Widmer and Zur-
fluh [3] recommended an ideal combined anteversion
expressed by the equation “Cup anteversion+0.7 X Stem
anteversion =37.3”. Recommendations on stem position
and orientation are still debated [2, 4]. For cementless
stems, some have advocated that the component version
should be dictated exclusively by native femoral anatomy,
to obtain the best fit and to reduce stress shielding [5].
This theory is also supported by other authors, who have
indicated that the stem version with respect to native ver-
sion has a minimal influence on postoperative limb axial
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rotation, and does not affect clinical results [6, 7]. On the
other hand, there is a large variability of native femoral
neck version, so aligning the stem to native version may
result in reduced or excessive combined anteversion and
therefore lead to a higher risk of dislocation or impinge-
ment [8—11].

An additional variable influencing stem version is the
metaphyseal bone version. Several reports have identified
a strict relationship between stem anteversion and meta-
physeal anteversion, especially when using cementless
double-wedge stems [12]. While stem and femoral bone
version have been investigated both preoperatively and
postoperatively [12-14], no study has assessed the rela-
tionship between metaphyseal femoral anteversion and
intraoperative stem orientation.

The ability to perform this measurement is now possi-
ble with robotic-assisted surgery, which allows for highly
accurate measurement of intraoperative stem version in
real time [15, 16]. In the present prospective study, pre-
operative femoral neck and metaphyseal version were
calculated on 3D computed tomography (CT) scans and
stem anteversion was intraoperatively measured using
the robotic-arm-assisted system.

The purpose of this work was twofold. First, it was to
assess the relationship between femoral neck anteversion
and proximal femur metaphysis anteversion as meas-
ured on preoperative CT scans. The second goal was to
define the influence of metaphyseal anteversion on stem
positioning using a single-wedge uncemented stem dur-
ing robotic-arm-assisted THA. The hypothesis was that
metaphyseal anteversion would increase progressively
from femoral neck to the lesser trochanter and that this
change in femoral metaphyseal anteversion would facili-
tate femoral stem anteversion in respect to femoral neck
anteversion.

Methods
A total of 110 consecutive patients undergoing robotic-
arm-assisted total hip arthroplasty (RTHA) between
February 2019 and September 2020 were enrolled from
a single orthopedic center. All patients were diagnosed
with end-stage hip osteoarthritis. Patients were excluded
if they were diagnosed as having congenital hip disloca-
tion (CHD) (Crowe classification>1) or having femoral
head avascular necrosis which resulted in an unrecogniz-
able hip center of rotation. Five patients were excluded
with a diagnosis of severe avascular necrosis and 2 pre-
sented a CHD with a Crowe classification of respectively
grade 2 and 3. Upon exclusion against the criteria, 1 of
the remaining patients declined to sign the informed con-
sent, leaving 102 candidate patients for initial enrollment.
Only candidates to RTHA were considered for the
initial enrollment, which excluded patients with history
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of proximal femur trauma, receiving previous proximal
femur surgery and diagnosed with severe osteoporosis,
for the unavailability of a suitable stem.

All subjects received CT scans for preoperative case
planning with the Mako System (Mako Surgical Corp.,
Stryker, Fort Lauderdale, FL, USA). Preoperative
CT scans of the lower extremities met the following
requirements: slices spacing 0.5-1 mm for the pel-
vis and femur, slice spacing 2.0-5.0 mm for the knee,
kV 120-140, and mA 200-250. For all patients, RTHA
used the Mako robotic system for implantation of both
femoral and acetabular components. A single senior
surgeon performed all procedures using a posterior lat-
eral approach. A straight, single-wedge, uncemented
stem (Accolade® 1, Stryker, Mahwah, NJ, USA) was
used in all cases [17].

Pre-defined landmarks were identified by a team of
independent technicians, then reviewed preoperatively
by the surgeon and used to determine the femoral neck
axis (FNA), defined as the line passing from the head
center to the neck center and the surgical trans-epicon-
dylar axis (STEA). The method used to determine FNA
was similar to the one described by Reikeras et al. [18].
The femoral neck version (FNV) was then automatically
calculated by the robotic system software as the angle
formed by FNA and sTEA when these two axes are pro-
jected on a plane perpendicular to the anatomic axis of
the femur (defined by a proximal canal point and the
center of the epicondyles).

The robotic system software was then used preopera-
tively to measure femoral metaphyseal anteversion at 3
different levels [12]: D (10 mm above lesser trochanter),
E (midpoint of the planned neck resection line) and F
(head-neck junction). This involved two steps. First, both
posterior cortex anteversion (PCA) and anterior cortex
anteversion (ACA) were measured using the method
described by Suh et al. [14]. Next, the metaphyseal axis
was found as the bisector of the angle subtended by ante-
rior and posterior cortical lines. Metaphyseal axis ante-
version (MAA) is the angle formed by the metaphyseal
axis and sTEA and was calculated as the mean of ACA
and PCA (Fig. 1). All measurements were performed by
a single experienced operator using the Mako planning
software.

Screw fixation was used for the placement of the femo-
ral and pelvic trackers and morphing acquisitions of the
femur and acetabulum were performed to couple CT
3D models and patient’s anatomy. The reported nominal
accuracy of the system is 2 mm and 3° for stem measure-
ments, and 2 mm and 5° for robotic cup placement. The
integrated optical guide navigation system attached to
the prosthesis was used to measure intraoperative stem
version (SV) and cup anteversion (CV).
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Fig. 1 Metaphyseal anteversion measurement at D level:“a"is a line parallel to transepicondylar axis, passing through the point of intersection of “b”
and“c”lines; “b"is the line passing through two different points on femoral posterior cortex and represents the posterior cortex axis; ‘c”is the line
passing through two different points on femoral anterior cortex and represents the anterior cortex axis; “d"line is the bisector of the angle formed
by anterior and posterior cortex axes and represents the metaphyseal axis. The a angle is equivalent to the angle formed by the anterior cortex axis
and the transepicondylar axis, which is defined as anterior cortex anteversion (ACA). The  angle is equivalent to the angle formed by the posterior
cortex axis and the transepicondylar axis, and is defined as posterior cortex anteversion (PCA). The 6 angle is equivalent to the angle formed
between the metaphyseal axis and the transepicondylar axis (metaphyseal axis anteversion: MAA) and, knowing the value of ACA and PCA, could

be calculated with the simplified formula shown in the figure

A femur first technique, employing the “Enhanced”
Mako robotic software protocol, was used in all cases.
This procedure enables the surgeon to acquire the spa-
tial coordinates of femoral bone to perform a direct
measurement of femoral anteversion, global offset, and
hip length.

A standard 3D planning using Mako System software
was performed, setting the stem anteversion at 15° and
cup position at 20° of anteversion and 40° of inclination,
with slight modifications to avoid excessive acetabular
uncoverage.

During the procedure, to achieve an adequate press-
fit fixation, the surgeon aimed to achieve an SV between
5° and 25° of anteversion, with the optimal version of
15° as reported by Tonnis et al. [19]. Mako navigation
system was employed during femoral preparation to
repeatedly measure broach version during progressive
size increase.

Cup anteversion target was 15°+10° [20], but the cup
target was subordinated to the goal of achieving a com-
bined anteversion (the sum of stem anteversion and cup
anteversion) between 25°-45° (+5° in female patients) [2].

The study was performed in accordance with the ethi-
cal standards of the 1964 Helsinki Declaration and its

later amendments and was approved by the local Institu-
tional Review Board (IRB: 70/2018/OSS/AOUMO).

Statistical analysis

The quantitative variables were expressed as the
mean *standard deviation (SD), minimum and maxi-
mum values, whereas the qualitative variables were
presented as absolute and percentage frequencies. The
relationship of proximal femur anteversion with stem
version was assessed by using Pearson’s linear correlation
coefficient (o) and linear regression models. The results
of these linear models were reported as regression coef-
ficients (), while the models’ overall goodness-of-fit was
measured as the R-squared index. Finally, odds ratios
(OR) from logistic regression models were used to assess
the relationship between proximal femur anteversion and
the probability of having SV between 10° and 20°.

To validate the tests, a power analysis was performed
on linear regression models. For each model, the Z test
power was assessed to verify the significance of the coef-
ficient () related to the variable included in the model
as a predictor. The power was evaluated at a significance
level a of 0.05 and was greater than 0.9 for all models.
Statistical analyses were performed with R 3.6.3 software
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Table 1 Cohort demographics, femoral neck version (FNV) and
component anteversion

Mean Std.Dev Median Range (Min; Max)
Age (years) 724 90 73 48; 89
Females/Males 54/48 -
FNV (9) 6.6 8.8 7.0 -28; 25
Stem Anteversion (°) 164 47 16.0 3;33
Cup Anteversion (°) 244 23 25.0 18; 31
Combined Antever- 408 36 410 31:54

sion (°)

Table 2 Proximal femur anteversion at different levels and
differences in respect to stem anteversion (SV). The difference
between mean SV (16.4°+4.7°) and mean MAA at level D was not
statistically significant

Mean+SD (°) Difference VS Stem P
Version+SD (°)
FNV 66+88 —-98+82 <0.001
F-MAA 87+79 —76+6.7 <0.001
E-MAA 121+7.7 —-43+6.7 <0.001
D-MAA 155+79 —09+72 0.16

(The R Foundation for Statistical Computing, Vienna,
Austria) and using a significance level equal to P<0.05.

Results

A total of 102 patients were enrolled in the study,
including 54 females and 48 males, with a mean age of
72.4 years (SD: 9.0, Min: 48, Max: 89) at surgery. Mean
femoral neck version was 6.6° (SD: 8.8°, Range:—28°
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retroversion to 25° anteversion). Patient age, gender, fem-
oral neck version and final components anteversion are
all listed in Table 1.

The mean MAA was consistently significantly higher
than FNV (P<0.05 for F-MAA, P<0.001 for E-MAA and
D-MAA) and progressively increased from Level F to
Level D (see Table 2 and Fig. 2). Mean MAA was signifi-
cantly correlated with FNV, with a strong relationship at
level F (o: 0.70, P<0.001) and a moderate relationship at
levels E (0: 0.65, P<0.001) and D (o: 0.57, P<0.001).

Along the 3 levels, PCA markedly increased from level
F to level D, with each difference being statistically sig-
nificant (P<0.001). Conversely, ACA had a statistically
significant (P<0.05) decrease from level F to level E with
continued decreases from level E to level D that were
not statistically significant (P=0.8) (Fig. 3). The overall
decrease in ACA from level F to level D was statistically
significant (P <0.05).

During surgery, mean final SV was 16.4° (SD: 4.7°,
range: 3°-33° anteversion). No statistically significant
difference (P=0.16) was found between SV and MAA
at Level D, while difference was statistically significant
(P<0.001) at Levels E and F, with the SV being consist-
ently higher than MAA (Table 2).

In 98 cases (96.1%), the stem was positioned within
the 5°-25° anteversion range, and in 78 cases (76.5%)
the stem was positioned within the 10°-20° anteversion
range (Fig. 4). The target range of CV was achieved in 101
cases (99%). The only case outside the target range had a
CV of 54°, with a reported SV of 33°. Stem version dem-
onstrated a statistically significant correlation with all
measured anatomical parameters of the proximal femur
(Table 3). A moderate correlation was found between

40,0 ° 8
30,0 . = T
20,0

A X
10,0 X A
0,0 -
. N

-10,0 -

-20,0 8

-30,0 ®

FNV F-MAA E-MAA D-MAA

Fig. 2 Mean FNV compared with mean metaphyseal axis at F, E and D levels. Femoral anteversion characterized by a progressive increase

from proximal to distal metaphysis
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Posterior Cortex Anteversion
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Fig. 3 Anterior and posterior cortex mean values. Anterior cortex version was characterized by a slight decrease from level F to level E, while there
was no statistically significant difference between E level and D level. Posterior cortex showed a progressive increase in anteversion from level F

to level D
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Fig. 4 Stem anteversion distribution in the considered population

SV and F and E level MAA, as well as between SV and F
and E level ACA. It was not possible to perform Logistic
regression for “SV within the range of 5°~25°” due to the
paucity of results outside this range. It was instead per-
formed for “SV within the range of 10°~20°” for all ana-
tomical parameters of the proximal femur: none were
predictive of “in range” stem version (Table 3).

Discussion

The present study confirmed a strong relationship
between femoral neck version (FNV) and the metaphy-
sis axis anteversion (MAA) of the proximal femur. As
hypothesized by the author, MAA increased progressively

from the femoral neck to the lesser trochanter. Further, as
previously identified by Yu et al. [12], we found that the
increase in anteversion was due primarily to the increase
in posterior cortex anteversion (PCA). Anterior cortex
anteversion (ACA) showed only slight level changes,
being constant in the neck resection area, and it did not
contribute substantially to the overall change in MAA.

The low variability of ACA, regardless of neck resection
height, potentially makes it a reliable landmark for tradi-
tional THA, when a preoperative CT planning system is
available.

Mini-invasive approaches, such as direct anterior
approach, often rely on metaphyseal anatomy (especially
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Table 3 Analysis of proximal femur anatomic values in respect to stem anteversion: Stem anteversion relationship was statistically
significant in respect to all proximal femur anteversion parameters. In the logistic regression no parameter was significantly associated
with stem positioning within the 10°-20° of anteversion target (OR Odds Ratio)

Relationship of proximal femur anteversion with stem version

Probability of
stem version

10°-20°
Mean (°) sD Min; Max Linear Correlation Linear Regression Logistic regression
c P B R? P OR P
FNV 6.6 88 —-28;25 0.39 <0.001 021 15.6% <0.001 0.99 0.63
F-PCA 1.2 8.6 -13;32 037 <0.001 0.20 14.0% <0.001 1.02 047
F-ACA 64 88 —-26;26 0.56 <0.001 030 31.8% <0.001 0.96 0.16
F-MAA 87 79 -11;28 0.52 <0.001 0.31 27.1% <0.001 0.99 0.70
E-PCA 20.7 84 4;45 0.35 <0.001 0.19 12.0% <0.001 1.00 092
E-ACA 37 94 —-26;35 052 <0.001 0.26 26.9% <0.001 0.97 0.24
E-MAA 12.1 7.7 —7.5;40 0.51 <0.001 031 25.8% <0.001 0.98 047
D-PCA 276 85 9;52 035 <0.001 0.19 12.5% <0.001 0.99 0.71
D-ACA 34 89 —24; 34 0.46 <0.001 0.24 20.8% <0.001 0.98 044
D-MAA 155 79 —5;40 044 <0.001 0.26 19.7% <0.001 0.98 0.54

on posterior cortex orientation) for stem rotational posi-
tioning. In these cases 3D planning, procedures proved
to reduce complications and could also be used to iden-
tify anterior cortex orientation to be used as an intraop-
erative landmark [21, 22].

Using a combined anteversion technique may help
reduce the dislocation rate in THA [23, 24]. Proximal
femur anteversion is often ignored in the combined ver-
sion techniques, because stem positioning is felt to be
strictly dictated by proximal femoral anatomy, with the
additional assumption that tapered stems have only up
to 5° of freedom of rotation and that metaphyseal-filling
stems are inflexible with respect to version choice [2, 25, 26].

Hirata et al. [13] demonstrated that, in a straight meta-
physeal fitting stem, stem version closely approximates
canal version at the lesser trochanter, but they noted that
other stem designs could interact differently with the
anatomical geometry and fit of the proximal femur.

The present results were obtained with the use of
robotic instrumentation, as the surgeon’s estimation of
stem anteversion has been demonstrated to have poor
precision [27].

Robotic technology demonstrated a high potential to
capture data starting from the CT and to the planning
and final execution of implant positioning. This technol-
ogy has been extensively used to assess hip and knee bio-
mechanics [28-30].

In the present study, stem anteversion was not only
estimated during preoperative planning but also meas-
ured during broaching of the proximal femur to achieve
a target of 5°-25° with the optimal value of 15°. This

permitted the surgeon to attain a mean stem anteversion
of 16.4°, with 96.1% of femoral component aligned within
the defined range. One reason the 5°-25° stem antever-
sion range was adopted, was because low postoperative
stem anteversion may increase torsional moment on the
prostheses leading to early loosening. Low stem antever-
sion could also negatively influence combined version,
resulting in a higher risk of dislocation or impingement [31].

Widmer and Zurfluh [3], by using a mathematical
model, showed that the safe zone of cup placement var-
ies, depending on stem version, highlighting the impor-
tance of stem anteversion. A compensatory increase of
stem anteversion is also advocated by Incavo et al. [32],
to avoid impingement and acetabular uncoverage in
patients with retroverted acetabulum.

Stem orientation is usually visually estimated using leg
position to approximate the inter-condylar plane position
[33]. In the present study, where CT-based planning was
performed, it was found that the anterior cortex version
remained constant regardless of resection level. There-
fore, it can be considered a useful landmark for intra-
operative stem rotational alignment, even without using
robotic or navigation technology.

Even though the mean stem anteversion was signifi-
cantly correlated with metaphyseal axis at level D, logis-
tic regression analysis demonstrated that the odds ratio
(OR) for obtaining an “in range” stem anteversion was
not influenced by any anatomic parameter (metaphyseal
axis, anterior cortex, posterior cortex) at any level. It
can be assumed that the main reason was that the stem
in use, and the intraoperative knowledge of component
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anteversion, allowed the surgeon to position the stem to
his preference, not necessarily following native femoral
anteversion.

The present study has several limitations. First, all
measurements were taken using robotic instrumenta-
tion. This could lead to differences with other studies that
are based on postoperative CT scans. Another limitation
is that all measurements were taken by a single opera-
tor in a single set of records, so it was not possible to
assess inter- or intra-observer reliability. Moreover, the
present study did not involve clinical data, patients’ out-
comes, or implant survivorship. This choice was intended
to emphasize intraoperative findings and to avoid con-
founding data. Lastly, there is no literature evidence or
validated technique in support of stem positioning in a
defined anteversion using cementless designs, even if
many studies support a certain degree of anteversion as
an advantage for implant success.

Conclusion

Femoral anteversion progressively increases from neck to
proximal metaphysis, while metaphyseal anterior cortex
is constant in the neck resection area, making it a reli-
able landmark to estimate stem anteversion during sur-
gery. The use of a single-wedge straight stem enabled the
surgeon to attain the desired femoral component ante-
version with only a slight influence by proximal femur
anatomy, even with uncemented fixation. Aligning the
stem close to femoral anteversion at 10 mm to a lesser
trochanter often leads to satisfactory results in terms of
component anteversion, but intraoperative knowledge of
stem anteversion is fundamental to achieving the desired
stem anteversion and therefore combined anteversion
target.
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