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Abstract

Background Total Hip Arthroplasty (THA) is the gold standard for treating end-stage hip osteoarthritis. Robotic-
assisted systems, particularly the MAKO system, have been introduced to enhance reproducibility and safety.
However, meta-analyses comparing MAKO-assisted THAs (MAKO-THA) to conventional methods are lacking, and
previous reviews often aggregate various indications, introducing heterogeneity.

Methods A random-effects meta-analysis was conducted on comparative studies between MAKO robotic-arm-
assisted and conventional THAs in patients undergoing THA for solely hip osteoarthritis. Clinical outcomes (Harris Hip
Scores [HHS], Forgotten Joint Scores [FJS], and Oxford Hip Scores [OHS]), radiographic parameters (implant positioning
accuracy), leg-length-discrepancy, surgical duration, and complications were evaluated.

Results 20 comparative studies were included. MAKO-assisted THAs resulted in higher postoperative HHS (MAKO-
THA: 89.1, 95%Cl: 86.4-91.7; C-THA: 87.0, 95%Cl: 83.8-90.1), FJS (MAKO-THA: 84.7, 95%Cl: 79.9-89.6; C-THA: 74.9, 95%Cl:
64.0-95.7), and OHS (MAKO-THA: 89.1, 95%Cl: 86.4-91.7; C-THA: 87.0, 95%Cl: 83.8-90.1). FJS and OHS improvements
were significantly greater compared to conventional THA (HHS WMD 2.2 [95%Cl: -0.3-4.7, p=0.09; FJSWMD: 8.7
[95%Cl: 2.7-14.8], p=0.005; OHS WMD: 1.5 [95% Cl: 0.1-2.8], p=0.03). MAKO-THA resulted in 94.7% and 90.3% of
implants positioned within Lewinnek-and-Callanan zones, respectively, compared to 65.8% and 57.1% in conventional
THA. MAKO-THA had longer mean surgical durations and lower postoperative leg-length discrepancy, but not
significantly (Surgical Duration WMD: 3.5 [95%Cl: -2.5-9.5], p=0.3; Leg Length Discrepancy WMD: -0.2 [95%Cl: -0.7-0.4],
p=0.6). Complication rates were low and non-significant (MAKO-THA: 3.0% [95%Cl: 1.2—7.4]; C-THA: 3.5% [95% Cl:
1.2-10.1), p=0.3).

Conclusion MAKO robotic-arm-assisted THA significantly improves Forgotten Joint Scores, Oxford Hip Scores and
reproducibility in implant positioning without compromising on surgical duration and complication rates.

Protocol registration CRD42024542794.
Keywords Total hip arthroplasty, Hip osteoarthritis, Arthroplasty, Orthopaedic surgery, Meta-analysis

*Correspondence: 'Department of Orthopaedics, National University Hospital, National
Barry Wei Loong Tan University Health System, Kent Ridge, Singapore
barry_wl_tan@nuhs.edu.sg 2Yong Loo Lin School of Medicine, National University of Singapore,

National University Health System, NUHS Tower Block, Singapore

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-025-05866-1&domain=pdf&date_stamp=2025-5-13

Loke et al. Journal of Orthopaedic Surgery and Research

Introduction

Hip osteoarthritis (OA) is the second most common form
of OA resulting in debilitating joint pain on weightbear-
ing and movement, stiffness, crepitus and limited range
of motion [10]. It is estimated that 10—25% of those above
55 years-old suffer from hip OA [50]. Management com-
prises both conservative and surgical - with patient edu-
cation, weight loss, physiotherapy and analgesia being the
first-line [32]. Where conservative management is inef-
fective, surgical management is considered in the form of
a Total Hip Arthroplasty (THA). The significance of this
procedure is growing— with a forecast study of Medicare
patients in the USA projecting a 176% increase in THA
procedures by 2040 and 659% by 2060 [52].

Primary THA is the standard-of-care for end-stage hip
OA [43]. In recent years, efforts to increase the reproduc-
ibility, safety and reduction in complications have yielded
the introduction of robotic THA systems. Active robot
systems tended to show relatively high intra-operative
complication rates or intra-operative conversion to con-
ventional THA [20]. Semi-active systems were developed
thereforth. The MAKO Robotic-arm-assisted system is
presently the most widely adopted robotic hip arthro-
plasty system worldwide, although others have developed
semi-active systems like the ROSA, VELYS and CORI
systems [8].

Multiple previous reviews suggest functional outcomes
are similar between robotic and conventional THAs, but
implant positioning accuracy and complication rates are
improved [10, 48]. These reviews combined the 1st gen-
eration active robotic systems and the more recent semi-
active systems— it has been suggested before that each
robotic system has its own nuances and should not be
grouped together as one entity. Also, they included all
indications for THA - be it OA, dysplastic hip, avascular
necrosis (AVN), rheumatoid arthritis (RA) or ankylosing
spondylitis (AS). This introduces inherent challenges in
interpreting results, as anatomical variations associated
with non-standard cases can influence surgical complex-
ity and thus the comparative efficacy of both techniques.
On these grounds, there is need for pathology-specific
and system-specific evaluations to better inform clini-
cal decision-making. We aim to summarize current evi-
dence to assess whether MAKO-assisted THA could
improve clinical, functional, and radiological outcomes
compared to conventional THA in standard hip osteoar-
thritis cases. A secondary aim is to assess any differences
in associated complications and surgical duration in this
group. We hypothesise that MAKO-assisted THAs result
in improved clinical outcomes, implant positioning accu-
racy, with reduced complications and surgical duration.
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Methods

Data sources and search strategy

This study was conducted in adherence with the PRISMA
(Preferred Reporting Items for Systematic reviews and
Meta-analyses Statement) guidelines (Fig. 1) [41]. The
protocol for this systematic review and meta-analysis was
registered with the PROSPERO (ID: CRD42024542794)
International prospective register of systematic reviews.
We searched electronic databases MEDLINE, Embase,
Cochrane Library and SCOPUS from inception, on May
25, 2024, for relevant studies using keywords and terms
synonymous with THAs in patients with Hip OA. We did
not limit our search to only articles written in the Eng-
lish language. Our search strategy can be found in the
Supplementary Material. This study is exempt from IRB
approval.

Study selection

We included studies that compared MAKO-assisted
THAs and conventional THAs, where the indication for
THA was primary Hip OA. Studies were selected based
on a priori based on the study population, intervention,
outcomes measured and study design (Table 1).

Patients having had prior procedures performed before
the THA was not seen as a criterion for exclusion so long
as the patient was undergoing Primary THA for Hip OA.

The inclusion of an article was evaluated by three inde-
pendent blinded authors (R.L., YK, and Y.H.), with any
disagreements being resolved by obtaining the consensus
of the senior author (B.T.).

Data extraction and outcomes

Data was extracted from the included studies by the same
three researchers independently, and any discrepancies
were resolved by the senior author subsequently.

Data extraction was performed to extract basic study
characteristics (first author, year of publication, study
design, average age of patients, sample size, follow-up
duration, proportion by gender, surgical duration). Pri-
mary outcomes considered for this study were clinical
outcomes— Harris Hip Scores (HHS), Oxford Hip Scores
(OHS) and Forgotten Joint Scores (FJS) and implant posi-
tion accuracy (Proportion of implants positioned within
the Lewinnek and Callanan Safe Zones). As secondary
outcomes, complications and surgical duration were
noted.

Means and standard deviations were extracted for
pooling of continuous outcome data. When means and
standard deviations were unavailable and instead data
were presented as medians with ranges, we derived the
means and standard deviations in accordance with Wan
and colleagues [60]. Binary outcome data were extracted
in the form of the number of events that occurred per
sample size.
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Fig. 1 PRISMA Schema

Data analysis

Statistical analyses were performed using RStudio (Ver-
sion 2022.12.0 +353). We performed a random-effects
(Dersimonian-and-Laird) meta-analysis to synthesize
continuous and binary outcomes using the respec-
tive metamean and metaprop functions of the R meta
package.

Continuous outcomes were pooled using weighted
mean approach with random effects, and the Dersimo-
nian-and-Laird (DL) estimator applied for between-
study variance. Meta-analyses of proportions were
conducted for binary outcomes, using random effects
modelling. The lower and upper confidence limits for
the 95% confidence intervals were estimated using the
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Table 1 Inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria

Comparative studies between MAKO-
assisted and Conventional THA
Patients undergoing THA for Primary
Osteoarthritis

Patients undergoing Robotic
THA with systems other than
the MAKO system

Patients undergoing THA for
conditions other than Primary
OA, such as Hip Dysplasia,
Avascular Necrosis, Rheuma-
toid Arthritis or Trauma

Nonclinical or in-vitro or
biomechanical studies

Prospective/Retrospective Clinical Stud-
ies and Randomized Controlled Trials
Clinical Outcomes, Implant-Accuracy,
Survivorship, Complications and Surgi-

Case Reports, Review Articles,
Editorials, Technical Notes,

cal Duration Commentaries
Studies published between 2010 and ~ Animal or Cadaveric Studies.
2024

Clopper-Pearson method and the DL estimator applied
for between-study variance. P-value was calculated
directly based on the estimated proportions and their
standard errors using the Z-test.

We assessed statistical heterogeneity among studies
by visual inspection of forest plots, as well as I and 7.
P values of 25%, 50% and 75% were thresholds for low,
moderate or high heterogeneity, respectively.

We performed prespecified subgroup analyses for each
study design (prospective or retrospective) and risks of
bias (low, moderate or serious). Sensitivity analysis was
performed on studies deemed ‘serious’ risk-of-bias to
assess for its suitability for inclusion in this study.

Further subgrouping was done on type of approach.
Publication bias was assessed by the visual inspection of
the funnel plots, and Egger’s test.

Risk of Bias and quality assessment

The same three researchers independently assessed the
risk of bias of included studies. Similarly, any disagree-
ments were resolved by obtaining the consensus of the
same senior author.

Quality assessment of non-randomized articles was
performed using the ROBINS-I tool, which grades each
article on seven domains [54]. For studies found to have
moderate or serious risk of bias, sensitivity analyses were
performed to ascertain the robustness of the extracted
data. Studies with critical risk of bias would not be
included. For Randomized Controlled Trials (RCTs), the
Cochrane Risk of Bias tool was used.

A summary of the risk of bias and quality assessment of
included studies can be found within the Supplementary
Material.

Patient characteristics

3,161 patients underwent MAKO-THA and 3,275
patients underwent Conventional THA. The weighted
mean age was 63.0 years (95% CI: 61.3-64.7) in the
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Robotic group, and 63.2 (95% CI: 61.1-65.3) in the con-
ventional group. Men constituted 45.0% of the MAKO
cohort, and 44.8% of the Conventional group. Weighted
mean follow-up duration was 25.4 months (95% CI: -2.6—
53.3) in the Robotic group, and 26.2 (95% CI: 0.4-52.0)
in the Conventional group. Weighted mean BMI was
27.7 kg m™% (95% CI: 26.7-28.1) in the Robotic group,
and 28.1 kg m~2 (95% CI: 27.5-28.8) in the Conventional

group.

Results

Summary of included articles

A systematic search of the literature using our search
strategy yielded 1110 articles, with 6 further stud-
ies included from gray search of existing literature. 367
duplicate records were removed which left 749 records
for screening. A total of 703 studies were excluded based
on study title and abstract, leaving 46 full-text articles for
full-text review. 28 were excluded for the following rea-
sons: Conference Papers (n=4), Review Article (n=2),
Indications other than Primary OA (n=10), Used Robots
other than MAKO-THA (n=7), and Unable to Find Full
Text Article (nz=3). 20 articles fit the inclusion criteria
and were thus considered for review.

13 had a retrospective study design and 7 had a pro-
spective study design. All were classified as low risk-of-
bias except one.

Publication bias was assessed via funnel plot of overall
complication rates, since most studies reported on them,
and Egger’s Test. The symmetrical funnel plot (Fig. 2)
and Egger’s Test (P=0.63) suggest no publication bias is
present.

The included articles utilised Direct Anterior or Pos-
terior approaches. Some articles had a mix of patients
where some underwent MAKO-THA or C-THA with
Direct Anterior and others with Posterior approaches. To
account for heterogeneity with differing approaches, we
performed subgrouping of the articles into “Direct Ante-
rior’”, “Posterior” or “Mixed’, where we found no signifi-
cant differences between subgroups.

A summary of included studies can be found in Table 2,
while the respective risk-of-bias, quality assessment and
subgroup/sensitivity analyses can be found in the Supple-
mentary Material.

Clinical scores

Harris Hip Scores (HHS). MAKO-assisted THAs resulted
in higher postoperative Harris Hip Scores (MAKO-
THA Mean: 88.6, 95%CI: 86.1-91.0; C-THA Mean: 86.7,
95%CI: 84.0-89.5), but this was not significant (HHS
Weighted Mean Difference (WMD) 1.87 [95% CI: -0.26—
4.01], p=0.09) (Figures 3, 4 and 5).
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Fig. 2 Forest Plot of Harris Hip Scores

Radiographic outcomes

Implant Positioning. Accuracy in implant positioning was
also significantly greater (»p<0.001) in the MAKO-THA
group compared to conventional THA, with a mean of
94.7% (95%CI: 89.1-97.5) and 90.3% (95%CI: 84.3-94.2)
of implants positioned within the Lewinnek-and-Calla-
nan zones respectively. This is contrasted to a mean of
65.8% (95%CI: 57.2-73.4) and 57.1% (95%CI: 50.9-64.2)
respectively in the conventional THA group (Fig. 6a and
6b).

Secondary outcomes

Surgical Duration. Mean surgical duration was longer in
the MAKO-THA group (MAKO-THA Mean: 86.7 min
[95%CL: 72.5-100.9]; C-THA Mean: 82.3 min [95%CL:
67.5-97.2]), but this was not significant (WMD: 3.45
[95%CI: -2.59-9.49], p=0.26) (Fig. 7).

Discussion
The most important finding of this systematic review and
meta-analysis is that MAKO Robotic Total Hip Arthro-
plasty provides significantly improved Forgotten Joint
Scores and Oxford Hip Scores, along with a higher likeli-
hood of component placement with safe zones, without
compromising surgical duration and complication rates.
It also affirms that MAKO-THA can reduce postop-
erative leg-length discrepancy, albeit not to a significant
degree.

Presently, MAKO-THA is the most prevalently used
RTHA system worldwide, but no meta-analysis has
been performed to assess its performance with respect

to conventional THA. Clinically, we found significantly
greater OHS and FJS in the MAKO-THA group, while
HHS were greater although not significant in this group
too. The OHS wholly assesses patients’ pain levels and
function [22], while Forgotten Joint Score is an indirect
measure of patients’ quality-of-life postoperatively [53].
Significantly greater OHS and FJS in MAKO-THA may
suggest it is able to reduce pain and improve postopera-
tive functionality compared to conventional THA. Previ-
ous meta-analyses had not assessed these outcomes [9,
20, 31], however, its proven clinical importance lends
support to the necessity of reporting this data [6, 40].
Whilst prior meta-analyses had not discussed OHS and
FJS, a registry study and systematic review have shown
that OHS and FJS were not significantly different [53, 59].
This seems to reflect the sentiment as reported by Kort
et al’s review of meta-analyses where clinical outcomes
were not affected by robot assistance [36].

Our findings regarding OHS and FJS are thus an inter-
esting and welcome development. We believe this differ-
ence is possibly contributed by previous studies including
other active robotic systems, such as the ROBODOC sys-
tem, which, according to Honl et al’s randomized trial,
found higher dislocation and revision rates attributable to
intraoperative muscle damage [25], amongst other tech-
nical complications [57]. Other factors including varia-
tions in surgical approach and development of technical
tricks to improve safety over time are also contributory.

Interestingly, Kawakami et al. found perceived LLD
significantly worsens postoperative FJS [33]. Our study
found that MAKO-THA reduces postoperative LLD,
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Table 2 Summary of included studies
Author Year of Title Study Design-  Study
Study Prospectiveor  Loca-
Retrospective  tion
or RCT
LaValva et al. 2024 Robotics and Navigation do not affect the risk of periprosthetic joint infection following Retrospective USA
[38] primary total hip arthroplasty
Rogersetal.[47] 2024 Lower 90-day inpatient readmission and 1-year reoperation in patients undergoing robotic Prospective USA
versus manual total hip arthroplasty through an anterior approach
Karlinetal.[30] 2024 Patient Outcomes of Conventional Versus Robot Assisted Total Hip Arthroplasty Retrospectively  USA
Fontalis et al. 2024 A Prospective Randomized Controlled Trial Comparing CT-based Planning with Conventional ~ Prospective RCT UK
[19] Total Hip Arthroplasty versus Robotic Arm-assisted Total Hip Arthroplasty
Alessia-Mazzola 2024 Direct anterior approach with conventional instruments versus robotic posterolateral ap- Retrospective [taly
etal. [2] proach in elective total hip replacement for primary osteoarthritis: a case-control study
Fontalis et al. 2023 Patient-Reported Outcome Measures in Conventional Total HipArthroplasty Versus Robotic- Prospective UK
[18] Arm Assisted Arthroplasty: A Prospective Cohort Study With Minimum 3 Years' Follow-Up
Foissey et al. 2022 Image-based robotic-assisted total hip arthroplasty through direct anterior approach allows a  Retrospective France
[17] better orientation of the acetabular cup and a better restitution of the centre of rotation than
a conventional procedure
Coulombetal. 2023 Does acetabular robotic-assisted total hip arthroplasty with femoral navigation improve clini- ~ Retrospective France
[12] cal outcomes at 1-year post-operative? A case-matched propensity score study comparing 98
robotic-assisted versus 98 manual implantation hip arthroplasties
Domb etal. [14] 2020 Minimum 5-Year Outcomes of Robotic-assisted Primary Total Hip Arthroplasty With a Nested ~ Retrospective USA
Comparison Against Manual Primary Total Hip Arthroplasty: A Propensity Score-Matched
Study
Pengetal.[44] 2019 In vivo kinematic analysis of patients with robotic-assisted total hip arthroplasty during gait Retrospective USA
at 1-year follow-up
Kayanietal.[34] 2019 The learning curve of robotic-arm assisted acetabular cup positioning during total hip Prospective UK
arthroplasty
Kayanietal.(2) 2019 Assuring the Long-Term Total Joint Arthroplasty: A Triad of Variables Prospective UK
[52]
Hengetal.[23] 2018 Conventional vs. Robotic Arm Assisted Total Hip Arthroplasty Surgical Time, Transfusion Rates, ~Retrospective Aus-
Length of Stay, Complications and Learning Curve tralia
Suarez Ahedo 2017 Robotic-Arm Assisted Total Hip Arthroplasty Results in Smaller Acetabular Cup Size in Relation  Retrospective USA
etal [55] to the Femoral Head Size: A matched-pair controlled study
Tsai et al. [54] 2016 Does haptic robot-assisted total hip arthroplasty better restore native Retrospective USA
acetabular and femoral anatomy?
El Bitaretal. [16] 2015 Leg-Length Discrepancy After Total Hip Arthroplasty: Comparison of Robot-Assisted, Posterior, Retrospective USA
Fluoroscopy-Guided Anterior, and Conventional Posterior Approaches
Peretsetal.[45] 2021 Short-term Clinical Outcomes of Robotic Arm Assisted Total Hip Arthroplasty: A Pair Matched  Prospective USA
Controlled Study
Incesoy et al 2023 CT-based, Robotic Arm Assisted Total Hip Arthroplasty (MAKO) through anterior approach Retrospective Turkey
[27] provides improved cup placement accuracy but no difference in clinical outcomes when
compared to conventional technique
Nicholas D 2021 Robotic arm-assisted versus manual total hip arthroplasty Prospective Scot-
Clement et al. land
(1]
Banchetti et 2018 Comparison of conventional versus robotic-assisted total hip arthroplasty using the Mako Retrospective ltaly

al. [3]

system: An Italian retrospective study

Table 3 Patient characteristics

albeit not to a significant degree, but nonetheless reit-

Sam- Age,y Follow-up, Men, B'\ﬂr kg erates the link between mechanical outcomes and final
z:zee m % m patient satisfaction. Indeed, the Minimally Clinically
n ’ Important Difference (MCID) for FJS was reported to be
Robotic THA 3161 63,0 254 50 277 8.1 [46], and our study found a difference of 9.8 between
(613-647) (-2.6-53.3) (26.7-28.1) MAKO-THA and conventional THA.
Conventional 3,275  63.2 26.2 448 281 However, for OHS, the Minimal Important Difference
THA (61.1-65.3)  (0.4-52.0) (27.5-2838)

(MID) was 5 points, suggesting that it may not be clini-
cally significant [5]. Another study however suggested
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MAKO THA Conventional THA

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Fontalis et al 2024 30 93.54 13.1000 30 92.00 12.6000 — 1.54 [-4.96; 8.04] 7.8%
Alessia-Mazzola et al 2024 50 81.60 17.4000 50 79.10 19.0000 4 250 [-4.64; 9.64] 6.8%
Foissey et al 2022 50 89.00 16.3000 100 91.20 9.7000 —8—— -2.20 [-7.10; 2.70] 11.3%
Coulomb et al 2023 98 85.90 13.3000 98 85.90 13.3000 —— 0.00 [-3.72; 3.72] 151%
Domb et al 2020 66 90.57 13.4600 66 84.62 14.4500 ———=—— 5.95[1.19;10.71] 11.7%
Perets et al 2021 85 91.00 12.4000 85 84.40 14.9000 i ——=+—— 6.60 [2.48; 10.72]) 13.7%
Incesoy et al 2023 82 91.00 10.1200 82 90.01 13.0000 —— 0.99 [-2.58; 4.56] 15.7%
Banchetti et al 2018 56 85.60 8.1000 51 85.15 7.7000 — 0.45 [-2.54; 3.44] 18.0%
Random effects model 517 562 | | = | 1.87 [-0.26; 4.01] 100.0%

Heterogeneity: 1° = 44%, v° = 4.2364, p = 0.08

-10 -5 0 5 10

Fig. 3 Harris hip scores. Oxford Hip Scores (OHS). MAKO-assisted THAs resulted in significantly improved postoperative Oxford Hip Scores (MAKO-THA
Mean: 89.1, 95%Cl: 86.4-91.7; C-THA Mean: 87.0, 95%Cl: 83.8-90.1; OHS WMD: 1.45 [95% Cl: 0.11-2.78], p=0.03)

MAKO THA Conventional THA

Study Total Mean SD Total Mean
Fontalis et al 2024
Fontalis et al 2023
Coulomb et al 2023

Clement et al 2021

30 44.00 5.3000
50 41.06 1.3900
98 40.80 0.8000
40 44.40 5.0000
Random effects model 218 258
Heterogeneity: /% = 62%, > = 1.0193, p = 0.05

SD Mean Difference

30 43.20 6.8000
50 40.62 1.2300
98 38.10 9.7000
80 41.90 6.6000

MD  95%-Cl Weight

0.80 [-2.29; 3.89)
0.44 [-0.08; 0.95)
——%—— 270 [0.77; 4.63]
———#%—— 250 [0.38; 4.62]

13.2%
42.4%
23.3%
21.1%

g

1.45 [0.11; 2.78] 100.0%

—ET
T
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Fig. 4 Oxford hip scores. Forgotten Joint Scores (FJS). MAKO-assisted THAs resulted in significantly improved postoperative Forgotten Joint Scores (MAKO-
THA Mean: 84.7, 95% Cl: 79.9-89.6; C-THA Mean: 74.9, 95%Cl: 64.0-95.7; FJS WMD: 8.72 [95% Cl: 2.68-14.77], p=0.005)

MAKO THA Conventional THA

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Alessia-Mazzola et al 2024 50 94.30 10.1000 50 95.30 8.9000 —_— -1.00 [-4.73; 2.73] 18.6%
Fontalis et al 2023 50 88.19 2.0600 50 85.25 2.0000 294 [214; 3.73] 20.0%
Coulomb et al 2023 98 82.10 22.0000 98 71.20 2.8000 - 10.90 [6.51;15.29] 18.1%
Domb et al 2020 66 82.69 21.5300 66 70.61 26.7400 —i— 12.08 [3.80; 20.36] 14.6%
Perets et al 2021 85 80.20 21.3000 85 68.60 27.3000 —il— 11.60 [4.24;18.96] 15.5%
Clement et al 2021 40 78.00 24.2000 80 56.90 28.0000 —— 21.10 [11.41; 30.79] 13.2%
Random effects model 389 429 - 8.72 [ 2.68; 14.77] 100.0%
Heterogeneity: 1% = 87%, 1° = 47.4263, p < 0.01 L
-30 -20 -10 0 10 20 30

Fig. 5 Forgotten joint scores

that the MID in OHS is as low as two to three points,
which would support our study [40]. Regardless, we
advise surgeons to consider the validity of OHS, which
has been recently critiqued as lacking important items
for present-day patients [24], highlighting the importance
of holistic assessment of clinical and functional outcomes
postoperatively.

HHS yielded greater, but non-significant differences in
MAKO-THA compared to conventional THA, and this
is corroborated by previous meta-analyses - Bargar et
al. found that their robot group exhibited small, but cru-
cial, improvement in these clinical outcomes [4]. Taken
together, we agree with Han et al. that robotic-assisted
THA simplifies the operative procedure, but still has a

certain learning curve [22]. With adequate expertise, the
benefit of RTHA may be leveraged to improve outcomes.

The importance of the present study in segregating the
different indications for THA is underscored as a previ-
ous study showed that in a cohort of only developmen-
tal dysplasia of the hip (DDH), there was no significant
improvement in HHS, but a separate report on a patient
that underwent robotic-assisted THA in one hip and
conventional THA in the other for osteonecrosis of the
femoral head showed a greater HHS in the side that had
underwent robotic THA [26, 60]. Literature regard-
ing outcomes of THA for specific pathologies like AVN
or DDH is scarce, and from our study, we propose the
utility and efficacy of robotic-assistance in THA may be
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a

Events per
Study Events Total 100 observations Events 95%-Cl Weight
intervention = MAKO THA :
Fontalis et al 202 27 30 = 90.00 [73.47;97.89] 6.4%
Domb et al 2020 64 66 : i 96.97 [89.48;99.63] 5.6%
Kayani et al 2019 49 50 : 4 98.00 [89.35;99.95] 4.0%
Kayani (2) et al 2019 24 25 i 96.00 [79.65;99.90] 3.9%
Perets et al 2021 84 85 : 98.82 [93.62;99.97] 4.0%
Incesoy et al 2023 70 82 | 85.37 [75.83;92.20] 8.7%
Clement et al 2021 38 40 by 95.00 [83.08;99.39] 5.6%
Random effects mo« 8 Q 94.70 [89.05; 97.52] 38.1
intervention = Conventional THA :
Fontalis et al 2024 11 30 - 36.67 [19.93;56.14] 8.2%
Domb et al 2020 48 66 % 72.73 [60.36; 82.97] 8.9%
Kayani et al 2019 32 50 - 64.00 [49.19;77.08] 8.8%
Kayani (2) etal 2019 34 50 = 68.00 [53.30;80.48] 8.7%
Perets et al 2021 67 85 - 78.82 [68.61;86.94] 9.0%
Incesoy et al 2023 50 82 ¥ 60.98 [49.57;71.56] 9.2%
Clement et al 2021 55 80 = 68.75 [57.41;78.65] 9.1%
Rando ffects mode 443 @ 65.79 [57.18; 73.46] 61.9
Random effects model 821 <> 81.71 [72.89; 88.12] 100.0%
Heterogeneity: I? = 84%, 1° = 0.6772
Test for subgroup differences: %> = 25.38,df=1(p <0.01) 0 40 80 120
b Events per
Study Events Total 100 observations Events 95%-Cl Weight
intervention = MAKO THA :
Fontalis et al 202 27 30 i 90.00 [73.47;97.89] 5.8%
Domb et al 2020 60 66 = 90.91 [81.26;96.59] 7.0%
Kayani et al 2019 48 50 = 96.00 [86.29; 99.51] 5.0%
Kayani (2) etal 2019 23 25 i 92.00 [73.97;99.02] 5.0%
Perets et al 2021 79 85 = 92.94 [85.27;97.37] 7.1%
Incesoy et al 2023 64 82 - 78.05 [67.54;86.44] 8.1%
Clement et al 2021 37 40 B 92.50 [79.61;98.43] 5.8%
Random effects mod < 90.33 [84.25; 94.23
intervention = Conventional THA
Fontalis et al 2024 11 30 - 36.67 [19.93;56.14] 7.4%
Domb et al 2020 38 66 . 3 57.58 [44.79;69.66] 8.2%
Kayani et al 2019 32 50 = 64.00 [49.19;77.08] 7.9%
Kayani (2) etal 2019 32 50 - 64.00 [49.19;77.08] 7.9%
Perets et al 2021 51 85 L 3 60.00 [48.80;70.48] 8.3%
Incesoy et al 2023 40 82 - 48.78 [37.58;60.08] 8.3%
Clement et al 2021 53 80 =+ 66.25 [54.81;76.45] 8.2%
Rand« effects mo 44 < 7.71 [50.90; 64.23] 56.2
Random effects model 821 < 76.16 [66.36; 83.80] 100.0%

1 1 1

Heterogeneity: 1% = 87%, t* = 0.6777
Test for subgroup differences: %> = 36.82,df=1 (p <0.01) 0 40 80 120

Fig. 6 (a) Implant Positioning within Lewinnek “Safe Zones". (b) Implant Positioning within Callanan “Safe Zone”

dependent on patients’ pathology and should be explored  they may also yield similar efficacy to the MAKO sys-
in future studies. tem. The ROSA system was found to have greater Hip

While the MAKO system remains the most popular, Dysfunction and Osteoarthritis Scores (HOOS) com-
other systems are present, and early literature suggest pared to conventional THA at one-year postoperatively,
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MAKO THA Conventional THA

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
LaValva et al 2024 2003 96.80 24.8000 2003 85.80 30.5000 11.00 [ 9.28;12.72] 16.5%
Rogers et al 2024 214 101.30 14.2000 148 108.30 15.7000 - -7.00 [-10.17; -3.83] 16.0%
Karlin et al 2024 61 106.00 6.0400 149 105.00 7.2100 : 1.00 [-0.91; 2.91] 16.5%
Fontalis et al 2024 30 85.20 28.0000 30 69.70 28.4000 —— 15,50 [ 1.23;29.77] 8.7%
Alessia-Mazzola et al 2024 50 62.10 12.4000 50 67.30 15.7000 — -5.20 [-10.75; 0.35] 14.7%
Kayani et al 2019 50 59.00 4.2000 50 54.70 2.6000 ; 430 [ 2.93; 5.67] 16.6%
Heng et al 2018 45 96.70 20.1000 45 84.90 30.7000 —— 11.80 [ 1.08;22.52] 11.0%
Random effects model 2453 2475 < 3.45 [-2.59; 9.49] 100.0%
Heterogeneity: /2 = 96%, t° = 56.7183, p < 0.01 ' I ' I

20 -10 0 10 20

Fig. 7 Surgical duration. Leg-Length Discrepancy(LLD). MAKO-THA also had lower postoperative leg-length discrepancy (MAKO-THA Mean: 2.72, [95%Cl:
1.48-3.96]; C-THA Mean: 3.0, [95%Cl: 1.2-4.8]), but not to a significant degree (WMD: -0.16, 95%Cl: -0.72-0.4, p=0.57). (Fig. 8)

MAKO THA Conventional THA

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl Weight
Alessia-Mazzola etal 2024 50 0.60 1.4000 50 0.40 1.4000 --'— 0.20 [-0.35; 0.75] 17.8%
Foissey et al 2022 50 2.70 1.8000 100 3.00 3.4000 — -0.30 [-1.13; 0.53] 14.5%
Coulomb et al 2023 98 1.10 5.0000 98 0.30 6.0000 -1 0.80 [-0.75; 2.35] 8.1%
Domb et al 2020 66 4.35 3.5300 66 5.54 4.1000 —— -1.19 [-2.50; 0.12] 9.8%
Kayani et al 2019 25 1.40 1.2000 50 1.50 2.6000 —— -0.10 [-0.96; 0.76] 14.2%
El Bitar et al 2015 67 2.70 1.8000 59 1.90 1.6000 || = 0.80 [0.21; 1.39] 17.3%
Perets et al 2021 85 3.00 26000 85 4.00 2.7000 —- -1.00 [-1.80;-0.20] 14.9%
Incesoy et al 2023 82 6.27 57600 82 8.49 11.4500 T -2.22 [-4.99; 0.55] 3.4%
Random effects model 523 590 <> -0.16 [-0.72; 0.40] 100.0%
Heterogeneity: 12 = 66%, 1 = 0.3737, p < 0.01 I I I I !

-4 -2 0 2 4

Fig. 8 Leg-length discrepancy. Complication Rates. Our study comprised both medical and surgical complications. Medical complications included su-
perficial or deep infections, postoperative pneumonia, deep vein thrombosis or pulmonary embolism, anaemia and myocardial infarctions. Surgical com-
plications included dislocations, prosthesis loosening, periprosthetic fractures or delayed wound healing. Complication rates were low (MAKO-THA Mean:
3.0% [95%Cl: 1.18-7.37]; C-THA Mean: 3.5%, 1.2-10.1 and non-significant (p=0.3) between both groups. Importantly, the rates of prosthetic dislocations
were low and non-significant between both groups (MAKO-THA Mean: 1.3% [95% Cl: 0.7-2.3%]; C-THA Mean: 0.7% [95%Cl: 0.4-1.4%)]; P-Value: 0.2). (Fig. 9)

in a recent study by Buchan et al. [7] The ROSA System
currently solely enables performing THA via the direct
anterior approach. Separately, an RCT showed a new
“Jianjia” robot system by Hang Zhou Jianjia Robot Tech-
nology yielded a HHS of 89.9 +0.91 postoperatively [58],
comparable to the findings of our study. There remain
several other systems beyond what has been mentioned,
but studies that explore the utility of individual systems
remain lacking.

Lewinnek-and-Callanan “safe zones” are established
radiological markers to prevent postoperative dislo-
cation of acetabular components [8, 39]. The present
study’s findings of increased implant positioning within
the Lewinnek-and-Callanan safe zones is corroborated
by previous meta-analyses [9, 20, 31]. Nonetheless, these
traditional safe zones have been challenged recently due
to increased subluxations and dislocations in cups placed
within them [1], and no difference in dislocation rates in
implants positioned in and out of these “safe zones” [51].
Indeed, we found no difference in dislocations between
both groups despite the wide discrepancy between cup
positioning within the “safe zones”.

Dorr et al. introduced a functional safe zone over the
traditional Lewinnek-and-Callanan zones— a patient-spe-
cific safe zone to avoid instability or impingement which
is dependent on various patient-specific factors [9, 15].
However, instability or impingement with regard to the
Lewinnek safe zone was described only in patients with
abnormal spinopelvic mobility [9, 13, 29], which may not
be the case for all patients - although common in patients
with hip osteoarthritis [28]. Regardless, amidst conflict-
ing literature, we agree with Fontalis and Sathikumar et
al. that patient-specific approaches enabled by develop-
ments in surgical technology are preferrable.[21.52] Even
as the debate continues over what the ideal “safe zone”
is, nonetheless, our study has shown that robotics, in
particular the MAKO-THA, is able to ensure increased
reproducibility in component placement, which enables
surgeons to achieve their target placement with confi-
dence, notwithstanding the consensus on what the opti-
mal “safe zone” may be.

Surgical duration for THA beyond 87 min places
patients at higher risks of overall complications, particu-
larly related to wound complications and sepsis [42]. In
our study, even though MAKO-THA had greater mean
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Events per

Study Events Total 100 observations Events 95%-Cl Weight
LaValva et al 2024 8 2003 040 [0.17; 0.79] 4.1%
Karlin et al 2024 0 61 - 0.00 [0.00; 5.87] 2.6%
Fontalis et al 2024 1 30 - 3.33 [0.08;17.22] 3.2%
Alessia-Mazzola et al 2024 5 50 . 10.00 [3.33;21.81] 4.0%
Foissey et al 2022 2 50 o 4.00 [0.49;13.71] 3.7%
Coulomb et al 2023 22 98 o 2245 [14.64;3199] 4.2%
Domb et al 2020 4 66 | 6.06 [1.68;14.80] 3.9%
Kayani et al 2019 0 50 - 0.00 [0.00; 7.11] 2.6%
Kayani (2) etal 2019 0 25 — 0.00 [0.00; 13.72] 2.6%
Heng et al 2018 1 45 o 222 [0.06; 11.77]) 3.2%
Suarez Ahedo 2017 0 57 g 0.00 [0.00; 6.27] 2.6%
Tsai et al 2016 0 12 - 0.00 [0.00; 26.46] 2.6%
Perets et al 2021 8 &5 - 9.41 [4.15;17.71] 4.1%
Incesoy et al 2023 1 82 i 1.22 [0.03; 6.61] 3.2%
Clement et al 2021 0 40 E- 0.00 [0.00; 8.81] 2.6%
LaValva et al 2024 9 2003 045 [0.21; 0.85] 4.1%
Karlin et al 2024 5 149 3.36 [1.10; 7.66] 4.0%
Fontalis et al 2024 1 30 — 3.33 [0.08;17.22] 3.2%
Alessia-Mazzola et al 2024 24 50 —a— 48.00 [33.66; 62.58] 4.1%
Foissey et al 2022 1 100 i 1.00 [0.03; 545] 3.2%
Coulomb et al 2023 37 98 : . 37.76 [28.16; 48.12] 4.2%
Domb et al 2020 0 66 i 0.00 [0.00; 5.44] 2.6%
Kayani et al 2019 0 50 - 0.00 [0.00; 7.11] 2.6%
Kayani (2) etal 2019 0 50 - 0.00 [0.00; 7.11] 2.6%
Heng et al 2018 4 45 t = 8.89 [248;21.22] 3.9%
Suarez Ahedo 2017 0 57 - 0.00 [0.00; 6.27] 2.6%
Tsai et al 2016 0o 14 — 0.00 [0.00; 23.16] 2.6%
Perets et al 2021 9 85 — 10.59 [4.96;19.15] 4.1%
Incesoy et al 2023 2 82 3 244 [0.30; 8.53] 3.7%
Clement et al 2021 1 80 g 1.25 [0.03; 6.77] 3.2%
I | m ! (> | | )

Random effects model 5713 b 3.24 [1.58; 6.51] 100.0%

Heterogeneity: 1° = 92%, 1° = 3.3180

I | | | | 1

Test for subgroup differences: xf =0.04,df=1(p=0.83)0 20 40 60 80 100

Fig. 9 Complications

surgical durations, likely secondary to registration and
calibration of the robot and pins, this was not signifi-
cantly different from conventional THA and not greater
than 87 min. Our complications rates reported seem to
agree with such findings and are in alignment with what
has been previously reported in literature [37, 48].

The findings of our study are limited by a few fac-
tors. Due to paucity of data, we were unable to provide
pooled clinical outcomes at various time-points, be it
1-year, 5-year or 10-years postoperatively. This should
be explored in further studies. We were unable to assess
other radiographic parameters other than the Lewinnek-
and-Callanan zones due to limited reporting. Another
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important metric in assessing total joint arthroplasty is
survival- however our relatively short mean follow-up
does not make it favourable to compare survival between
both groups. A separate parameter that might introduce
heterogeneity in our study is the surgeon experience that
was difficult to monitor in the present study.

Our meta-analysis also consisted of mainly non-ran-
domized studies, which may introduce heterogeneity,
although efforts were made to ensure reliability of data
by assessing and only including studies that had a low-
moderate risk-of-bias and ensuring no publication bias
was present. Subgrouping between retrospective and
prospective studies were also done to ensure comparabil-
ity between the two types of studies.
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