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Background and purpose — Robotic-assisted total knee
arthroplasty (RATKA) is an alternative surgical treatment
method to conventional total knee arthroplasty (COTKA)
that may deliver better surgical accuracy. However, its impact
on patient outcomes is uncertain. The aim of this systematic
review of randomized controlled trials (RCTS) is to evaluate
whether RATKA could improve functional and radiological
outcomes compared with COTKA in adult patients with pri-
mary osteoarthritis of the knee.

Methods — We searched Ovid MEDLINE, EMBASE,
Scopus, and the Cochrane Library to identify published
RCTs comparing RATKA with COTKA. 2 reviewers inde-
pendently screened eligible studies, reviewed the full texts,
assessed risk of bias using the Risk of Bias 2.0 tool, and
extracted data. Outcomes were patient-reported outcomes,
range of motion, and mechanical alignment (MA) deviation
and outliers, and complications.

Results — We included 12 RCTs involving 2,200
patients. RATKA probably results in little to no effect on
patient-reported outcomes (mean difference (MD) in the
Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) score of —0.35 (95% confidence interval
[CI] -0.78 to 0.07) and range of motion (MD —0.73°; CI-7.5°
to 6.0°) compared with COTKA. However, RATKA likely
results in a lower degree of MA outliers (risk ratio 0.43; CI
0.27 t0 0.67) and less deviation from neutral MA (MD —0.94°;
CI-1.1° to —0.73°). There were no differences in revision rate
or major adverse effects associated with RATKA.

Conclusion — Although RATKA likely results in higher
radiologic accuracy than COTKA, this may not be clinically
meaningful. Also, there is probably no clinically impor-
tant difference in clinical outcomes between RATKA and
COTKA, while it is as yet inconclusive regarding the revi-
sion and complication rates due to insufficient evidence.

Osteoarthritis (OA) of the knee is the most common cause of
knee pain in the elderly, with an estimated global prevalence of
23% (1). This condition leads to significant disability, affect-
ing patients’ quality of life. Conventional total knee arthro-
plasty (COTKA) is usually offered to patients whose conser-
vative treatment has failed. Although the results of COTKA
are mostly favorable, surgical issues such as poor soft-tissue
tension balancing and malalignment of the prosthesis may
negatively impact the outcomes (2). Postoperative prosthesis
alignment and patient-reported outcome measures (PROMs)
are among important outcomes affected by such issues (3).
Consequently, various techniques and surgical guiding tools
have been utilized for these critical surgical steps. Robotic-
assisted total knee arthroplasty (RATKA) incorporates navi-
gation technology to visualize preoperative planning. It can
help to more precisely locate the hip center, guide bone cut-
ting, and evaluate soft tissue and overall tension (4). In a
large number of observational studies and their systematic
reviews, RATKA has been shown to improve both prosthesis
placement accuracy and some PROMs (5-8). During the past
4 years, there have been several published randomized con-
trolled trials (RCTs) comparing RATKA with COTKA, yet no
systematic review and meta-analysis of RCTs existed. With
higher quality of evidence, such reviews can provide higher
confidence in the pooled estimates and possibly solidify the
synthesized results from observational studies. Therefore, we
conducted this systematic review of RCTs to evaluate whether
RATKA could improve clinical and functional outcomes, as
well as radiological outcomes, compared with COTKA in
adult patients with primary knee OA.
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Methods
Inclusion criteria

This review was conducted and reported following the
Cochrane Handbook for Systematic Reviews of Interventions
and the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guideline (9,10). We included
RCTs comparing RATKA with COTKA in adult patients with
primary knee OA. We excluded studies investigating patients
with secondary OA and studies of other robotic-assisted surgi-
cal interventions that were not RATKA. Studies that did not
directly compare RATKA with COTKA were also excluded.
We included studies that evaluated outcomes of interest for
this review. The main outcomes of this review were clini-
cal and functional outcomes, which are PROMs (the West-
ern Ontario and McMaster University Osteoarthritis Index
[WOMAC] score [11], the Knee Society Score [KSS] [12],
the Hospital for Special Surgery [HSS] score [13], and the
Oxford Knee Score [OKS]) and range of motion (ROM), and
radiological outcome assessed by the deviation from neu-
tral mechanical axis (MA) and the proportion of outliers (a
deviation of > + 3°) in MA alignment, which was the same
angle as mechanical hip—knee—ankle and mechanical femo-
rotibial angle (14). We focused on MA alignment because it
is an important radiographic parameter of knee arthroplasty,
designed to promote symmetrical and balanced load distribu-
tion between the medial and lateral compartments to decrease
component wear and potential loosening (15). Also included
as the review outcome was major complication secondary
to the interventions, including periprosthetic infection, revi-
sion rate, and mortality. Other clinically important outcomes
were also assessed where applicable. They were pain, quality
of life, intraoperative blood loss, operative time, and hospital
length of stay. Studies that did not measure at least one of the
main outcomes of interest were excluded.

Database search methods

We performed a comprehensive search of Ovid MEDLINE
(1946 to August 23, 2022), EMBASE (1974 to August 23,
2022), Scopus (1966 to August 23, 2022), and Cochrane
Library (1908 to August 23,2022). Search terms used for the 4
databases are presented as Supplementary material. We did not
apply any restrictions as we preferred the search to be sensi-
tive. However, only studies conducted in humans and in Eng-
lish were included. The search results are shown in Figure 1.

Selection of studies and data extraction

2 reviewers (PR and OR) independently screened the titles
and abstracts after removal of duplicates. Articles considered
potentially eligible by either of the reviewers were included
in the full-text review. The 2 reviewers also reviewed the full
texts to confirm the studies’ eligibility. Included study data
was then also abstracted by 2 data abstractors independently.

They resolved through discussion any discordance in any of
the steps. The data abstracted from each study included the
first author’s identification, year of publication, study setting,
study population, details of intervention and its comparator,
source of funding, and results for the outcomes of interest.

Assessment of risk of bias

2 reviewers (OR and CP) independently assessed the 7-domain
risks of bias for each study based on the Cochrane Collabora-
tion’s tool for assessing risk of bias in randomized trials (16).
Moreover, because outcomes from the same study may have
different risks of bias, each outcome of the included studies
was assessed for risk of bias separately by using the Risk of
Bias (RoB) 2.0 tools (10). Their discordance was resolved
through consensus.

Quality of the evidence

2 reviewers (OR and CP) independently judged the quality
of evidence related to each main study outcome using the 5
GRADE domains (10). They resolved any disagreements
through discussion and provided justifications for any deci-
sions to downgrade the quality of evidence. Interpretation and
implications of the pooled estimates and their 95% confidence
intervals (CIs) were based on the minimal important differ-
ences (MIDs) derived from the literature and approved by
experienced knee surgeons (RN and KC). The MIDs for the
WOMAC score, KSS, and HSS score were 15 (17), 6 (18), and
13 points (19), respectively, while a 30° difference in ROM
(20) and a 3° difference in MA deviation (21) were considered
clinically important.

Statistics

All analyses were performed using the RevMan 5.4.1
(Cochrane Collaboration, Oxford, UK) software. The random-
effects models were obtained to conduct the meta-analyses to
take into account between-study heterogeneity should this
exist. We used the generic inverse variance method and ana-
lyzed continuous outcomes as mean difference (MD) and 95%
CIs. For dichotomous outcomes, the results were analyzed and
presented as risk ratio (RR) and 95% CI. We reported compli-
cations only descriptively and did not perform a meta-analysis
due to variations in reporting and because no trials reported
major adverse events leading to significant morbidity or mor-
tality. For all outcomes, we selected the longest follow-up
time-point in each study to include in this review.

We visually inspected the forest plots of the pooled analyses
and explored the 12 statistics and the chi-square test to assess
signs of heterogeneity (10). For substantial and considerable
heterogeneity (I > 50%), we explored sources of heteroge-
neity by conducting sensitivity and/or subgroup analyses as
appropriate. Sensitivity analyses were performed by using
the fixed-effects models and excluding studies with high risk
of bias to prove the robustness of the results and to explore
sources of heterogeneity where applicable. Also, another
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Records identified through
database searching (n = 759):
— MEDLINE, 208

- EMBASE, 148

- Scopus, 329

- Cochran Library, 74

Duplicates removed
n = 352

Records screened
n = 407

Records excluded (n = 301):
- not human, 32

[~ | - not robotic TKA, 224

- not primary study, 45

Full-text articles assessed
for eligibility
n =106

Full-text articles excluded (n = 94):
- not primary OA, 2

- not robotic TKA, 1

— - no/wrong comparator, 49

- no outcome of interest, 7

- not RCT, 33

- not English, 2

Studies included in
qualitative synthesis
n=12
I
Studies included in quantitative
synthesis (meta-analysis)

n = 1-8 for each review outcome

Figure 1. The PRISMA flow chart of study selection and inclusion. TKA
= total knee arthroplasty, OA = osteoarthritis, RCT = randomized con-
trolled trial.

sensitivity analysis was performed whereby included studies
were only those involving commonly and widely used robotic
systems. Moreover, 2 subgroup analyses were conducted, if
applicable, based on (i) the mean time of follow-up (< 1 year
versus = | year) as clinical outcomes might change differently
between the 2 study arms at longer follow-up time-points and
(ii) the prosthetic type (cruciate-retaining [CR)] versus pos-
terior-stabilizing [PS]) as they may deliver different outcome
measures.

Ethics, registration, data sharing, funding, and disclosures
Ethical approval was not required for our study. The
protocol was registered in the PROSPERO database
(CRD42022358321). All methods were carried out in accor-
dance with relevant guidelines and regulations. Requests for
data not shown in the body of this manuscript can be made
to the corresponding author. This is an unfunded study. The
authors have no competing interests or other interests that
might be perceived to influence the results reported in this
paper. There is a potential conflict of interest that may influ-
ence the discussion because 2 of the authors who supervised
the clinical context of the article, RN and KC, are orthopedic
surgeons experienced and specialized in robotic knee surgery.
All authors declare no financial support from the companies
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Figure 2. Study-level risk of bias summary.

that produce and/or distribute the drugs, devices, or materi-
als described in this report. Completed disclosure forms for
this article following the ICMIJE template are available on the
article home page, doi: 10.2340/17453674.2023.9411

Results

Results of the search and characteristics of included
studies

Of the 759 citations retrieved from electronic databases, 407
articles remained after duplicates were removed. We assessed
106 full texts and included 12 eligible RCTs in the final analy-
sis of this review (22-33). Details of the study screening and
selection process, as well as reasons for exclusion at each
stage, are presented in Figure 1. Characteristics of included
studies are presented in Table 1.

All 12 included studies are parallel-group RCTs published
during 2007-2020. 10 studies were conducted in Asia: South
Korea (n = 4) (22-24,27), China (n = 2) (31,32), Singapore (n
=2) (25,26), Thailand (n = 1) (29), and India (n = 1) (30), and
2 were from Europe: Russia (n = 1) (33), and England (n = 1)
(28). Their sample sizes ranged from 30 to 1,406, with par-
ticipants’ mean age ranging from 60 to 77 years. 1 study (26)
was a secondary analysis of the previous study by the same
author group (25) but at a longer follow-up time. Therefore,
we obtained outcomes only from Liow et al., 2017 (26) for
the meta-analyses to avoid sample duplications. ROBODOC
(Curexo Technology, Fremont, CA, USA) was the most
common robotic system employed (n = 6) (22-27), followed
by NAVIO (Smith & Nephew, Memphis, TN, USA) (n = 2)
(29,30) and Mako (Stryker, Portage, MI, USA) (n = 1) (28).
The 3 other studies from China and Russia utilized locally
invented robotic apparatus (31-33). More studies reported
using PS (22,25-27,29-31) than CR prostheses (23,24,28). All
studies employed neutral mechanical alignment concept,
except Kayani et al. (28), who focused on functional align-
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Table 1. Characteristics of included trials
Author, Knee alignment Detail
year Study setting  Population Robot system/ Type®  concept Surgical technique of prosthesis
Park South Korea, N =62 ROBODOC Mechanical align-  Conventional tech- Zimmer LPS
2007 single center, — RATKA:n =32 with ORTHODOC ment both groups  nique for soft tissue (PS)
(22) 2 surgeons mean age 62.7 (Curexo Technology, balancing — No details of patella
— COTKA: n =30 USA) / ARS procedure
mean age 67.8
Song South Korea, N =30 (60 knees) ROBODOC with Mechanical align-  Tensor device Zimmer NexGen
2011 Single center, mean age 67 ORTHODOC ment both groups  (Stryker Howmedica (CR)
(23) 1 surgeon — RATKA: n =30 (Curexo Technology, Osteonics) for soft — No details of patella
— COTKA: n =30 USA) / ARS tissue balancing procedure
Song South Korea, N =100 ROBODOC with Mechanical align- Measure resection Zimmer NexGen
2013 Single center, — RATKA: n =50 ORTHODOC ment both groups  technique (CR)
(24) 1 surgeon mean age 66.1 (Curexo Technology, — No details of patella
— COTKA: n =50 USA) / ARS procedure
mean age 64.8
Liow Singapore, N =60 ROBODOC with Mechanical align- Measure resection Zimmer NexGen
2014 single center, — RATKA: n =31 ORTHODOC ment both groups  technique and soft LPS-Flex
(25) 1 surgeon mean age 67.5 (Curexo Technology, tissue balancing (PS)
— COTKA: n =29 USA) / ARS — Patelloplasty
mean age 68.3
Liow Singapore, N =60 ROBODOC with OR-  Mechanical align- Measure resection Zimmer NexGen
20172 single center, — RATKA:n =31 THODOC ment both groups  technique and soft LPS-Flex
(26) 1 surgeon mean age 67.5 (Curexo Technology, tissue balancing (PS)
— COTKA: n=29 USA) / ARS — Patelloplasty
mean age 68.3
Kim South Korea, N =1,406 ROBODOC with Mechanical align- Measure resection Stryker
2020 single center, — RATKA: n =700 ORTHODOC ment (neutral technique Duracon
(27) 1 surgeon (750 knees), (Curexo Technology, = mechanical axis) (PS)
mean age 60 USA) / ARS both groups — No resurfacing
— COTKA: n =706 patella
(766 knees)
mean age 61
Kayani England, N =30 Mako RATKA: Soft tissue balancing  Triathlon cruci-
2021 single center, — RATKA:n=15 (Mako Surgical Corp, functional ate-retaining knee
(28) 2 surgeons mean age 68.7 Stryker, USA) COTKA - (Stryker) (CR)
—COTKA:n=15 /HRS mechanical — Patella resurfacing
mean age 67.9 alignment
Thieng-  Thailand, N =152 NAVIO (Smith Mechanical align-  Soft tissue balancing Legion PS total knee
wittaya-  single center, — RATKA:n=75 &Nephew, USA) ment both groups  using Robotic record  (Smith&Nephew)
porn 1 surgeon mean age 69 / HRS — Non-resurfacing
2021 — COTKA:n=77 patella
(29) mean age 69.1
Vaidya India, N =60 NAVIO (Smith Mechanical align- Measure resection Anthem PS prosthe-
2022 single center — RATKA: n =30 &Nephew, USA) ment both groups  technique sis (Smith&Nephew)
(30) mean age 62.2 /HRS — No details of patella
— COTKA: n =30 procedure
mean age 59.9
Xu China, N=72 YUANHUA-TKA Mechanical align- Measure resection Unique knee,
2022 single center, — RATKA:n =37 (YUANHUA-TKA, ment both groups  technique and soft fixed platform and
(31) 2 surgeons mean age 64.5 Shenzhen, China) tissue release if PCL sacrificing (PS)
— COTKA:n=35 / unknown type necessary — No details of patella
mean age 63.4 procedure
Li China, N =150 HURWA system Mechanical align- No details of soft Legion
2022 multicenter, — RATKA:n=73 (HURWA, BEIJING ment both groups  tissue release tech- (Smith&Nephew)
(32) multisurgeons mean age 68 HURWA-ROBOT nique — Constraint unknown
— COTKA: n=77 Technology Co. LTd) — No details of patella
mean age 69 / unknown type procedure
Lychagin Russia, N =68 TSolution-One Mechanical align-  No details of soft Not reported
2022 single center  mean age 67.3 (THINK Surgical Inc.)  ment both groups tissue release tech- — No details of patella
(33) — RATKA: n =33 / ARS nique procedure

— COTKA:n=35
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Table 1 continued

Author Conflict
year Follow-up time Outcomes of interest
Park RATKA: mean — Knee society score (KSS), Knee func- None declared
2007 45 months tional score (KFS), range of motion
COTKA: mean  (ROM),Tibiofemoral angle (TFA)
49.3 months — Radiographic results; AP and lateral femoral
flexion angle (FFA) and tibial angle (TA)
— Complication in RATKA
Song Mean 16 — Clinical assessment: ROM, Hospital for None declared
2011 months Special Surgery (HSS) score, Western
(minimum 12 Ontario and McMaster University score
months) (WOMAC)
— Radiographic assessment: mechanical axis
(MA), coronal and sagittal inclination on
femoral and tibial side
— Complication, operative time
Song Mean 65 — Clinical assessment: ROM, HSS, WOMAC  Some authors
2013 months — Radiographic assessment: postop. MA, reported receiv-
(minimum 41 coronal and sagittal inclination on femoral ing benefits from
months) and tibial side Curexo Tech.
— Complication, operative time
Liow 6 months — Clinical assessment: KSS, KFS, Oxford knee None declared
2014 score (OKS), SF-36, ROM at 6 months
— Radiographic assessment: postop. MA, AP
femoral flexion and tibia angle, Lateral femo
ral flexion and tibia angle at 1 month
— Complication, operative time, length of stay
(LOS)
Liow 24 months — Clinical assessment: KSS, KFS, OKS, None declared
20172 SF-36, ROM, satisfaction
— Complication
Kim RATKA: mean - Clinical assessment: KSS, WOMAC, pain None declared
2020 13 years VAS, UCLA activity score, ROM
COTKA: mean - Radiographic assessment: TFA, femoral
14 years and tibial component position and outliers
(coronal and sagittal plane), aseptic
loosening, rotational alignment
— Survivorship, complication, operative time
Kayani 28 days — Inflammatory markers None declared
2021 — Radiographic assessment: accuracy of
achieving limb alignment and component
positioning
— Complication, operative time
Thieng- 6 weeks — Radiographic assessment: hip-knee-ankle Funding: institu-
wittaya- (HKA) angle, TFA, coronal femoral and tibial tional support
porn component angle, sagittal femoral and tibial
2021 component angle at 6 weeks
— Operative time
Vaidya Postoperation — Radiographic assessment: MA, coronal fem- None declared
2022 oral and tibial alignment, sagittal femoral and
tibial alignment, femoral component rotation
Xu 90 days — Clinical assessment: KSS, WOMAC, ROM None declared
2022 — Radiographic assessment: HKA angle,
frontal femoral and tibial component angle,
lateral femoral and tibial component angle
— Complication, operative time, LOS
Li Mean 3 — Clinical assessment: ROM, HSS, KSS, Funding: Beijing
2022 months WOMAC, SF-36 and China sci-
— Radiographic assessment: HKA angle ence institutions
Lychagin 1 year — Clinical assessment: ROM, pain VAS, OKS, None declared
2022 WOMAC

— Radiographic assessment: mechanical axis

ment. 3 studies only focused on radio-
graphic results (28-30), while the rest
reported both clinical and radiological
outcomes. The mean follow-up time
of the studies with clinical outcomes
ranged from 3 months to 13 years. 2
studies received funding from govern-
mental and non-profit organizations
(29,32). Another study had a potential
financial conflict of interest with the
robot manufacturer (24).

Risk of bias in included studies

Our judgement on the study-level risk
of bias is presented in Figure 2 with
justifications for our decision provided
in Table 4 (see Supplementary mate-
rial). All studies had a high risk of per-
formance bias because the interven-
tion cannot be blinded to the provid-
ers. Most studies failed to report their
method of allocation concealment and
whether assessors of some of the out-
comes were blinded. Moreover, only 5
studies had their trials registered and
can be assessed for reporting bias (27-
29,31,33).

The overall risk of bias for each
study outcome is presented in Table 2.
We also presented the outcome-level
risk of bias of each study with the
forest plot for that outcome.

Effects of interventions

The summary of findings for all out-
comes, including the certainty of
evidence and reasons for downgrad-
ing the evidence, are presented in
the “summary of findings” table (see
Appendix) and Table 5 (see Supple-
mentary material), respectively.

Table 1. Footnotes

Abbreviations: RATKA = robotic-assisted
total knee arthroplasty, COTKA = con-
ventional total knee arthroplasty, HRS =
haptic robotic systems, ARS = autonomous
robotic systems, CR = cruciate-retaining,
PS = posterior stabilizing

asecondary analysis of Liow, 2014

b The type of each robotic system was
reported based on Lang J E, Mannava S,
Floyd A J, Goddard M S, Smith B P, Mofidi
A, et al. Robotic systems in orthopaedic
surgery. J Bone Joint Surg Br 2011; 93(10):
1296-9.
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Table 2. Risk of bias of included trials (outcome-level)

Domain 1: Domain 2: Domain 3: Domain 4:  Domain 5:
Randomization Deviation from Missing Measurement Reported Overall risk of
Study process intervention outcome data of outcome results bias per outcome
Park, 2007 KSS, ROM Some @ Low Low Some P Some © Some concerns
Radiographic results, Some 2 Low Low Low Some ¢ Some concerns
complication
Song, 2011 HSS, WOMAC Low Low Low Some P Some © Some concerns
Radiographic results, Low Low Low Low Some ¢ Some concerns
ROM, complication
Song, 2013 HSS, WOMAC Low Low High d Some P Some ¢© High
ROM, complication Low Low Low Low Some © Some concerns
Radiographic results Low Low High d Low Some ¢ High
Liow, 2014 KSS, ROM High © Low Low Some P Some © High
Radiographic results, High ¢ Low Low Low Some ¢ High
complication
Liow, 2017 KSS, ROM High © Low Low Some P Some ¢ High
Complication High € Low Low Low Some ¢ High
Kim, 2020 KSS, WOMAC Low Low Low Some P Low Some concerns
Radiographic results, Low Low Low Low Low Low
ROM, complication
Kayani, 2021 Radiologic results Some 2 Low Low Low High f High
Thiengwittaya- Radiologic results Some 2 Low Low Low Low Some concerns
porn, 2021
Vaidya, 2022 Radiologic results Some 2 Low Low Some P Some ¢ Some concerns
Xu, 2022 Radiographic results, Some 2 Low Low Low Low Some concerns
complication
KSS, WOMAC, ROM Some 2 Low Low Some Low Some concerns
Li, 2022 HSS, KSS, WOMAC Some @ Low Low Some P Some ¢ Some concerns
Radiographic results, ROM Some 2 Low Low Low Some ¢ Some concerns
Lychagin, 2022 WOMAC Low Low Low Low High 9 High
Radiographic results, ROM Low Low Low Some b High 9 High

Abbreviations: KSS = Knee Society Score, ROM = range of motion, HSS = Hospital for Special Surgery, WOMAC = Western Ontario and

McMaster University Osteoarthritis Index.
2 Some concern — allocation concealment method not provided.

b Some concern — patient-reported outcome or outcome assessed by healthcare assessors with no information if the intervention was blinded,
or unblinded intervention but without objective evidence of influence on the outcomes.

¢ Some concern — no protocol available.
9 High rate of missing outcome.
€ Unconcealed allocation.

f Protocol did not include radiologic results as study outcomes and they may be subject to multiple analyses and selective reporting.
9 Not all secondary outcomes in the protocol were reported, thereby having a risk of selective reporting

PROMs: WOMAC, KSS, HSS, and OKS

6 studies reported the WOMAC score in 1,744 participants
(23,24,27,31-33). As shown in Figure 3A, the WOMAC score
was on average 0.35 points lower (CI —0.78 to 0.07, moder-
ate certainty) in the RATKA than in the COTKA group (12 =
3%, p =0.4). Sensitivity analyses found the point estimates to
be in the same direction, with the 95% Cls all excluding the
MID (Figures 6-8, see Appendix). 5 studies, including 1,685
patients, reported the KSS (22,26,27,31,32). Compared with
COTKA, RATKA had 0.89 points higher KSS on average (CI
—0.18 to 2.0, moderate certainty) as presented in Figure 3B (I
=25%,p =0.3). The sensitivity analysis with commonly used
robotic systems found similar results (Figure 7, see Appen-
dix); however, the analysis excluding a study with high risk
of bias found both the point estimate and the 95%CI favoring
COTKA (Figure 6, see Appendix), while the result from the
analysis employing the fixed-effects model favored RATKA

(Figure 8, see Appendix). For HSS score, the combined results
from 3 studies (23,24,32) of 256 participants with no hetero-
geneity (I = 0%, p = 1) found an average of 0.67 HSS points
higher in the RATKA group (CI -0.99 to 2.3, moderate cer-
tainty) (Figure 3C). The 3 sensitivity analyses gave similar
results (Figures 68, see Appendix). There were no subgroup
effects based on follow-up time or prosthesis type for any of
these PROMs (Figures 9-10, see Appendix). 2 studies (25,33)
with 128 participants reported different versions of the OKS,
one with lower scores referring to better outcomes and the
other one in the other direction; thus, they were not meta-ana-
lyzed. Regardless, they both found no between-group differ-
ence in the OKS.

Range of motion

Results from 8 studies (22-24,26,27,31-33) with 2,013 patients
were combined with considerable heterogeneity (I> = 99%, p
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A WOMAC RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 1145 30 13(6.6) 30 21  —2.0(-4.9100.86) ®@O®®@®
Song 2013 (24) 29 (4.4) 29 30(7.5) 24 15 —1.1 (-4.5102.3) ®O®0®
Kim 2020 (27) 18 (14) 674 19 (15) 674 70 1.0 (-2.6 10 0.55) ®OOHO®
Lychagin 2022 (33) 1.3(05) 33 1.6(06) 35 89.2 —0.25(-0.51100.01) HHOHHO
Li 2022 (32) 81(46) 69 72 (44) 74 0.1 8.5 (—6.4 to 23) @O®@®
Xu 2022 (31) 13(13) 37 19 (31) 35 0.1 -6.9(-18104.3) - @O®0®
Total 872 872 -0.35 (-0.78 to 0.07) ¢
Heterogeneity: Tau = 0.03; Chi2 = 5.2, df =5 (p = 0.4); 12 = 3% . . ; ;

Test for overall effect Z=1.7 (p =0.1) -20 -10 0 10 20
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Figure 3. Forest plots showing the Western Ontario and McMaster University Osteoarthritis Index scores (A), Knee Society Scores (B), Hospital
for Special Surgery scores (C), range of motion (D), and implant survivorship (E) between robotic-assisted total knee arthroplasty (RATKA) and
conventional total knee arthroplasty (conventional TKA) using random-effects model and inverse variance method. SD = standard deviation, CI
= confidence interval. Note: outcome-level risk of bias legend (A) randomization process, (B) deviation from intended interventions, (C) missing

outcome data, (D) measurement of outcome, and (E) selective outcome reporting.

<0.001). ROM for RATKA was on average 0.73° lower than  ing RATKA (Figure 8, see Appendix), while the results of
that of the COTKA group (CI —7.5° to 6.0°, low certainty) the other 2 sensitivity analyses were in the opposite direction
(Figure 3D). The sensitivity analysis with the fixed-effects  (Figures 67, see Appendix). The large degree of uncertainties
model gave both the point estimate and the 95% CI favor-  disappeared in the 2 latter sensitivity analyses (I* decreased to
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Figure 4. Forest plots showing deviation from neutral mechanical axis (A) and the proportion of outliers (deviation > 3°) in the mechanical axis
alignment (B) between robotic-assisted total knee arthroplasty (RATKA) and conventional total knee arthroplasty (conventional TKA) using
random-effects model and inverse variance method. For abbreviations and Risk of Bias A-E, see Figure 3.
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Figure 5. Forest plots showing intraoperative blood loss (A), operative time (B), and hospital length of stay (C) between robotic-assisted total knee
arthroplasty (RATKA) and conventional total knee arthroplasty (conventional TKA) using random-effects model and inverse variance method. For
abbreviations and Risk of Bias A-E, see Figure 3.
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7-12%), which was most likely because 1 study (33) with an
extremely discordant result was excluded from both sensitiv-
ity analyses. No subgroup differences were seen either by fol-
low-up time or prosthetic type (Figures 9-10, see Appendix).

Mechanical alignment deviation and outliers

6 RCTs involving 1,871 participants (23-25,27,30,32) found the
deviation from neutral MA of 0.94° lower in RATKA (CI-1.1°
to —0.73°, moderate certainty) with minimal heterogeneity (I?
= 0%, p = 0.6) and all sensitivity analyses delivering concor-
dant results (Figures 6-8, see Appendix). Moreover, pooled
results from 2,092 participants from 8 studies (23,24,26,27,29-
32) showed that the risk of MA outliers with RATKA was
0.43 times the risk with COTKA (CI 0.27 to 0.67, moderate
certainty, 2 = 31%, p = 0.2), which translates to a number
needed to treat of 45 (CI 36 to 77). The sensitivity analyses
found similar results with a similar degree of heterogeneity.
There was a significant subgroup interaction (p = 0.03) based
on the prosthetic used, with both subgroup estimates favoring
RATKA but with a stronger effect in the CR subgroup (Figure
10, see Appendix).

Complications

7 studies of 1,772 patients reported complications associ-
ated with RATKA, 2 of which (22,23) reported only adverse
effects of RATKA. The details of the complications are
reported descriptively in Table 3 (see Appendix). No studies
reported the rate of periprosthetic infection, severe morbidity
or mortality secondary to the interventions. Only 1 study (27)
reported long-term implant survivorship at 15 years, defined
as any revision or aseptic loosening. They found no significant
between-group difference (98% survivorship in both groups;
RR 1.02; CI10.50 to 2.1, low certainty) (Figure 3E).

Other outcomes

4 studies with 1,638 participants (23,24,27,31) found an overall
114 mL lower blood loss in favor of RATKA (CI -298 to 69
mL, I? = 86%) (Figure 5A). 7 studies with 1,880 participants
(23-25,27-29,31) showed higher operative time for RATKA
compared with COTKA (MD 17 minutes; CI 5 to 30, 2=
99%) (Figure 5B). Hospital length of stay was similar between
the 2 interventions based on 2 studies with 102 participants
(25,31) (MD 0.22 days; CI-1.0 to 1.5, 1? = 47%) (Figure 5C).
Sensitivity analyses found all results in the same direction as
the primary ones (Figures 6-8, see Appendix).

Some of the proposed review outcomes were not meta-
analyzed. Only 1 study (33) reported pain scale as a contin-
uous outcome (lower pain scale in the RATKA group at 12
days); thus, a meta-analysis was not possible. 2 studies (26,32)
reported quality of life assessed with SF-36; however, they
were not combined because they reported summary statis-
tics of different sub-categories of SF-36. Nonetheless, both
studies delivered similar results with insignificant differences
between the 2 groups.

Discussion

From this systematic review and meta-analysis, RATKA prob-
ably results in little to no difference in the WOMAC and KSS
scores compared with COTKA. The evidence also suggests
that RATKA may not increase the HSS score or ROM. How-
ever, RATKA likely results in a significant reduction in the
proportion of MA outliers compared with COTKA, although
it probably does not reduce MA deviation to an important
effect size. Complication rates were generally similar with
no major complications reported and no difference in the rate
of implant survivorship based on 1 long-term study. Overall,
RATKA may provide more accuracy regarding radiological
alignment; however, it did not demonstrate superior clinical
or functional effects.

There were no statistically significant differences in
WOMAC and KSS between the 2 interventions with moder-
ate certainty and the 95% Cls excluding MIDs. Although sen-
sitivity analyses found variability in the results, all estimates
and their uncertainties help confirm that there probably were
no clinically meaningful differences. For HSS, the quality
of evidence was also at the moderate level with concordant
results among included studies, although optimal information
size was not met. The summarized results from all analyses on
HSS were concordant with WOMAC and KSS, showing no
evidence of important effects. Our pooled results of PROMs
were similar to previous meta-analyses of observational stud-
ies with overall non-clinically important differences between
RATKA and COTKA (5,7).

The primary analysis found an insignificant increase in
ROM favoring COTKA. Sensitivity analyses found vari-
able results, with some in favor of RATKA and others of
COTKA. Nevertheless, despite conflicting results between
various analyses, all 95% CIs were still largely lower than
the MID, confirming that there were probably no important
differences in ROM between the 2 interventions. Nonethe-
less, we should keep in mind when interpreting the results
of these functional outcome parameters that there probably
was a ceiling effect causing them to have low discriminatory
power (34,35).

Our meta-analysis of RCTs found a largely lower propor-
tion of MA outliers in RATKA compared with COTKA, which
was concordant with previous meta-analyses of observational
studies (5,7). However, we also found that the mean difference
in MA deviation, despite the angle being significantly lower
in RATKA, failed to meet the MID of 3°. This discordance
between the 2 analyses could have been because some trials
did not report the angle itself but only presented the proportion
of outliers, thus affecting the amount of raw information for
the continuous outcome analysis. Therefore, it is still unclear
whether RATKA is superior to COTKA in delivering more
accurate and clinically meaningful radiologic results. Regard-
less, it is important to note that the large effect size for MA
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outliers translates to a risk difference of only 22 per 1,000
and a number needed to treat of 45, which may be considered
non-clinically important. In fact, it is questionable whether
the 3° difference or any difference in MA deviation is at all
important, as many previous studies have questioned its asso-
ciation with long-term functional outcomes. Some studies and
reviews have reported that MA deviation was not significantly
associated with long-term functional outcomes and implant
survivorship; however, the quality of evidence was low due
to a limited number of studies, small sample sizes, and other
study limitations (36,37). Consequently, further studies are
still required to answer whether RATKA could deliver better
radiological outcomes and if such radiographic accuracy leads
to important clinical outcomes.

Nevertheless, we found a subgroup effect based on the type
of implant with the CR prosthesis yielding a larger treatment
effect than PS. However, this interaction could have also
been due to scarce events in the studies that employed a CR
prosthesis, with the 95% CI of the effect too wide to draw
any meaningful conclusion. Therefore, we cannot be certain
that there was a true difference in the outcome between the
subgroups from this meta-analysis. With an ongoing debate
on whether the type of prosthesis has any impact on patient
outcomes, further studies and future reviews are required to
deliver a more definitive answer.

No study reported mortality, and only one reported long-
term implant survivorship, which was probably because this
review was conducted at an early stage of the development of
evidence, and trials with long follow-up time are most likely
ongoing. Therefore, it is still inconclusive and not yet appro-
priate to conclude whether there were differences regarding
major adverse effects. Moreover, we found that RATKA may
increase the operative time and decrease intraoperative blood
loss, but the evidence is very uncertain due to study bias,
inconsistency, and imprecision. Also, the procedural time and
amount of bleeding are operator-dependent and depend on
the surgeons’ learning curve. For hospital length of stay, the
amount and quality of evidence was too low to determine any
conclusion. Similarly, there is not enough evidence regarding
other core outcome domains of patients with OA of the knee
(38), namely quality of life, pain as a separate modality, and
patients’ global assessment of the target joint, to allow for the
proper conduct of a meta-analysis.

With all things considered, there has not been enough high-
quality evidence supporting the use of RATKA, despite its
widespread use in many institutions. In fact, the expense of
investing in this technology is extremely substantial, with an
average added annualized cost ranging from 4,000 to 71,000
US dollars depending on surgical volume (39,40). Therefore,
we should be concerned not only about the clinical effective-
ness but also the cost-effectiveness of this intervention. Eco-
nomic decision analyses based on appropriate perspectives
are mandatory to help decide whether one should incorporate
such a costly intervention into clinical practice.

This review has some limitations. Although we could obtain
a satisfactory number of included trials, most of them were
small studies with generally moderate to high risk of bias.
They also employed robotic apparatus from different manu-
facturers that may aim for and provide different outcomes.
Furthermore, these robotic systems were from different cal-
endar years; thus, there may be differences among the inter-
ventions following technological evolution that might have
been a source of heterogeneity among the studies included.
Regardless, the random-effects models were obtained to con-
duct the meta-analyses to capture this potential between-study
heterogeneity. Also, most studies were from Asian countries,
potentially limiting the generalizability of this review’s results
to other settings. Additionally, the generalizability may also
be limited to only the robotic procedure aimed at neutral MA,
as all trials included in the analysis employed the concept of
mechanical rather than functional alignment. Moreover, we
could not identify many reports on many important clinical
outcomes, such as long-term survivorship and quality of life.
Some review outcomes and sensitivity analyses were ana-
lyzed from less than 5 studies. The small number of studies
and combined participants could have led to imprecise and
biased measures of consistency and estimates of treatment
effects. Also, we could not properly create funnel plots to
assess reporting bias due to a small number of studies for the
review outcomes. The inclusion of future RCTs assessing all
relevant mandatory outcome domains with low risk of bias
and high quality in reporting that could yield optimal infor-
mation size may help to potentially lead to more definitive
conclusions.

Conclusion

RATKA probably yields more precise prosthesis alignment
compared with COTKA based on MA outliers. However,
there is probably no clinically important difference in MA
deviation, PROMSs, and ROM, and there was insufficient evi-
dence on implant survivorship and complication rate. Future
well-designed RCTs focusing on longer follow-up periods
that evaluate all important outcome domains are required to
improve the quality and extent of the current evidence. Health
technology assessments and cost-analysis studies and reviews
should also be performed to guide decision-making in imple-
menting this novel intervention.
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Study Robotic-assisted total knee arthroplasty Conventional total knee arthroplasty
Park, 2007 n = 6 (group sample = 32) Not reported
1 superficial infection, 1 patellar tendon rupture, 1 patella
dislocation, 1 postoperative supracondylar fracture, 1 patellar
fracture, and 1 peroneal injury
Song, 2011 n =0 (group sample = 30) Not reported
“no major adverse events, such as deep infection or loosening
requiring revision”
Song, 2013  n =11 (group sample = 50) n = 11 (group sample = 50)
Local complication (n = 6): 2 superficial infection, 1 seroma Local complication (n = 3): 2 superficial infection,
at pin site, 2 patellar tendon abrasion, 1 skin rash. 1 incisional skin sloughing
Systemic complications (n = 5): 1 lymphatic edema, 1 crepitus, Systemic complications (n = 8): 2 gastrointestinal
2 arrhythmia, and 1 pleural effusion. issue,1 cerebrovascular accident, 3 pleural
effusion, and 2 foot numbness
Liow, 20142 n =2 (group sample = 31) likely duplicates of Liow, 2017 n = 2 (group sample = 29) likely duplicates of Liow, 2017
1 deep vein thrombosis, 1 superficial wound infection 1 deep vein thrombosis, 1 postoperative delirium
Liow, 2017 n =4 (group sample = 31) n = 2 (group sample = 29)
1 deep vein thrombosis, 1 superficial wound infection, 1 deep vein thrombosis, 1 postoperative delirium
1 deep vein thrombosis and septic arthritis, and
1 persistent lateral knee pain
Kim, 2020 n =4 (group sample = 724) n = 8 (group sample = 724)
4 superficial infection 4 superficial infection, 4 motion limitation
Kayani, 2021 n =0 (group sample = 15) n =0 (group sample = 15)
“There was no postoperative complication” “There was no postoperative complication”
Xu, 2022 n =10 (group sample = 37) n =11 (group sample = 35)
only deep vein thrombosis reported only deep vein thrombosis reported)
Total 35 per 919 32 per 853

2 Sample not included in the total row as they were duplicates of Liow, 2017
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SUMMARY OF FINDINGS: Robotic-assisted total knee arthroplasty compared with conventional total knee arthroplasty for adult patients
with primary osteoarthritis of the knee

Relative Certainty of
Risk with Risk with effect Participants the evidence
Outcomes RATKA  Conventional TKA  (95% CI) (studies) (GRADE) Comments
WOMAC score (lower = better) Mean score range MD -0.35 1,744 BP0
time: 3 months to 13 years 1.3-81 points  1.6-72 points  (-0.78 t0 0.07) (6 RCTs) MODERATE 2 MID = 15
KSS score (higher = better) Mean score range MD 0.89 1,685 D8P0
time: 3 months to 13 years 67-93 points 6692 points (-0.18 to 2.0) (5RCTs) MODERATEPc MID=6
HSS score (higher = better) Mean score range MD 0.67 256 BP0
time: 3 to 65 months 80-96 points  80-95 points  (—0.99 to 2.3) (3RCTs) MODERATE%e MID=13
Range of motion (higher = better) Mean range MD -0.73° 2,013 ®@e00
time: 3 months to 13 years 115°-129° 112°-129° (=7.5° t0 6.0°) (8 RCTs) LOW f9 MID = 30
Deviation from neutral
mechanical axis Mean deviation range MD -0.94° 1,871 ®6H60
time: postoperative to 13 years 0.2°-2° 1.2°-3° (=1.1°t0 -0.73°) (6 RCTs) MODERATEhI MID=3
Mechanical axis outliers 125 per 1,048 53 per 1,044 RR 0.43 2,092 PODO Risk difference 22
time: postoperative to 13 years (0.27 to0 0.67) (8 RCTs) MODERATE %! (13-28) fewer/1,000
Number needed to
treat = 45 (36-77)
Adverse effects 35 per 919 32 per 853 n/a 1,772 2 studies only
(7 RCTs) n/a reported complica-
tions in the RATKA
arm. No significant
morbidity or mortality
reported
Implant survivorship 15 per 750 15 per 766 RR 1.02 1,516 ®S00 Risk difference 0
(0.50 to 2.1) (1 RCT) Lowm (—10 to 21)/1,000

Abbreviations: TKA = total knee arthroplasty, RATKA = robotic-assisted total knee arthroplasty, Cl = Confidence interval, WOMAC = Western

Ontario and McMaster University Osteoarthritis Index, KSS = Knee Society Score, HSS = Hospital for Special Surgery, MD = Mean difference,

RR = Risk ratio, MID = Minimal important difference.

GRADE Working Group grades of evidence

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect.

Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but
there is a possibility that it is substantially different.

Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect.

Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate
of effect.

a 2 studies had high risk of bias, 1 of which had the highest contribution to the effect estimate.

b 1 study had high risk of bias (allocation concealment) that was important, but it contributed to only 0.7% weight of the effect estimate.

¢ most point estimates in the same direction, Cls overlap, |2 = 25% with insignificant Chi-squared test but it was quite large due to the study
with high risk of bias.

d 1 study with high contribution (29.7% weight) had high risk of bias (large missing outcome proportion) but its result was similar to the other
studies.

€ optimal information size using the rule of thumb ( n= 400) was not met but Cl covers no effect and excludes important clinical benefit.

f 2 studies had high risk of bias, 1 of which (Lychagin) had a relatively high contribution (37.3%) to the effect estimate and changed the over-
all direction of effect.

9 most point estimates in a different direction with non-overlapping confidence intervals, large I2 of 99%. The heterogeneity could be
explained by Lychagin’s study (risk of bias and type of robot used).

h" 1 study with high risk (allocation concealment) which was important and contributed to 14.8 % weight of the result, but excluding it did not
change the pooled result.

f Cl excludes no effect but did not include important difference.

J 1 study had high risk of bias (allocation concealment) that was important, but it contributed to only 0.09% weight of the effect estimate.

k' point estimates in the same direction with mostly overlapping Cl, although 12 is relatively large (31%), which was due to studies with scarce
events.

I optimal information size using the rule of thumb (events = 300) was not met but Cl excludes no effect and includes a large benefit.

m optimal information size using the rule of thumb (events = 300) was not met and Cl includes no effect and also includes a large benefit and
harm.
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A WOMAC RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 1(45) 30 13(6.6) 30 222  -2.0(-4.9 t0 0.86) @O®P®
Kim 2020 (27) (14) 674 (15) 674 756 —1 .0 (-2.6 10 0.55) ®O®O®
Li 2022 (32) 81(46) 69 72 (44) 74 0.8 5 (-6.4 to 23) @®®@®
Xu 2022 (31) (13) 37 (31) 35 1.4 —6 9 (1810 4.3) — @O®2®
Total 810 813 -1.2(-2.6 10 0.12) @

Heterogeneity: Tau = 0.00; Chi? = 3.0, df = 3 (p = 0.4); 12 = 0% T T T T
Test for overall effect Z= 1.8 (p = 0.07) -20 -10 0 10 20
Favors RATKA Favors conventional TKA

B KSS Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Park 2007 (22) 91(49) 30 92(29) 32 74  —0.70 (2.7 10 1.3) — @e®®®
Kim 2020 (27) ( 674 ( 674 871 —1.0(-1.6t0—-0.41) ] ®OH®HO®
Li 2022 (32) 68 (10) 74 70(7.3) 69 37 —2.2(-5.1100.67) —t O®®
Xu 2022 (31) ( 35 (10) 37 18 -1.0(-5.1t03.1) — @OOO®
Total 813 812 -1.0 (-1.6 to -0.47) %

Heterogeneity: Tau = 0.00; Chi? = 0.75, df =3 (p = 0.9); 12 = 0% . . ! . .
Test for overall effect Z = 3.6 (p < 0.001) -20 -10 0 10 20
Favors RATKA Favors conventional TKA

C HSS score Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 95(5.0) 30 95(4.0) 30 747 -0.50(-2.81t01.8) ®@O®®
Li 2022 (32) 79 (12) 74 80(12) 69 253 —0.65(-4.6103.3) @O®@®
Total 104 99 -0.54 (-2.5t0 1.4)

Heterogeneity: Tau = 0.00; Chi2 = 0.00, df = 1 (p = 0.95); I = 0%
Test for overall effect Z=0.5 (p = 0.6) T T } T :
-20 -10 0 10 20
Favors RATKA Favors conventional TKA

D ROM Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Park 2007 (22) 122(17) 30 118 (9.0) 32 40  4.0(-2.8to11) — @0®2®
Song 2011 (23) 129 (13) 30 129 (14) 30 4.1 0.0 (-6.710 6.7) —_— (OI0000)
Song 2013 (24) 129 (12) 50 128 (51) 50  12.1 1.0 (2.7 t0 4.7) —— ®OO®?@
Kim 2020 (27) 128 (7.0) 724 125(6.0) 724 712 3.0(2.3103.7) [ | ®EO®®
Xu 2022 (31) 120 (19) 35 115 (11) 37 3.7 5.0 (-2.1t0 12) — @0O®0®
Li 2022 (32) 112 (19) 74 115 (18) 69 49 —29(-9.0t03.2) _— @®®®®
Total 943 942 2.5(1.1t0 3.9) <
Heterogeneity: Tau = 0.59; Chi2=5.7, df =5 (p = 0.3); 2= 12% p . .

Test for overall effect Z = 3.5 (p < 0.001) -20 -10 0 10 20
Favors RATKA Favors conventional TKA

E MA deviation RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 02(1.6) 30 12(21) 30 57  —1.0(-1.9 to -0.06) ®OO®®®
Song 2013 (24) 05(1.4) 50 12(29) 50 6.3 -0.70 (~1.6t0 0.19) —_— (OO00)]
Kim 2020 (27) 2.0(20) 724 30(3.0) 724 731 -1.0(-1.3t0-0.74) | HEE®®
Li 2022 (32) 18(1.6) 69 30(7) 74 9.4  -1.2(-2.0t0-0.49) _— @O®®®
Vaidya 2022 (30) 1.8(1.2) 30 3.0(24) 30 55 -1.2(-2.2t0-0.24) @®®?®
Total 903 908 -1.0 (-1.2 to -0.79) ¢
Heterogeneity: Tau = 0.00; Chi2 = 0.94, df =4 (p = 0.9); 12 = 0% : : : :

Test for overall effect Z = 8.8 (p < 0.001) -4 -2 0 2 4
Favors RATKA Favors conventional TKA

F MA outlier (> 3°) RATKA Conventional TKA  Weight Risk of bias
Study events n events n % Risk ratio (95%Cl) Risk ratjo (95%Cl) ABCDE
Song 2011 (23) 0 30 7 30 24  007(000t011) +—— ®@®®®®
Song 2013 (24) 0 50 12 50 25  0.04(0.00t00.66) +— ®O®®®
Kim 2020 (27) 20 724 43 724 326  0.67(0.431t01.1) . ®OOD®
Thiengwittayaporn 2021 (29) 4 75 12 77 128 0.34(0.12101.0) — QOEO®®
Li 2022 (32) 13 69 27 74 274  0.52(0.29t0 0.92) —-— @O®®®
Vaidya 2022 (30) 1 30 8 30 46  0.13(0.02t0 0.94) @O®O®
Xu 2022 (31) 6 35 12 34 17.7 049 (0.21t01.2) —- DE®®®
Total 1,013 1,019 0.44 (0.28 to0 0.70) S
Heterogeneity: Tau = 0.11; Chi2 =9, df =6 (p = 0.2); I> = 33% T T T 1
Test for overall effect Z = 3.5 (p < 0.001) 0.01 0.1 0 10 100

Favors RATKA Favors conventional TKA
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G Blood loss RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 587 (385) 30  816(425) 30 243 —229 (-435 to —24) —_— ®@OGR®
Kim 2020 (27) 261 (107) 700 255 (110) 706  52.0 6 (-5.4t0 17) ®@EEO®
Xu 2022 (31) 933 (454) 37 863 (458) 35 237 70 (—141 to 280) @O®@®
Total 767 77 -36 (-175 t0 102)
Heterogeneity: Tau = 9,592; Chi2 = 5.4, df =2 (p = 0.07); I = 63% . . I . .
Test for overall effect Z = 0.51 (p = 0.6) -500 -25 0 250 500

0
Favors RATKA Favors conventional TKA

Operative time RATKA Conventional TKA Weight Difference Difference Risk of bias
H Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE

Kim 2020 (27) 97 (11) 700 69 (6.3) 706  27. 28 (27 to 29) m ®@OO®D®

Song 2011 (23) 95 (18) 30 70 (15) 30 243 25 (17 to 33) —-— ®@OE®RO®

Thiengwittayaporn 2021 (29) 70 (12) 75 62(10) 77 266  82(47t012) - 00®®®

Xu 2022 (31) 154 (21) 37 115(30) 35  21.9 39 (27 to 51) —— @OO®0®

Total 842 848 24 (12 0 37) -

Heterogeneity: Tau = 157; Chi2 = 117, df = 3 (p < 0.001); 12 = 97% . . : .

Test for overall effect Z = 3.7 (p < 0.001) -50

-25 50
Favors RATKA Favors conventional TKA

Figure 6. Forest plots showing the Western Ontario and McMaster University Osteoarthritis Index scores (A), Knee Society Scores (B), Hospital
for Special Surgery scores (C), range of motion (D), deviation from neutral mechanical axis (E), mechanical axis alignment outliers (F), intraop-
erative blood loss (G) and operative time (H) between robotic-assisted total knee arthroplasty (RATKA) and conventional total knee arthroplasty
(conventional TKA) after excluding studies with high risk of bias using random-effects model and inverse variance method. For abbreviations and
Risk of Bias A-E, see Figure 3.

A WOMAC RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 11(45) 30 13(6.6) 30  19.6  —2.0(—4.9t00.86) ®@O®P®
Song 2013 (24) 29 (4.4) 29 30(75) 24 138 -1.1(-451023) ®O®O®
Kim 2020 (27) 18 (14) 674 19(15) 674 666  —1.0(-2.6100.55) ®OHHO®
Total 733 728 -1.2 (-2.5 to 0.05)
Heterogeneity: Tau = 0.00; Chi2 = 0.37, df =2 (p = 0.8); 12 = 0% T T T T T
Test for overall effect Z = 1.9 (p = 0.06) -20 -10 0 10 20

Favors RATKA Favors conventional TKA

B KSS Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Park 2007 (22) 91(49) 30 92(29) 32 349 -0.70(=27t01.3) —=r @0®2®
Liow 2017 (25) 88 (11) 29 82(15 31 68  6.1(-0.411013) — 9®®@®
Kim 2020 (27) 92(6.0) 674 93(5.0) 674 583 —1.0(-1.6t0-0.41) n @E®O®
Total 733 737 -0.41 (-2.2t0 1.4) #
Heterogeneity: Tau = 1.4; Chi2 = 4.6, df =2 (p = 0.1); I> = 56% T T T T T
Test for overall effect Z = 0.45 (p = 0.7) -20  -10 0 10 20

Favors RATKA Favors conventional TKA

C HSS score Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 95(5.0) 30 95(4.0) 30 639 —-0.50(-2.8101.8) ®O®®P®
Song 2013 (24) 95(6.7) 24 96(4.0) 29 361 —1.0(-4.1t02.1) OO Q0]
Total 54 59 -0.68 (-2.5t01.2)
Heterogeneity: Tau = 0.00; Chi2 = 0.07, df =1 (p = 0.8); I = 0% , . . .
Test for overall effect Z=0.73 (p = 0.5) -20 -10 6 10 20

Favors RATKA Favors conventional TKA

D ROM Conventional TKA RATKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Park 2007 (22) 122(17) 30 118(9.0) 32 27  40(-28t011) — @e®0®
Song 2011 (23) 129 (13) 30 129 (14) 30 28  0.0(-6.7t06.7) e ®OO®®
Song 2013 (24) 129 (12) 50 128 (5.1) 50 8.7 1.0 (-2.7t0 4.7) —— ®OO®®
Liow 2017 (26) 126 (10) 29 117 (16) 31 29  82(1.6t015) ®®R®
Kim 2020 (27) 128 (7.0) 724 125(6.0) 724 829 3.0(2.3t03.7) [ | HEHGH®
Total 863 867 2.9 (1.8 10 4.1) 'S
Heterogeneity: Tau = 0.29; Chi2 =4.3,df =4 (p =0.4); 2 =7% T T T ]
Test for overall effect Z = 5-01 (p < 0.001) -20 -10 0 10 20

Favors RATKA Favors conventional TKA
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E MA deviation RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 02(1.6) 30 12(21) 30 52 1.0 (1.9 to -0.06) @OOH®®
Song 2013 (24) 05(1.4) 50 12(29) 50 59 —0.70 (—1.61t00.19) i ®OO®®®
Liow 2014 (25) 1.3(0.9) 31 1.8(1.2) 29 161 —0.50 (-1.0t0 0.04) —— OP®®®
Kim 2020 (27) 2.0(20) 724 30(30) 724 678 -1.0(-1.3t0-0.74) = ®OO®®
Vaidya 2022 (30) 1.8(12) 30 3.0(24) 30 51  -1.2(-2.2t0-0.24) _ @O®@®
Total 865 863 -0.91 (-1.1 to -0.70) ¢
Heterogeneity: Tau = 0.00; Chi? = 3.3, df =4 (p = 0.5); I = 0% T T T T
Test for overall effect Z = 8.3 (p < 0.001) -4 -2 2 4

Favors RATKA Favors conventional TKA

F MA outlier (> 3°) RATKA Conventional TKA  Weight Risk of bias
Study events n events n % Risk ratio (95%Cl) Risk ratio (95%Cl) ABCDE
Song 2011 (23) 0 30 7 30 83  0.07(0.00t01.1) — ®OO®®®
Song 2013 (24) 0 50 12 50 84  0.04(0.00t00.66) «—=—— ®OO®®
Liow 2014 (25) 0 31 4 29 80  0.10(0.011t0 1.9) 0®®®®
Kim 2020 (27) 29 724 43 724 36.2  0.67 (0.43t0 1.1) 0+ HEH®®
Thiengwittayaporn 2021 (29) 4 75 12 77 255  0.34(0.12101.0) — O®®®
Vaidya 2022 (30) 1 30 8 30 13.5  0.13 (0.02to 0.94) _— @®27®
Total 940 940 0.25 (0.10 to 0.63) -

Heterogeneity: Tau = 0.55; Chi2 = 10, df =5 (p = 0.07); 2 =51% T T T )
Test for overall effect Z = 3.0 (p = 0.003) 0.01 0.1 0 10 100
Favors RATKA Favors conventional TKA

G Blood loss RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Song 2011 (23) 587 (385) 30  816(425) 30 296 —229 (~435 to —24) —e ®@OGR®
Song 2013 (24) 613(318) 50 933 (467) 50 326 -320(-477t0-163) ———=—— ®O®O®
Kim 2020 (27) 261 (107) 700 255 (110) 706  37.8 6.0 (-5.410 17) ®OHO®
Total 780 786 -170 (-410 to 70)

Heterogeneity: Tau = 39,641; Chi2 = 22, df =2 (p <0.001); 2 =91% r T T T T
Test for overall effect Z=1.4 (p = 0.2) -500 -250 0 250 500
Favors RATKA Favors conventional TKA

H Operative time RATKA Conventional TKA Weight Difference Difference Risk of bias
Study mean (SD) n mean (SD) n % mean (95%Cl) mean (95%Cl) ABCDE
Thiengwittayaporn 2021 (29) 70 (12) 75 62(10) 77 168  82(47t012) - Oe®®
Song 2013 (24) 99 (11) 50 74(10) 50 168 25 (21 to 29) = ®OHO®
Song 2011 (23) 95(18) 30 70(15) 30  16.0 25 (17 to 33) —— ®OO®R®
Liow 2017 (36) 91(10) 31 93(14) 29 164 —2.0(-8.2t04.2) —r @®®R®
Kim 2020 (27) 97 (1) 700 69 (6.3) 706  17.0 28 (27 to 29) = OO
Kayani 2021 (28) 61(3.1) 15 62 (3.4) 15 170 -1.0(-3.3t01.3) - E®0
Total 901 907 14 (0.41 to 27) i
Heterogeneity: Tau = 275; Chi? = 657, df =5 (p < 0.001); I2 = 99% ; ; ; ;

Test for overall effect Z = 2.0 (p = 0.04) -50 -25 0 25 50

Favors RATKA Favors conventional TKA

Figure 7. Forest plots showing the Western Ontario and McMaster University scores Osteoarthritis Index scores (A), Knee Society Scores (B),
Hospital for Special Surgery scores (C), range of motion (D), deviation from neutral mechanical axis (E), mechanical axis alignment outliers
(F), intraoperative blood loss (G) and operative time (H) between robotic-assisted total knee arthroplasty (RATKA) and conventional total knee
arthroplasty (conventional TKA) including only studies that employed commonly-used robotic systems using random-effects model and inverse
variance method. For abbreviations and Risk of Bias A-E, see Figure 3.
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Figure 8. Forest plots showing the Western Ontario and McMaster University Osteoarthritis Index scores (A), Knee Society Scores (B), Hospital
for Special Surgery scores (C), range of motion (D), deviation from neutral mechanical axis (E), intraoperative blood loss (F), operative time (G),
and hospital length of stay (H) between robotic-assisted total knee arthroplasty (RATKA) and conventional total knee arthroplasty (conventional
TKA) analyzed with the fixed-effects models using fixed-effects model and inverse variance method. For abbreviations and Risk of Bias A—E, see
Figure 3.
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Figure 9. Forest plots showing subgroup analyses based on mean follow-up time for the Western Ontario and McMaster University Osteoarthritis
Index scores (A), Knee Society Scores (B), Hospital for Special Surgery scores (C), and range of motion (D) between robotic-assisted total knee
arthroplasty (RATKA) and conventional total knee arthroplasty (conventional TKA) using random-effects model and inverse variance method. For
abbreviations and Risk of Bias A-E, see Figure 3.
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Figure 10. Forest plots showing subgroup analyses based on type of prosthesis for the Western Ontario and McMaster University Osteoarthritis
Index scores (A), range of motion (B), deviation from neutral mechanical axis (C), and mechanical axis alignment outliers (D) between robotic-
assisted total knee arthroplasty (RATKA) and conventional total knee arthroplasty (conventional TKA) using random-effects model and inverse
variance method. For abbreviations and Risk of Bias A-E, see Figure 3.



