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Abstract
Purpose  This study investigates the radiological outcomes of robotic-assisted total hip arthroplasty (RATHA) compared to 
manual total hip arthroplasty (mTHA), addressing the ongoing debate on the effectiveness of RATHA in achieving superior 
implant positioning accuracy.
Methods  A prospective cohort of 212 patients (103 robotic, 109 manual) underwent THA and were evaluated for postop-
erative radiological outcomes, focusing on the inclination and anteversion angles of the acetabular cup. Outlier prevalence 
was assessed based on angles outside the defined Lewinnek safe zones. All post-operative measurements were made using 
the BoneNinja application.
Results  High inter-observer and intra-observer reliabilities were observed, validating the measurement accuracy. The mean 
anteversion and inclination angles in the RATHA cohort were 40.5 ± 1.5 and 24.5 ± 3.1° respectively; and the mTHA cohort 
were 42.1 ± 4.9 and 24.9 ± 4.5°. There was a statistically significant difference in inclination angles between the two cohorts 
whereas the anteversion angles showed no difference. Majority of the conventional THRs (N = 72, 55.4%) were placed 
outside the safe zone for anteversion. The inclination angles revealed a highly significant difference between the cohorts 
(p < 0.0001), with all the robotic THRs (N = 121, 100%) being placed within the safe zone for inclination, whereas only 
70% (N = 91) of the conventional THRs were within the safe zone. 97.5% of RA-THRs were within 3° of the proposed plan, 
demonstrating high accuracy.
Conclusion  RATHA significantly outperforms MTHA in radiological accuracy, achieving precise acetabular cup positioning 
with minimal outliers. These results advocate for RATHA's adoption in THA to enhance outcome predictability and affirm 
its reliability and safety over manual methods.

Keywords  Total hip arthroplasty · Robotic · Radiological outcomes · Robotic vs. conventional · Accuracy · Radiological 
measurement · Bone Ninja

Introduction

Total hip arthroplasty (THA) stands as a prevalent and effi-
cacious orthopaedic intervention employed to alleviate pain 
and enhance functionality in individuals grappling with hip 
joint arthritis [1]. The accurate alignment of the acetabular 
and femoral components assumes paramount importance in 
augmenting post-operative results and mitigating potential 
complications such as dislocation [2], impingement [3], 
accelerated wear [4, 5], perturbed hip joint biomechanics 
[6], limb length disparity [7], and the necessity for revision 
surgeries. Consequently, there has been a burgeoning interest 
in devising methodologies that can enhance the precision of 
implant placement during THA.
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To reduce incidence of complications due to component 
mal-positioning, technology was introduced to improve the 
accuracy and precision of acetabular component placement. 
The conventional manual manipulation of instruments per-
sists as the most widely employed approach for implanting 
the acetabular component. Furthermore, various intraop-
erative anatomical landmarks have been identified to facili-
tate the secure placement of the acetabular cup [8]. With 
image-based robotic systems such as the mako (Mako Corp, 
Stryker), it is postulated that it is possible to accurately esti-
mate femoral and acetabular component version, combined 
anteversion and the impingement profile after THA.

Robotic-assisted THA (RA-THA) has emerged as an 
alternative to the traditional manual technique, affording 
a more meticulous execution of the preoperative plan and 
superior radiological outcomes [9]. Several studies have 
investigated the disparities in radiological outcomes between 
robotic-assisted THA (RA-THA) and manual THA (mTHA) 
[10].

However, a consensus is lacking in the literature regarding 
the efficacy of robotic-assisted THR concerning radiologi-
cal outcomes. While some studies have reported enhanced 
radiological outcomes with robotic-assisted THR, others 
have not. Additionally, the adoption of varying measure-
ment parameters and safe zones for component orientation in 
these studies has impeded consistent comparison and inter-
pretation of outcomes, posing a challenge in discerning the 
implications of these studies.

With the increasing prevalence of RA-THA [11], it 
becomes imperative to ascertain whether this technology can 
yield outcomes equivalent to or superior to those achieved 
with mTHA in terms of radiographic results. Thus, there 
arises a need for a study comparing the radiological out-
comes of RA-THA to mTHA. The aim of this study was to 
compare radiological outcomes of component positioning 
with robotic versus manual total hip arthroplasty.

Methodology

Study Design, Setting and Data Collection

This study was a prospective cohort study of patients under-
going primary total hip arthroplasty, with either Mako 
robotic-assisted (RA-THA) or manual (M-THA) surgical 
technique, between January 2021 and December 2022 at a 
single high-volume arthroplasty centre. The reporting of this 
study followed the STROBE (Strengthening the Reporting of 
Observational Studies in Epidemiology) guidelines. Institu-
tional Ethical Board approval was obtained for this prospec-
tive cohort study (SIEC/2022/481). Patient demographic 
data, surgical data points (including component positioning 
in RA-THA) were collected prospectively from the institute 

joint registry and electronic health records. Radiological 
data were captured from the institute picture archiving and 
communication system (PACS).

Study Participants

This study included patients with end-stage arthritis of the 
hip secondary to any etiology (avascular necrosis of the hip, 
dysplasia, post-traumatic arthritis and inflammatory arthri-
tis, consenting to undergo either manual or robotic total hip 
arthroplasty). Patients were counselled for both manual and 
robotic techniques, and they self-selected their preference. 
212 consecutive patients underwent THA during the study 
period and were included in final analysis. 121 hips were 
operated with mako robotic technology (103 patients includ-
ing 18 cases of bilateral THA). The manual THA cohort 
consisted of 130 hips (109 patients including 21 cases of 
bilateral THA). All surgeries were performed by a single 
surgeon via the posterior approach to the hip.

Preoperative Planning

Preoperative planning in robotic-assisted THA cases 
involved 3D CT-based surgical plans designed to adjust ace-
tabular and femoral component positioning, with an aim to 
restore offset and leg length. In the manual THA group, rou-
tine 2D X-ray-based templating was done to estimate com-
ponent size and placement to optimize offset restoration and 
length, with acetabular cup positioning based on limits of 
the safe zone described by Lewinnek et al. (inclination angle 
between 30 and 50° and anteversion angle between 5 and 
25°) [12]. With the latest iteration of the mako hip software 
(Stryker, Mako Ver 4.0, Mahwah, New Jersey), it is possible 
for surgeons to adjust cup and stem anteversion to optimize 
combined anteversion, and also to evaluate impingement 
with virtual Range of motion assessment. Decisions on 
final anteversion and inclination are done based on surgeon 
preference to optimize all parameters. All cases were oper-
ated under combined spinal and epidural anaesthesia and 
received uncemented Stryker Accolade II femoral compo-
nent and Trident uncemented acetabular components.

Radiographic Measurements

Post-operative radiographic measurements were conducted, 
on antero-posterior (AP) and cross-table lateral (CTL) 
views, obtained on the first day post-surgery. Follow-up 
radiographs were taken at one month and six months post-
surgery, with measurements based on the one-month fol-
low-up radiographs. Radiographs adhered to a standardized 
protocol. AP radiographs were taken with the X-ray beam 
centred over the pubic symphysis, maintaining a fixed dis-
tance of 1.2 m between the X-ray tube and the cassette. The 
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inclination angle was defined as the angle between a tangent 
drawn to the face of the acetabulum and the inter-teardrop 
line [13]. CTL view was performed with the operated limb 
internally rotated by 15–20° in a supine position, aligning 
the X-ray beam at a 45-degree angle to the operated limb 
(Fig. 1).

All radiographic measurements were performed using 
the Bone Ninja Application (LifeBridge Health, Sinai Hos-
pital of Baltimore, Inc) on iPad (Apple Inc.) [14]. Acetab-
ular component anteversion angle was measured on CTL 
radiographs using the ischio-lateral method, which involved 
drawing a line perpendicular to the long axis of the ischial 
tuberosity and calculating the angle by drawing a tangent 
to the face of the acetabular cup [15]. Two independent 
observers randomly measured the radiographic angles to 
check interobserver reliability and reproducibility and the 
average two measurements were used for analysis. Both 
observers were blinded to the method of THA done as the 
type and company of implant used for both methods was 
identical. Final anteversion value was derived by the formula 
described by Pankaj A et al. [15] as follows: Anteversion 
value = (0.804 × ischio-lateral method anteversion) – 20.991. 
To assess implant placement accuracy, mean inclination and 
anteversion angles were calculated for each group, along 
with the identification of outliers, defined as cases with 
angles falling outside the "modified safe limits" as described 
by Callanan et al. (inclination angle between 30 and 45° and 

anteversion angle between 5 and 25°) as per study of Leslie 
et al. [5, 16].

Statistical Analysis

Continuous variables are presented as means with standard 
deviations. Categorical variables are presented as frequen-
cies and percentages. Comparison of continuous variables 
(body mass index (BMI), and pre-operative functional 
scores which include WOMAC score, HHS, and Oxford Hip 
Score) was done using the independent samples t test or the 
Mann–Whitney U test based on the normality of data. The 
Pearson Chi-square test was used to evaluate the differences 
in categorical data. A significance level of p < 0.05 was set 
to determine statistically significant differences between 
the two groups for these parameters. In the RA-THA group, 
the paired t test was performed to compare the preopera-
tive planned component positioning with the final implant 
positioning angles calculated by the robotic software after 
implantation, providing insight into the precision of the pre-
operative plan execution.

Inter-observer and intra-observer reliability for radiologi-
cal measurements was assessed using the Cronbach's alpha 
test to ensure internal consistency and minimize observer 
bias. Additionally, odds ratios were calculated to measure 
the likelihood of an association between the surgical method 

Fig. 1   Radiograph of AP view pelvis with both hips (left) showing inclination measurement; and cross-table lateral view (right) showing ante-
version measurement using Bone Ninja (LifeBridge Health, Sinai Hospital of Baltimore, Inc)
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and the desired outcome of achieving component positioning 
within defined safe limits.

Results

Patient Demographics

A total of 212 patients were eligible for final evaluation 
among which 121 hips were operated using MAKO robotic 
technology (103 patients including 18 cases of bilateral 
THA) and 130 hips (109 patients including 21 cases of bilat-
eral THA) underwent conventional THA.

The demographics of the two patient groups are detailed 
in Table 1. The average age of the patients was 48.47 years 
(SD = 14.7), predominantly male (N = 124, 58.5%). The 
mean body mass index (BMI) was recorded as 26.67 
(SD = 2.6). Demographic variables such as age, sex, BMI, 
side operated and ASA grade were all comparable.

Mean Pre-operative Harris Hip score (HHS) between 
the conventional cohort [58.98, SD-3.5] and robotic cohort 
[58.6, SD-3.3] were comparable.

Radiographic Measurements

Both the robotic and manual cohorts demonstrated high 
inter- and intra-observer reliability in measuring antever-
sion and inclination angles, as outlined in Table 2. This 
underscores the consistency in measurements and absence 
of observer bias.

Post‑operative Inclination and Anteversion Angles

The mean post-operative inclination angles were 42.12 
(SD = 4.9) and 40.51 (SD = 1.54) in the conventional and 
robotic THA cohort, respectively, which was found to be sta-
tistically significant with the robotic cohort showing greater 
precision in achieving the target value. However, the mean 
post-operative anteversion angles between the two cohorts 
did not exhibit any statistical difference. [Conventional: 24.9 
(SD = 4.5) vs. Robotic: 24.55 (SD = 3.1) (Table 3) (Fig. 2).

Safe Zone Determination

According to the criteria established by Lewinnek et al. 
[12], we evaluated the proportion of hips within the safe 
zone (anteversion angles between 5 and 25° and inclina-
tion between 30 and 45°). A majority of the conventional 
THRs (n = 72, 55.4%) were placed outside the safe zone 
for anteversion, compared to the robotic THRs, which pre-
dominantly fell within it (n = 67, 55.4%) and the ones placed 
outside were mainly due to the functional positioning of the 
components. This difference, however, was not statistically 
significant, as depicted in Table 4 and Fig. 3. On the con-
trary, the inclination angles revealed a highly significant dif-
ference between the cohorts (p < 0.0001), with all the robotic 
THRs (N = 121, 100%) being placed within the safe zone for 
inclination, whereas only 70% (N = 91) of the conventional 
THRs were within the safe zone (Table 5) (Fig. 3).

Robotic Accuracy

The MAKO pre-plan, which allows surgeons to determine 
component positioning preoperatively based on spinopel-
vic parameters, virtual range of motion, and surgeon pref-
erence, was evaluated for its accuracy in robotic-assisted 
THRs (RA-THRs). A significant majority of the final RA-
THRs (N = 112, 92.6%) adhered within 2° of the pre-plan 
for both inclination and anteversion. Furthermore, 97.5% of 
RA-THRs were within 3° of the proposed plan, demonstrat-
ing high accuracy, as presented in Fig. 4.

Table 1   Demographic of the study population

a Independent samples t test
b Chi-square test

Sl No Parameter Conventional 
THR
(No = 109)

Robotic THR
(No = 103)

p value

1 Age; Mean (SD) 51.28 (13.75) 49.3 (14.16) 0.262a

2 BMI; Mean (SD) 26.89 (1.82) 26.84 (1.32) 0.756a

3 Gender
Male; No (%) 65 (59.63) 59 (57.28) 0.835b

Female; No (%) 44 (40.37) 44 (42.72)
4 Side Involvement

Right; No (%) 39 (35.78) 43 (41.74) 0.671b

Left; No (%) 49 (44.95) 42 (40.78)
Bilateral; No (%) 21 (19.27) 18 (17.48)

4 ASA Grade
ASA 1; No (%) 10 (9.17) 12 (11.65) 0.463b

ASA 2; No (%) 84 (77.06) 82 (79.61)
ASA 3; No (%) 15 (13.76) 9 (8.74)

Table 2   Inter-observer and intra-observer reliability

Cronbach’s alpha Robotic (n = 50) Conven-
tional 
(n = 50)

Both (n = 100)

Inter-observer coefficient
 Inclination 0.97 0.93 0.98
 Anteversion 0.92 0.91 0.92

Intra-observer coefficient
 Inclination 0.89 0.81 0.84
 Anteversion 0.82 0.80 0.81
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Table 3   Post-operative 
inclination and anteversion 
angles between the two cohorts

* Mann–Whitney U test

Post-operative angles Conventional THR Robotic THR p value

Mean SD Range 
(Min–Max)

Mean SD Range 
(Min–Max)

Inclination 42.12 4.93 30–57 40.51 1.54 36–45 0.0002*
Ante version 24.99 4.54 11–32 24.55 3.13 19–31 0.0620*

Fig. 2   Violin plots showing the 
post-operative inclination (left) 
and anteversion (right) angles 
between the two cohorts. Note 
the narrower curve (green) in 
the robotic cohorts suggestive 
of better accuracy

Table 4   Post-operative 
anteversion angles falling 
within the “Safe zone” in the 
two cohorts

* Chi-square test

Surgery Type Within safe zone
No (%)

Outside safe zone
No (%)

p value Odds ratio

Conventional THR 58 (44.6) 72 (55.4) 0.115* 0.649
(0.395–1.068)Robotic THR 67 (55.4) 54 (44.6)

Fig. 3   Stacked bar chart representing the number of hips placed within and outside the safe zone in each cohort. a Inclination angles, b antever-
sion angles
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Discussion

This prospective study evaluated differences in component 
positioning between robotic and manual total hip arthro-
plasty. CT-based robotic technology showed a significantly 
higher accuracy for acetabular component inclination. 
However, there was no significant variation in cup antever-
sion with manual or robotic surgery. Robotic assisted THA 
was highly likely to match the CT-based surgical pre-plan 
with a significant majority of the final RA-THRs (92.6%) 
with radiological measurements within 2° of the pre-plan 
for both inclination and anteversion. Furthermore, 97.5% 
of RA-THRs were within 3° of the proposed plan.

Proper acetabular cup positioning in total hip arthro-
plasty (THA) is paramount for the durability of the pros-
thetic hip and implant stability, as component malposi-
tion can lead to complications such as dislocation [2], 
impingement [3], accelerated wear [4, 5], disturbed hip 
joint biomechanics [6], limb length discrepancy [7], and 
the need for revision surgeries. Recommended cup orien-
tation ranges, with an inclination of 30–50° and antever-
sion of 0–30°, have been proposed in various studies [5, 
12, 13, 16]. A widely used safe zone, as established by 
Lewinnek et al., suggests inclination between 30 and 50° 

and anteversion between 5 and 25° [12]. Callanan et al. 
proposed a modified safe zone (30–45° inclination and 
5–25° anteversion) based on the findings of Leslie et al., 
highlighting increased wear and edge loading in abduction 
angles exceeding 45° [5, 16].

Robotic-assisted THA has demonstrated high accuracy in 
placing acetabular cups within safe zones, aligning with sim-
ilar findings in studies comparing computer-assisted THA 
to conventional THA. For instance, Hohmann et al. [17] 
reported 76.7% of cups within the safe zone with navigation-
assisted implantation compared to 20% with manual place-
ment (p = 0.01). Similarly, Parratte and Argenson [18] found 
20% outliers with imageless computer-assisted navigation 
compared to 57% outliers in the freehand group (p = 0.002). 
Kalteis et al. [19] reported only 3 of 23 cups placed outside 
the safe zone with navigation, compared to 11 of 22 in the 
conventional group (p = 0.003).

Callanan et al. [16] reported 47% of cups in their modi-
fied safe zone with conventional THA, while our study 
achieved better results with robotic technique, placing cups 
in 89.23% of patients with an inclination angle within 3° 
SD of the planned angle. Intraoperative determination of 
the 3-D pelvis position remains challenging due to factors 
like pelvic tilt, obesity, and hip flexion contracture. Various 
methods for intraoperative orientation, such as alignment 

Table 5   Post-operative 
inclination angles falling within 
the “Safe zone” in the two 
cohorts

* Fisher Exact test

Surgery Type Within safe zone
No (%)

Outside safe zone
No (%)

p value Odds ratio

Conventional THR 91 (70) 39 (30)  < 0.0001* NA
Robotic THR 121 (100) 0

Fig. 4   Number of hips in the 
robotic cohort that were placed 
a within 2° of the planned 
position (left); b within 3° of 
the planned position (right); 
Total- 121
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jigs and landmarks, vary in accuracy. Robotic-assisted sur-
gery improves cup placement accuracy but faces limited 
acceptance due to additional costs and operating room time.

Importantly, with increased research on spino-pelvic rela-
tionship, the Lewinnek safe zone is now not the universal 
standard for component positioning [20]. Although a safe 
target, component positioning has to be based on individual 
spino-pelvic relationship of the patient. With the Stryker 
Mako THA Version 4.0 software, it is now possible to assess 
bone-bone, component-bone or component-component 
impingement through virtual range of motion simulation 
[21]. This is the reason for variations in surgical pre-planned 
or proposed inclination or anteversion parameters in more 
recent studies on robotic THA.

This study had some potential limitations, including the 
exclusion of femoral anteversion and combine anteversion 
measurements, which are clinically relevant. Measuring 
femoral component anteversion requires a CT scan cover-
ing both hip and knee joints, entailing increased radiation 
exposure and additional costs. Despite this limitation, our 
study provides valuable insights into acetabular cup posi-
tioning accuracy.

This study had several strengths which include a prospec-
tive study design, with a single operating surgeon, and com-
parison of radiological measurements with both robotic and 
manual THA cohorts. Both the groups were comparable.

This study has shown the benefits of robotics in com-
ponent positioning and superiority over conventional THA. 
However, future research should be directed on comparing 
the benefit of robotics in improving patient reported out-
comes, dislocation rates and revision rates after THA to 
justify the additional costs of robotics in hip arthroplasty.

Conclusion

This study provides evidence that RATHA leads to better 
radiological outcomes as compared to mTHA. The study 
showed that RATHA is an accurate, reliable, and safe alter-
native to mTHA. The mean inclination angle was found to 
be significantly accurate in the robotic group as compared to 
the manual group. However, there was no difference in cup 
anteversion with either technique. The robotic group had a 
significantly lower number of outliers outside the safe zone 
as compared to the manual group.
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