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Abstract

Background Improper acetabular component orientation
in THA has been associated with increased dislocation
rates, component impingement, bearing surface wear, and a
greater likelihood of revision. Therefore, any reasonable
steps to improve acetabular component orientation should
be considered and explored.

Questions/purposes We therefore sought to compare
THA with a robotic-assisted posterior approach with
manual alignment techniques through a posterior approach,
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using a matched-pair controlled study design, to assess
whether the use of the robot made it more likely for the
acetabular cup to be positioned in the safe zones described
by Lewinnek et al. and Callanan et al.

Methods Between September 2008 and September 2012,
160 THAs were performed by the senior surgeon. Sixty-
two patients (38.8%) underwent THA using a conventional
posterior approach, 69 (43.1%) underwent robotic-assisted
THA using the posterior approach, and 29 (18.1%)
underwent radiographic-guided anterior-approach THAs.
From September 2008 to June 2011, all patients were
offered anterior or posterior approaches regardless of BMI
and anatomy. Since introduction of the robot in June 2011,
all THAs were performed using the robotic technique
through the posterior approach, unless a patient specifically
requested otherwise. The radiographic cup positioning of
the robotic-assisted THAs was compared with a matched-
pair control group of conventional THAs performed by the
same surgeon through the same posterior approach. The
safe zone (inclination, 30°-50°; anteversion, 5°-25°) de-
scribed by Lewinnek et al. and the modified safe zone
(inclination, 30°-45°; anteversion, 5°-25°) of Callanan
et al. were used for cup placement assessment. Matching
criteria were gender, age &+ 5 years, and (BMI) & 7 units.
After exclusions, a total of 50 THAs were included in each
group. Strong interobserver and intraobserver correlations
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were found for all radiographic measurements (r > 0.82;
p < 0.001).

Results One hundred percent (50/50) of the robotic-
assisted THAs were within the safe zone described by
Lewinnek et al. compared with 80% (40/50) of the con-
ventional THAs (p = 0.001). Ninety-two percent (46/50)
of robotic-assisted THAs were within the modified safe
zone described by Callanan et al. compared with 62% (31/
50) of conventional THAs p (p = 0.001). The odds ratios
for an implanted cup out of the safe zones of Lewinnek
et al. and Callanan et al. were zero and 0.142, respectively
(95% CI, 0.044, 0.457).

Conclusions Use of the robot allowed for improvement in
placement of the cup in both safe zones, an important
parameter that plays a significant role in long-term success
of THA. However, whether the radiographic improvements
we observed will translate into clinical benefits for
patients—such as reductions in component impingement,
acetabular wear, and prosthetic dislocations, or in terms of
improved longevity—remains unproven.

Level of Evidence Level 111, therapeutic study. See the
Instructions for Authors for a complete description of
levels of evidence.

Introduction

Improper implantation of the cup during THA has been
associated with several complications, including disloca-
tion [1, 4, 5, 21, 26, 28], component impingement [1, 33,
38, 40], leg length discrepancy [29], altered hip biome-
chanics [21], accelerated bearing surface wear [6, 11, 21,
25, 40], and revision surgery. To ascertain what constitutes
good alignment, several safe zones for inclination and
anteversion have been described, including those of Lew-
innek et al. [26] and Callanan et al. [5].

To try to minimize the complications caused by cups
placed outside those safe zones, several methods have been
developed to improve the accuracy and consistency of
placement of acetabular components in the correct three-
dimensional (3-D) orientation. The conventional technique
of using manually manipulated instrumentation remains the
most widely used for implantation of the acetabular com-
ponent. Multiple intraoperative anatomic landmarks have
been described to guide placement of the acetabular cup
into the safe zone. These landmarks include the transverse
acetabular ligament [3, 20], the acetabular notch [12], the
anterosuperior iliac spine with the sciatic notch [27], and
alignment guides [14], to name a few.

Computerized technology has been introduced as high-
technology instrumentation for THAs including image-
assisted navigation, imageless navigation, and robotic-
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assisted computer navigation [18, 24, 31, 41]. The purported
advantage of this technology is that the robot assists the user
to follow the navigated plan for cup positioning, and the
guided process could result in potentially more accurate
reaming, keeping the reamer centered between the anterior
and posterior acetabular walls.

We therefore determined whether use of the robot made
it more likely for the acetabular component to be placed in
the safe zones of Lewinnek et al. and Callanan et al., as
compared with the conventional technique in THA.

Patients and Methods
Subjects

This study is a matched-pair controlled study using retro-
spectively collected data for THAs done between
September 2008 and September 2012. Patients who
underwent the posterior-approach THA by the senior sur-
geon (BGD), and who had proper postoperative supine AP
radiographs of the pelvis and cross-table lateral radio-
graphs of the hip were included in the study. Patients were
excluded if they had missing postoperative radiographs or
radiographs showing a rotated or tilted pelvis [34]. The
robot was introduced in our practice in June 2011. Between
September 2008 and June 2011, all patients were offered
conventional posterior-approach THA or radiographic-
guided anterior-approach THA, regardless of his or her
BMI or anatomy. After introduction of the robot, between
June 2011 and September 2012, all THAs were performed
using the robotic-assisted technique through the posterior
approach, unless a patient specifically requested otherwise.

Sixty-seven patients (of 160; 41.9%) underwent robotic-
assisted posterior-approach THAs (robotic THA) and 59
(of 160; 36.9%) underwent conventional posterior-
approach THAs (conventional THA) who met the inclusion
and exclusion criteria (Fig. 1). The matching process was
done before collecting the radiographic measurements by
one blinded observer (AYS) and was for sex, age + 5
years, and BMI =+ 7 units in that order. When more than
one patient who had a conventional THA could be matched
to one patient who had a robotic THA, the patient who had
the conventional THA who was closest in terms of age
(then BMI, in that order of priority) to a patient who had a
robotic THA was chosen. Fifty patients who had robotic
THAs were manually matched to a control group of 50
patients who had conventional THAs. No more than 50
patients could be matched owing to the small number of
patients in each group, and the lack of matches for the
remaining nine patients who had conventional THAs and
17 who had robotic THAs were within the matching
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Fig. 1 The flow chart shows the total num-
ber of THAs performed during the study
period and the numbers of THAs performed
using each technique.
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criteria discussed previously. Investigational review board
approval was obtained before initiation of this study.

Surgical Techniques

Preoperative planning using plain radiographs to determine
component position and sizes, level of the neck cut, and
amount of leg lengthening or shortening needed was done
for patients scheduled for THA. For the robotic THAs, we
used the MAKO™ robotic hip system (MAKOplasty®
total hip application; MAKO™ Surgical Corporation, Ft.
Lauderdale, FL, USA), which is robotic-assisted computer
navigation that uses the RIO™ (Robotic Arm Interactive
Orthopedic System) for reaming the acetabulum during
bone preparation and cup placement. For the robotic THAS,
CT scans of the involved hip and knee were obtained
preoperatively for all patients. A 3-D patient-specific
model of the pelvis and proximal femur was created by the
robotic system that was used to guide performance of the
THA. The robotic THA was performed with the patient in
the lateral position using the standard mini-posterior
approach. The system detected patient-specific landmarks
intraoperatively to register the femur and acetabulum and
help determine the position of the pelvis and proximal
femur. This system used a haptic robotic arm that guided
acetabular reaming and cup placement and provided the
surgeon with feedback regarding cup placement, stem
version, leg length, and global offset. Pelvic tilt and rota-
tion were accounted for by the robotic software, and all

measurements were done on the coronal (functional) plane
of the body as described by Murray [30].

Conventional THAs were performed with the patient in
the lateral position using the standard mini-posterior
approach. Use of the mini-posterior approach does not limit
our ability to place the cup in the desired inclination
position. The acetabular cup position was assessed using an
alignment guide, which provided an estimate of inclination
and anteversion. This guide could be attached to the handle
that is connected to the reamer and the handle that is
connected to the final cup. The transverse acetabular liga-
ment, anterior and posterior acetabular walls, and the
sciatic notch were used in conjunction with this alignment
guide to help assess the acetabular cup position.

The target inclination and anteversion angles in both
groups were 40° and 20°, respectively.

Cup Implants and Operative Time

For conventional THAS, the acetabular cup implant used
was the R3 cup (Smith & Nephew®), London, UK). For the
robotic THAs, the acetabular cup implant used was the
Restoris Trinity cup (Corin Group PLC™, Cirencester,
UK). The senior surgeon (BGD) was familiar and com-
fortable performing the conventional THA through the
posterior approach. After introduction of the robotic sys-
tem, the senior author (BGD) switched to robotic THAs
(unless a patient specifically requested otherwise), which
necessitated switching to the Restoris Trinity cup (Corin
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Group PLC™). The total operating room time and surgical
time were recorded for all patients in both groups.

Radiographic Measurements

The radiographic measurements were done using the
Trauma-Cad™ software (build number 2.2.535.0, 2012,
Voyant Health®, Petach-Tikva, Israel). This software
allows measurement of cup inclination and version on the
AP view of the pelvis, with measurements done on the
coronal plane of the pelvis [30, 36] (Fig. 2). The accuracy
of this software in measuring parameters on radiographs
has been reported [22, 35, 37]. This software allows for
measurement of version but does not specify whether the
cup is anteverted or retroverted. To overcome this limita-
tion, the cross-table lateral radiographs of all patients were
reviewed, and all patients were found to have anteverted
cups using the Woo and Morrey technique [39].

The radiographic measurements were performed by two
different observers (YFE and IBB) who were blinded to which
surgery was performed (robotic THA versus conventional
THA) and from each other’s results. Measurements of incli-
nation and anteversion angles for both groups were done twice
by each observer with both measurements done 2 months
apart. There were 16 interobserver and intraobserver

Fig. 2 An AP radiograph shows the radiographic measurements of
inclination and anteversion angles in a female patient. The coccyx is
in line with the symphysis pubis and the obturator foramina are
symmetric (asterisks). The distance from the sacrococcygeal junction
to the top of the symphysis pubis is 42.4 mm. The angle formed by
the intersection of the interobturator reference line (red) and the
bisecting line (blue) is the inclination angle (40°). The concentric
circle (large arrow) and ellipse (small arrow) measure the anteversion
angle (12°).
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correlation measures in both groups, showing strong correla-
tions for all measurements (r > 0.82 and p < 0.001 in all).

We compared age, sex, BMI, side, operating room time,
surgical time, and inclination and anteversion angles
between patients in both groups (Table 1).

Statistical Analysis

The average cup inclination and anteversion angles were
calculated for the robotic and conventional THA groups
from the observers’ measurements along with standard
deviation (SD) and 95% CI measurements for each group.
Calculation of the number of hips that were in the safe
zones of Lewinnek et al. (inclination, 30°-50°; anteversion,
5°-25°) [26] and Callanan et al. (inclination, 30°-45°;
anteversion, 5°-25°) [5] regarding inclination, anteversion,
and a combination of both were done for both groups.

Statistical analysis was done for interobserver and in-
traobserver reliabilities of the inclination and anteversion
measurements in both groups using the Pearson correlation
coefficient test. Independent t-tests were performed to
compare both groups for age, BMI, operating room time,
surgical time, and inclination and anteversion angles.
Fisher’s exact test was used to compare both groups
regarding the number of hips in the safe zones of Lewinnek
et al. and Callanan et al., and to compare both groups for
sex and surgical side. Odds ratios and 95% CI were
reported for cups placed outside the safe zones.

Results

Robotically placed cups were more likely to be in both safe
zones compared with conventionally placed cups. One
hundred percent (50/50) of cups in the robotic THA group
were in the safe zone of Lewinnek et al. [26], compared
with 80% (40/50) of cups in the conventional THA group
(p = 0.001) (Fig. 3A). Ninety-two percent (46/50) of cups
in the robotic THA group were in the safe zone of Callanan
et al. [5], compared with 62% (31/50) of cups in the con-
ventional THA group (p = 0.001) (Figs. 3B, 4). The odds
ratios for the implanted cup that was outside the safe zones
of Lewinnek et al. and Callanan et al. were zero and 0.142,
respectively (95% CI, 0.044, 0.457).

There was only one intraoperative technical complica-
tion related to the robotic system, in which the senior
surgeon judged the cup placement guidance by the robotic
system to be outside the safe zone based on the intraop-
erative bony landmarks, the transverse acetabular ligament,
and the patient’s lateral position. He repositioned the cup
using the conventional technique, and the postoperative
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Table 1. Demographics, cup angles, and operation times

Demographic Robotic THA Conventional THA p value
Mean = SD (95% CI) Mean = SD (95% CI)
Age (years) 56.8 + 7.9 (54.6-59) 56.7 £ 8.1 (54.5-59) 0.942
BMI (kg/mz) 28.3 + 3.9 (27.2-29.3) 28.7 £ 5.0 (27.3-30.1) 0.632
Cup inclination (degrees) 40.0 £+ 3.2 (39.1-40.8) 42.6 + 5.4 (41.1-44.1) 0.004
Cup anteversion (degrees) 16.7 + 3.0 (15.9-17.6) 13.3 + 7.0 (11.3-15.3) 0.002
Operating room time (minutes) 162.3 + 28.7 (154.3-170.2) 158.8 £ 22.5 (152.5-165) 0.496
Surgical time (minutes) 109.8 £ 25.5 (102.7-116.8) 101.5 £ 21.6 (95.5-107.5) 0.084
Sex
Male 19 19 1.000
Female 31 31
Side
Right 26 28 0.841
Left 24 22
A B Robotic THA M Conventional THA Discussion
100.0% 100.0% 100.0%
92.0% e . . ..
Acetabular cup positioning in THA is critical to ensure
80.0% stability of the prosthetic hip and longevity of the
implant. Component malposition has been associated in
numerous reports of complications, including impinge-
ment, dislocation, accelerated wear, and revision surgery
[1, 4-6, 11, 21, 25, 26, 28, 29, 33, 38, 40]. Some studies
have offered recommended cup orientation ranges, most
suggesting 30° to 50° inclination [5, 25, 26, 38] and 0° to
30° anteversion [5, 23, 26, 38]. The safe zone established
Inclination Anteversion Combined by Lewinnek et al. [26] is the most widely used range of
p=0.017 p=0.027 g=9401 acceptable angles with inclination of 30° to 50° and
anteversion of 5° to 25°, and was used in our study to
B B Robotic THA M Conventional THA compare our results with the most common safe zone
S0G% reported in previous publications. Callanan et al. sug-

Combined
p = 0.001

Anteversion
p=10.027

Inclination
p=0.017

Fig. 3A-B The clustered column charts show the percentages of
robotic-assisted cups and conventional cups in the safe zones of
(A) Lewinnek et al. and (B) Callanan et al.

measurements of that cup were within the safe zones of
Lewinnek et al. and Callanan et al. There were no intra-
operative technical complications in the conventional THA
group.

gested a modified safe zone with inclination of 30° to 45°
and anteversion of 5° to 25° [5]. They suggested a lower
upper limit of inclination (45° instead of 50° suggested by
Lewinnek et al.) based on the study by Leslie et al. [25]
that showed increased wear and edge loading in THAs
with a hard-on-hard bearing surface with an abduction
angle greater than 45°. We used the safe zone suggested
by Callanan et al. because several reports have suggested
that steeper cups increase polyethylene and metal wear,
and in our opinion, reducing the inclination safe zone to
30° to 45° would accommodate evidence in the literature
[8, 25, 38]. We therefore sought to determine the pro-
portion of cups placed in the safe zones using robotic
THA and conventional THA, and we compared acetabular
component accuracy between the two systems.

The major limitation of our study was the lack of clin-
ical data at short- or long-term. The system adds expense,
and we will not know whether that expense is justified until
studies show improvements that patients can perceive, such
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Fig. 4A-B Scatterplots of the (A) robotic-assisted and (B) conven-
tional cups in the safe zones of Lewinnek et al. and Callanan et al. are
shown.

as reduced dislocation rates or a lower likelihood of revi-
sion. The robotic system was a capital expenditure by the
hospital, and its cost is unknown to us. However, there was
no additional cost to the patients or patients’ insurance
companies. All our radiographic measurements were done
on the coronal plane of the pelvis as described by Murray
[30] and were compared with the safe zone described by
Lewinnek et al. [26]. However, Lewinnek et al. defined the
safe zone for cup placement with measurements done on
the anterior pelvic plane of the pelvis and not the coronal
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plane. Despite this limitation, their safe zone has been
widely used even in the radiographic coronal plane [7, 13,
17, 18]. Combined anteversion (cup anteversion + stem
anteversion) has been described as being critical for sta-
bility in THA with the optimal range of 25° to 45° being
the accepted safe zone [9]. We used different types of
acetabular components in each group because of intro-
duction of the robotic system to our practice and the
compatibility of this system with certain implant types. Our
small sample of patients in each group (50 in each) added
to the limitations of this study. Another limitation was that
we assessed acetabular cup position without taking into
account femoral anteversion. Femoral component ante-
version measurement is possible on CT scans that involve
the hip and the knee simultaneously, which would add
radiation and cost to the patients. The dose of radiation
from the CT scan per patient in this study was 60 mGy, and
was consistent and standardized throughout all the cases.
The senior surgeon (BGD) is an experienced high-volume
consultant for the robotic company, and results in this study
may not apply to lower-volume or less-experienced sur-
geons. Use of the robotic technology needs to be validated
in future multiple-surgeon independent series. Finally,
some selection bias might have been part of patient
selection, especially after introduction of the robot.

The use of robotic-assisted THA provided good accuracy
and reproducibility in placing the cup in the safe zones in our
patients. Similar studies comparing computer-assisted THA
with conventional THA have shown greater accuracy in cup
placement in the safe zone. Hohmann et al. [15] compared
imageless navigation with manual implantation of acetabular
cups using the direct lateral approach, and measured cup
angles postoperatively on CT scans. Of cups in the navigation
group, 76.7% (23/30) were placed in the safe zone of Lewi-
nnek et al. compared with 20% (6/30) using the manual
technique (p = 0.01) [15]. Parratte and Argenson [31] com-
pared cup positioning using imageless computer-assisted
navigation with freehand cup placement, using the supine
anterolateral approach. Computer navigation provided greater
accuracy in placing the cup in the safe zone of Lewinnek
et al. with 20% (6/30) outliers compared with 57% (17/30)
outliers in the freehand group (p = 0.002) [31]. Kalteis et al.
[19] compared conventional alignment guides with imageless
navigation in cup placement using the supine anterolateral
approach. Eleven of 22 cups in the conventional group were
placed outside the safe zone of Lewinnek et al. compared
with three of 23 in the navigation group (p = 0.003) [19].

Callanan et al. reported on acetabular cup positioning
performed by several experienced surgeons during a 5-year
period [5]. Using the conventional THA technique, they
reported 47% of cups were in their modified safe zone [5].
Our results were superior using the conventional (62%) and
robotic techniques (92%) in placing the cup in their
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modified safe zone. Determining the 3-D position of the
pelvis intraoperatively is challenging [7, 13, 14, 16, 27].
Pelvic tilt, obesity, and hip flexion contracture play a sig-
nificant role in judging the position of the pelvis and
subsequently placement of the cup [5, 13, 14, 41]. Align-
ment jigs and bony and soft tissue landmarks have been
used for intraoperative orientation with varying degrees of
accuracy and reproducibility [2, 3, 10, 14, 20, 32]. The
introduction of computer-assisted surgery for THA has
provided a useful tool for orthopaedic surgeons to improve
accuracy in placing the cup in the safe zone and to prevent
long-term adverse outcomes. Despite the improved accu-
racy using navigation, additional cost, operating room time,
and duration of surgery have limited widespread accep-
tance of computer-assisted systems [7, 18].

Robotic-assisted THA was consistent in placing the ace-
tabular cup in the safe zones of Lewinnek et al. and Callanan
et al. with minimal intraoperative technical complications.
However, whether the radiographic improvements we
observed will translate into clinical benefits for patients, such
as reductions in component impingement, acetabular wear,
and prosthetic dislocations, or in terms of improved lon-
gevity, remains unproven. Further studies are needed to
investigate the short- and long-term clinical outcomes, pos-
sible long-term complications, and cost-effectiveness of
robotic-assisted THA.
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