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Investigation performed at Siloam Hospitals Lippo Village, Tangerang, Indonesia

Background: Total knee arthroplasty (TKA) has long been considered the definitive treatment for knee osteoarthritis.
Although tremendous improvements have been made in surgical techniques for conventional TKA, a substantial dissat-
isfaction rate among patients has persisted because of moderate-to-severe pain and stiffness following TKA. Robot-
assisted TKA was developed as an alternative to conventional TKA with the goal of improving operative precision and
producing better clinical outcomes with minimal postoperative complications. The aim of this study was to compare the
radiographic outcomes, duration of surgery, and complication rate between robot-assisted TKA and conventional TKA.

Methods: We conducted relevant literature searches of Medline, Scopus, ClinicalTrials.gov, and the Cochrane Library databases
with use of specific keywords. The outcomes for continuous variables were pooled into mean differences, whereas the outcomes
for dichotomous variables were pooled into odds ratios with 95% confidence intervals with use of random-effects models.

Results: A total of 12 randomized clinical trials were included. Our pooled analysis revealed that robot-assisted TKA was asso-
ciated with fewer outliers in the hip-knee-ankle (HKA) angle (p < 0.0001), femoral component (coronal) angle (p = 0.0006), femoral
component (sagittal) angle (p = 0.009), tibial component (coronal) angle (p = 0.05), and tibial component (sagittal) angle (p = 0.01)
when compared with conventional TKA. The postoperative HKA angle was also significantly more neutral in the robot-assisted TKA
group (mean difference, —0.77°; p < 0.0001). However, the complication rate did not differ significantly between the 2 groups.

Conclusions: Robot-assisted TKA may produce more accurate placement of the prosthetic component and better joint
alignment accuracy than conventional TKA as shown by fewer outliers in several joint angles.

Level of Evidence: Therapeutic Level |. See Instructions for Authors for a complete description of levels of evidence.

encountered in daily clinical practice'. OA is caused by a

degenerative process within the joint resulting from
mechanical damage and inflammation in the cartilage and most
commonly occurs in the knee'. The global prevalence of knee
OA is estimated to be 16% among individuals aged 215 years
and 22.9% among individuals aged 240 years’. Although knee
OA does not directly result in death, the pain and limitations of
daily activities that result from this disease can reduce quality of
life’.

Management of knee OA generally involves symptomatic
therapy with painkillers combined with physiotherapy or reha-
bilitation programs™. In situations in which knee OA does not
respond to drug therapy or physiotherapy, as well as in advanced
stages of knee OA, the main modality for reducing pain and

O steoarthritis (OA) is the most common type of arthritis

restoring joint function is a surgical procedure such as total knee
arthroplasty (TKA)®. Although TKA is the definitive treatment for
knee OA, studies have demonstrated a substantial rate of patient
dissatisfaction (approximately 20%) postoperatively®’. Limited knee
function and persistent moderate-to-severe pain and stiffness fol-
lowing TKA can contribute to patient dissatisfaction®. In addition,
TKA has been associated with several complications, such as joint
instability, that can arise postoperatively as a result of improper
placement of the prosthetic components*. Therefore, to overcome
these problems, new technologies continue to be developed. Robot-
assisted TKA, for example, was developed with the aim of increasing
the precision of prosthetic component placement and alignment in
order to improve postoperative knee function and minimize post-
operative pain and stiffness’. Unfortunately, randomized trials have
had conflicting results regarding robot-assisted TKA. Song et al.’

Disclosure: The Disclosure of Potential Conflicts of Interest forms are provided with the online version of the article (http://links.lww.com/JBJSOA/A518).

Copyright © 2023 The Authors. Published by The Journal of Bone and Joint Surgery, Incorporated. All rights reserved. This is an open-access article
distributed under the terms of the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where it is permissible to download

and share the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

JBJS Open Access e 2023:€23.00010. http://dx.doi.org/10.2106/JBJS.0A.23.00010

openaccess.jbjs.org 1


http://links.lww.com/JBJSOA/A518
http://creativecommons.org/licenses/by-nc-nd/4.0/

Radiographic Outcomes of Robot-Assisted TKA Versus Conventional TKA

JBJS Open Access ® 2023:€23.00010.

reported that robot-assisted TKA was associated with better clinical
outcomes (specifically, higher postoperative knee scores and greater
range of motion) and better radiographic results (specifically, im-
proved alignment accuracy and fewer outliers) compared with
conventional TKA. In contrast, Liow et al."” found no difference in
functional outcomes between robot-assisted TKA and conventional
TKA even though robot-assisted TKA was associated with a signif-
icant decrease in mechanical axis outliers. The purpose of the pre-
sent systematic review and meta-analysis was to summarize the
evidence from randomized clinical trials (RCTs) in order to compare
the radiographic outcomes, duration of surgery, and complication
rate between robot-assisted TKA and conventional TKA.

Materials and Methods
Eligibility Criteria

his review was written in accordance with the PRISMA

(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statement and the Cochrane Handbook guide-
lines'". A study was included if it met the following criteria,
which are presented in the PICO (Population, Intervention,
Control, and Outcomes) format. The population (P) was
patients with knee OA who were candidates for surgical
therapy in the form of TKA. The intervention (I) was TKA
carried out with robot assistance (robot-assisted TKA). The
control (C) was TKA procedures carried out manually, or
conventionally (conventional TKA). The outcomes (O) were the
duration of surgery, the rate of complications, and radiographic
outcomes (as described below). In addition, all included studies
were randomized trials.

Studies were excluded if they met 21 of the following
criteria: (1) the population consisted of patients undergoing
unicompartmental knee arthroplasty (UKA), (2) a comparison
group was not utilized, (3) the study was not available in full-
text format (i.e., it was available as an abstract only), and (4) the
study was not an RCT.

Literature Search and Study Selection

A comprehensive search of 4 databases, Medline, Scopus, Co-
chrane Library, and ClinicalTrials.gov, for all literature in the
English language published on or before January 5, 2023, was
conducted independently by 2 authors. The following key-
words were used to obtain relevant literature: “(robot OR
robotic OR robot-assisted OR robot arm-assisted) AND
(conventional OR manual OR non-robotic) AND (total
knee arthroplasty OR TKA OR total knee replacement OR
TKR) AND (clinical trials OR randomized trials OR RCT).”
Two authors independently screened articles on the basis of the
title and/or abstract and removed duplicates. For articles that
passed the title and/or abstract screening, these 2 authors also
performed a full-text assessment of study eligibility based on the
inclusion criteria. All discrepancies were resolved through dis-
cussion. If there were >2 articles by the same author in which the
same outcome was reported, the most recent article with the
longest follow-up duration was included. However, if completely
different outcomes were reported, then both articles were in-
cluded for data analysis purposes.
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Data Extraction and Quality Assessment

The data extraction process was carried out independently by 2
authors. Data were tabulated with use of Microsoft Excel 2019.
The following data were extracted: author names, year of publi-
cation, study design, number of samples, baseline characteristics
of study participants, robotic system utilized for robot-assisted
TKA, robotic system manufacturer, prosthesis utilized for TKA,
prosthesis manufacturer, and the outcome of interest in the form
of radiographic outcomes, the duration of surgery, and the
complication rate.

The outcomes of interest in this review were divided into
3 categories: duration of surgery, complication rate, and radio-
graphic outcomes. Radiographic outcomes consisted of the hip-
knee-ankle (HKA) angle, the femoral component (coronal)
(FCC) angle, the femoral component (sagittal) (FCS) angle, the
tibial component (coronal) (TCC) angle, the tibial component
(sagittal) (TCS) angle, and the number of outliers (>+3°) for
each angle. For the HKA angle outcome, we calculated the
difference between the postoperative scores (i.e., at the latest
follow-up) and preoperative scores. For outcomes related to the
FCC angle, FCS angle, TCC angle, and TCS angle, we only
calculated the postoperative values.

The same 2 authors also performed a risk of bias
assessment of the included RCTs with use of the Risk of Bias
2 tool (RoB v2; The Cochrane Collaboration). This tool
consists of a methodological assessment of 5 domains: (1)
randomization process, (2) deviations from the intended
interventions, (3) missing outcome data, (4) measurement
of the outcome, and (5) selection of the reported results.
Studies were categorized as having “low risk,” “high risk,” or
“some concerns” of bias.

Statistical Analysis

Mean differences and 95% confidence intervals (95% Cls) were
computed with use of the inverse-variance formula to compare
the continuous variable outcomes between the intervention
group and the control group. Dichotomous variable outcomes
were computed as odds ratios (ORs) and 95% ClIs with use of
the Mantel-Haenszel formula. The level of significance was set
at p < 0.05. Random-effects models were chosen with the
expectation that significant heterogeneity would result from
differences between the studies regarding the characteristics
of the study population, the duration of follow-up, and
the robotic system or prosthesis that was utilized. The
heterogeneity between studies was assessed with use of the
I-squared (I?) statistic. I? values of £25%, 26% to 50%, and
>50% were categorized as low, moderate, and high heter-
ogeneity, respectively. A combination of formulas from Luo
et al.” and Wan et al."* was utilized to convert data ex-
pressed as the median and interquartile range or as the
median, minimum, and maximum to the mean and the
standard deviation (SD) for the purposes of the pooled
analysis. A publication bias analysis was performed for each
outcome of interest for which >10 studies were utilized. All
statistical analyses were carried out with use of Review
Manager 5.4 (The Cochrane Collaboration).
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Results
Study Selection and Characteristics

literature search of Scopus, Medline, Cochrane Library,

and ClinicalTrials.gov yielded a total of 166 studies. One
hundred and twenty-two articles were found to be duplicates on
the basis of a review of their titles and abstracts and were excluded.
The full-text version of the remaining 44 articles was assessed for
eligibility; of these, 32 were excluded for the following reasons: 10
were not RCTs, 8 did not have data on the specified outcomes of
interest, 8 were review articles, 3 included UKAs only, 2 did not
have a control group, and 1 was not published in the English
language. Ultimately, 12 RCTs"”* with a total of 2,591 patients
with knee OA were included in the final analysis (Fig. 1). Of these
12 RCTs, 10 were prospective and 2 were retrospective. Sample
sizes of the included RCTs ranged from 33 to 1,348 patients. The
study follow-up period ranged from 3 months to 13.5 years.
Among the included trials, the most common robotic system was
ROBODOC + ORTHODOC (pre-planning) from CUREXO and
the most common prosthesis was the NextGen PS implant from
Zimmer Biomet. Further details regarding the baseline charac-
teristics of the included RCTs are shown in Table L

Assessment of Study Quality
With use of the RoB tool, we found that only 3 RCTs'**** had a
“low risk” of bias in all 5 assessment domains. Seven'>!7'%2!+2¢

166 Records identified through database searching
57 Scopus
55 Medline
46 Cochrane Library
8 ClinicalTrials.gov

I

166 Records screened
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of the 12 RCTs were judged to have “some concerns” of bias for
the following reasons: all 7 had “some concerns” of bias in the
randomization process (because the allocation-concealment
methods following the randomization process were not de-
scribed and therefore we could not be sure that the allocations
were concealed), and 4 studies'>'”'*** also had “some concerns”
of bias in the measurement of the outcome (because the studies
did not provide enough information regarding whether the
outcome measurement was performed in a blinded fashion).
The remaining 2 RCTs"* were judged to have a “high risk” of
bias. Of these 2 studies, 1 RCT" did not have allocation con-
cealment following randomization and there were no differ-
ences in the baseline characteristics of participants, which
suggested that there could have been problems during randomi-
zation (i.e., “some concerns” of bias in the randomization process).
Moreover, the outcome measurement was not blinded, which
may have caused a biased assessment of the results (i.e., a “high
risk” of bias in the outcome measurement). The other RCT” did
not have allocation concealment following randomization, nor
did it provide data regarding the baseline characteristics of the
participants (i.e., a “high risk” of bias in the randomization
process). Additionally, the outcome measurement was not
performed in a blinded fashion (i.e., a “high risk” of bias in the
outcome measurement). A summary of the risk of bias
assessment is presented in Table II.

122 Records excluded on the basis of title and abstract

and duplicates removed

v

44 Full-text articles assessed for eligibility

32 Full-text articles excluded, with reasons
10 Not randomized trials

A,

12 Studies included in qualitative synthesis

l

12 Studies included in quantitative synthesis
(meta-analysis)

Fig. 1

No outcome of interest
Review articles

Only performed UKA
No control group

Not in English language

= N W o 0

PRISMA diagram illustrating the process for selecting studies for inclusion in the present systematic review and meta-analysis.
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TABLE | Characteristics of the Included Studies*

Study Population
Sample Size Male BMIt Mean Robotic Robotic System Prosthesis
Study Study Design (no. of knees) Aget (yr) Sex (%) (kg/m?) Follow-up System Manufacturer Prosthesis Manufacturer
Banger MS et al.15 Prospective RCT 70 69.7 £ 7.4 47.1% 32.2+12.1 N/A MAKO system Stryker Restoris MCK Stryker
(2020) fixed-bearing
onlay implant
Blyth MJG et aI.16 Prospective RCT 76 69.6 +7.3 50% 325+6.6 1yr MAKO system Stryker Restoris MCK Stryker
(2021) fixed-bearing
onlay implant
Cho KJ et al.:L7 Retrospective RCT 390 67.8+4.4 12% N/A 11 yr ROBODOC + CUREXO NexGen CR & PS Zimmer Biomet
(2019) ORTHODOC (pre- implants
planning)
Winnock de Grave  Retrospective RCT 80 679 +9.6 36.2% 30.1+51 1yr MAKO system Stryker Triathlon TKA Stryker
Petal.” (2022) implant
Kim YH et al.19 Prospective RCT 1,448 60.5+75 20.4% 285+85 13.5yr ROBODOC + Integrated Duracon Stryker
(2020) ORTHODOC (pre- Surgical posterior
planning) Technology cruciate-
substituting total
knee prosthesis
Liow MHL et aI.20 Prospective RCT 60 N/A N/A  N/A 2yr ROBODOC + CUREXO NexGen LPS-Flex Zimmer Biomet
(2017) ORTHODOC (pre- PS implant
planning)
LiZet al.21 (2022) Prospective RCT 150 685+7 18.7% 27.2+3.3 3 mo Legion system + Smith & Nephew, LEGION PS Smith & Nephew
HURWA TKA BEUJING HURWA-  implant
system ROBOT
Technology
Song EK et al.22 Prospective RCT 100 65.4+6.2 9% 26.2+33 5.4yr ROBODOC + CUREXO NexGen LPS-Flex Zimmer Biomet
(2013) ORTHODOC (pre- PS implant
planning)
Thiengwittayaporn  Prospective RCT 152 69+7.7 13.8% 27.8+4.7 N/A NAVIO system Smith & Nephew LEGION PS Smith & Nephew
Setal.” (2021) implant
Vaidya NV et al.24 Prospective RCT 60 61.1+£91 20% 27.4+4 N/A NAVIO system Smith & Nephew ANTHEM PS Smith & Nephew
(2022) implant
Xu J et al.25 Prospective RCT 72 63.9+6.2 25% 26.3+3.4 3mo Surgical-assist YUANHUA-TKA Fixed-platform & Unique Knee
(2022) system PCL sacrificing
implant
Xu Z et aI.26 Prospective RCT 33 66.9 +3.5 182% 255+3 3 mo Surgical-assist YUANHUA-TKA Standard PS Unique Knee
(2022) system implant
*BMI = body mass index, CR = cruciate-retaining, N/A = not available, PCL = posterior cruciate ligament, PS = posterior-stabilized, RCT = randomized clinical trial, TKA = total knee
arthroplasty. tData are presented as the mean and the standard deviation.

Duration of Surgery

Our pooled analysis of 6 RCTs (n = 1,689) demonstrated that
robot-assisted TKA was associated with a longer duration of
surgery than conventional TKA (mean difference, 32.91 minutes
[95% CI, 18.86 to 46.96]; p < 0.00001; I? = 97%) (Fig. 2-A).

Complication Rate

Our meta-analysis of 8 RCTs (n = 2,159) showed that the
complication rate did not differ significantly between the robot-
assisted TKA and conventional TKA groups (OR, 0.90 [95% CI,
0.58 to 1.39]; p = 0.62; I2 = 0%) (Fig. 2-B).

Radiographic Outcomes

HKA Angle

Our meta-analysis of 9 RCTs (n = 2,335) showed that the
postoperative HKA angle was significantly more neutral in the

robot-assisted TKA group than in the conventional TKA group
(mean difference, —0.77° [95% CI, —1.11 to —0.43]; p <
0.0001; I? = 60%) (Fig. 3-A).

HKA Angle Outliers

Our meta-analysis of 8 RCTs (n = 2,258) showed that robot-
assisted TKA was associated with significantly fewer HKA angle
outliers when compared with conventional TKA (OR, 0.36
[95% CI, 0.22 to 0.58]; p < 0.0001; I2 = 37%) (Fig. 3-B).

FCC Angle

Our meta-analysis of 8 RCTs (n = 2,185) showed that the
mean postoperative FCC angle did not differ significantly
between the robot-assisted TKA and conventional TKA
groups (mean difference, 0.33° [95% CI, —0.29 to 0.95];
p = 0.29; I2 = 90%) (Fig. 3-C).
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TABLE Il Risk of Bias Assessment of the Included Studies with Use of the RoB v2 Tool*

Intended
Interventions

Randomization

Study Process

Deviations from

Selection of the
Reported Result

Measurement
of the Outcome

Missing

Outcome Data Overall

Banger MS et al.*® (2020)
Blyth MJG et al.™® (2021)
Cho KJ et al.*” (2019)

Winnock de Grave
P et al."® (2022)

Kim YH et al.*® (2020)

Liow MHL et al.*° (2017)

Li Z et al.** (2022)

Song EK et al.*? (2013)
Thiengwittayaporn S et al.?® (2021)
Vaidya NV et al.>* (2022)

Xu J et al.*® (2022)

Xu Z et al.*® (2022)

~ I )
+ o+ o+ o+

B R S I S SN
+ o+ F o+ o+ o+

+ + + +
NN+
+ + + +
Y+

+ + + + + + + +
+ + o+ + +
+ + + + + + + +
DY Y+

*Low risk of bias is represented with “+”; some concerns of bias, with “?”; and high risk of bias, with “—".

”

FCC Angle Outliers

Our meta-analysis of 6 RCTs (n = 2,082) showed that robot-
assisted TKA was associated with significantly fewer FCC angle
outliers when compared with conventional TKA (OR, 0.50
[95% CI, 0.34 to 0.75]; p = 0.0006; I? = 0%) (Fig. 3-D).

FCS Angle

Our meta-analysis of 8 RCTs (n = 2,185) showed that the mean
postoperative FCS angle did not differ significantly between
robot-assisted TKA and conventional TKA (mean difference, —0.75°
[95% CI, —1.90 to 0.40]; p = 0.20; I2 = 98%) (Fig. 3-E).

Robotic Conventional Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
A' Blyth MJG et al. 2021 159.4 20.1 34 96.8 15.8 42 16.8% 62.60 [54.32, 70.88] -
Kim YH et al. 2020 100.5 31.2 674 68.6 185 674 17.8% 31.90[29.16, 34.64] -
Liow MHL et al. 2017 91 10 31 93 14 29 17.3% -2.00[-8.19, 4.19] -
Song EK et al. 2013 99 11 50 74 10 50 17.6% 25.00[20.88, 29.12] -
Xu J et al. 2022 154.3 20.7 37 115.2 30.2 35 15.8% 39.10[27.08,51.12] —
Xu Z et al. 2022 150 27 17 106 18 16  14.7% 44.00 [28.43, 59.57] —
Total (95% CI) 843 846 100.0% 32.91 [18.86, 46.96] ’
Heterogeneity: Tau? = 287.27; Chi? = 173.76, df = 5 (P < 0.00001); I> = 97% . t t J
Test for overall effect: Z = 4.59 (P < 0.00001) -100 -0 ¢ 30 10g
Robotic Conventional Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
B. Blyth MJG et al. 2021 19 34 22 42 23.1% 1.15 [0.46, 2.86] R
Cho K] et al. 2019 2 160 6 230 7.3% 0.47 [0.09, 2.37] —
Kim YH et al. 2020 4 674 8 674 13.1% 0.50 [0.15, 1.66] L
Liow MHL et al. 2017 4 31 2 29 6.0% 2.00[0.34, 11.85] D
Song EK et al. 2013 11 50 11 50 21.3% 1.00 [0.39, 2.58] —
W. de Grave P et al. 2022 1 40 3 40 3.6% 0.32[0.03, 3.18]
Xu J et al. 2022 10 37 11 35 18.4% 0.81[0.29, 2.24] I
Xu Z et al. 2022 5 17 3 16 7.2% 1.81[0.35, 9.24] D e —
Total (95% CI) 1043 1116 100.0% 0.90 [0.58, 1.39] <o
Total events 56 66
Heterogeneity: Tau? = 0.00; Chi? = 4.18, df = 7 (P = 0.76); I* = 0% k + t {
Test for overall effect: Z = 0.50 (P = 0.62) 2ol 0d 1¢ 199
Fig. 2

Forest plots demonstrating the comparison between robot-assisted TKA and conventional TKA in terms of the duration of surgery (Fig. 2-A) and the rate of

complications (Fig. 2-B). M-H = Mantel-Haenszel, IV = inverse variance, df = degrees of freedom.
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Robotic Conventional Mean Difference Mean Difference
A_ Study or Subgroup Mean SD Total Mean SD Total Weight 1V, di 95% CI v, d 95% CI
Banger MS et al. 2020 22 3.4 32 0.5 3.2 38 4.0% 1.70 [0.14, 3.26]
Cho KJ et al. 2019 21 22 113 2.5 4 140 10.4% -0.40([-1.18,0.38] ==
Kim YH et al. 2020 2 2 724 3 3 724 19.9% -1.00[-1.26, -0.74] -
Li Z et al. 2022 1.8 1.61 73 3.1..2.73 77 11.4% -1.30[-2.01, -0.59] =
Song EK et al. 2013 0.5 1.4 50 1.2 29 50 8.9% -0.70[-1.59, 0.19] =%
Thiengwittayaporn S et al. 2021 1.6 1 75 21 11 77 18.5% -0.50[-0.83,-0.17] -
Vaidya NV et al. 2022 1.8 1.2 32 3 24 28 7.9% -1.20[-2.18, -0.22] —
XuJ et al. 2022 1.8 1.2 35 26 2.1 34 9.9% -0.80[-1.61, 0.01] =
Xu Z et al. 2022 09 0.5 17 22 1.7 16 9.2% -1.30[-2.17,-0.43] T
Total (95% CI) 1151 1184 100.0% -0.77 [-1.11, -0.43] ¢
Heterogeneity: Tau? = 0.13; Chi? = 20.09, df = 8 (P = 0.01); I> = 60% =—10 -=S ) é 10’
Test for overall effect: Z = 4.41 (P < 0.0001)
Robotic Conventional Odds Ratio 0Odds Ratio
B_ Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Cho KJ et al. 2019 12 113 37 140  20.8% 0.33[0.16, 0.67] —
Kim YH et al. 2020 29 724 43 724 27.7% 0.66 [0.41, 1.07] ]
Li Z et al. 2022 13 69 27 74 19.2% 0.40 [0.19, 0.87] b
Song EK et al. 2013 0 50 12 50 2.5% 0.03[0.00,0.53] ———
Thiengwittayaporn S et al. 2021 4 75 12 77  11.3% 0.31 [0.09, 0.99] —
Vaidya NV et al. 2022 1 32 8 28 4.2% 0.08[0.01,0.69] ¥——————
XuJ et al. 2022 6 35 12 34 12.1% 0.38[0.12, 1.17] -
Xu Z et al. 2022 0 17 4 16 2.3% 0.08[0.00,1.61] ————————
Total (95% CI) 1115 1143 100.0% 0.36 [0.22, 0.58] L 4
Total events 65 155
Heterogeneity: Tau? = 0.15; Chi? = 11.12, df = 7 (P = 0.13); I* = 37% [ + + J
Test for overall effect: Z = 4.26 (P < 0.0001) .01 i 10 100
Robotic Conventional Mean Difference Mean Difference
c_ Study or Subgroup Mean SD Total Mean SD Total Weight IV, di 95% Cl v, d 95% Cl
Banger MS et al. 2020 913 2.1 32 89.8 2.1 38 11.0%  1.50[0.51,2.49] —_—
Cho KJ et al. 2019 95.2 2.7 113 955 2.5 140 13.1% -0.30[-0.95, 0.35] i
Kim YH et al. 2020 98.2 2 724 97 2 724 15.1% 1.20[0.99, 1.41] L
Song EK et al. 2013 89.5 0.7 50 88 1.3 50 14.4% 1.50[1.09, 1.91] -
Thiengwittayaporn S et al. 2021 88.4 1.2 75 88 1.6 77 14.2%  0.40 [-0.05, 0.85] =
Vaidya NV et al. 2022 91.1 0.8 32 92 19 28 12.5% -0.90 [-1.66, -0.14] -
XuJ etal. 2022 91.2 1.1 35 916 22 34 12.1% -0.40[-1.22,0.42] —
Xu Z et al. 2022 89.7 2.2 17 90.8 24 16 7.7% -1.10 [-2.67, 0.47] _—"
Total (95% CI) 1078 1107 100.0% 0.33 [-0.29, 0.95] ?
Heterogeneity: Tau? = 0.65; Chi? = 73.29, df = 7 (P < 0.00001); I* = 90% 1_10 —=5 ) é 10‘
Test for overall effect: Z = 1.05 (P = 0.29)
Robotic Conventional 0Odds Ratio 0Odds Ratio
D_ Study or Subgroup Events Total Events Total Weight M-H, d 95% ClI M-H, d 95% ClI
Cho K] et al. 2019 9 113 21 140 22.7% 0.49[0.22, 1.12] —=—T
Kim YH et al. 2020 22 724 36 724 52.6% 0.60 [0.35, 1.03] —
Song EK et al. 2013 0 50 2 50 1.6% 0.19[0.01, 4.10]
Thiengwittayaporn S et al. 2021 7 75 12 77  15.6% 0.56 [0.21, 1.50] i
Vaidya NV et al. 2022 0 32 6 28 1.8% 0.05[0.00,0.99]
XuJ et al. 2022 2 35 7 34 5.6% 0.23 [0.04, 1.22] - S—
Total (95% CI) 1029 1053 100.0% 0.50 [0.34, 0.75] R 2
Total events 40 84
Heterogeneity: Tau? = 0.00; Chi? = 3.98, df = 5 (P = 0.55); I* = 0% > + + J
Test for overall effect: Z = 3.42 (P = 0.0006) ot o 0 200
Robotic Conventional Mean Difference Mean Difference
E % Study or Subgroup Mean SD Total Mean SD Total Weight IV, d 95% ClI v, di 95% Cl
Banger MS et al. 2020 3.1 6.4 32 2.2 3.4 38 8.6%  0.90[-1.57, 3.37] —
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Fig. 3
Forest plots demonstrating the comparison between robot-assisted TKA and conventional TKA in terms of HKA angle (Fig. 3-A), HKA angle outliers (Fig. 3-B),
FCC angle (Fig. 3-C), FCC angle outliers (Fig. 3-D), FCS angle (Fig. 3-E), and FCS angle outliers (Fig. 3-F). M-H = Mantel-Haenszel, IV = inverse variance, df =

degrees of freedom.
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FCS Angle Outliers

Our meta-analysis of 5 RCTs (n = 2,022) showed that robot-
assisted TKA was associated with significantly fewer FCS angle
outliers when compared with conventional TKA (OR, 0.24
[95% CI, 0.08 to 0.69]; p = 0.009; 12 = 79%) (Fig. 3-F).

TCC Angle

Our meta-analysis of 8 RCTs (n = 2,185) showed that the mean
postoperative TCC angle did not differ significantly between
robot-assisted TKA and conventional TKA (mean difference,
—0.18° [95% CI, —0.90 to 0.53]; p = 0.62; I2 = 94%) (Fig. 4-A).

TCC Angle Outliers

Our meta-analysis of 6 RCTs (n = 2,082) showed that robot-
assisted TKA was associated with significantly fewer TCC angle
outliers when compared with conventional TKA (OR, 0.59
[95% CI, 0.35 to 0.99]; p = 0.05; I* = 22%) (Fig. 4-B).

TCS Angle

Our meta-analysis of 8 RCTs (n = 2,185) showed that the mean
postoperative TCS angle did not differ significantly between
robot-assisted TKA and conventional TKA (mean difference,
0.46° [95% CI, —0.24 to 1.16]; p = 0.20; I> = 84%) (Fig. 4-C).

TCS Angle Outliers

Our meta-analysis of 5 RCTs (n = 2,022) showed that robot-
assisted TKA was associated with significantly fewer TCS angle
outliers when compared with conventional TKA (OR, 0.25
[95% CI, 0.09 to 0.74]; p = 0.01; I? = 81%) (Fig. 4-D).

Publication Bias

The number of studies for each outcome of interest in this
review was <10. Because funnel plots and statistical tests to
detect publication bias are less reliable for sample sizes of
<107*, a publication bias analysis was not performed in this
study.

Discussion
he results of our meta-analysis showed that robot-assisted
TKA was associated with a longer duration of surgery than
conventional TKA. Furthermore, the rate of complications did
not differ significantly between the 2 intervention groups.
However, robot-assisted TKA had an advantage over
conventional TKA in terms of increased accuracy and precision
as indicated by a more neutral postoperative HKA angle and by
fewer outliers in the FCC, FCS, TCC, and TCS angles.
Although robot-assisted TKA had better radiographic
outcomes than conventional TKA, it was not superior to con-
ventional TKA with regard to the duration of surgery or the rate of
complications. Nonetheless, robot-assisted TKA still has the
potential to provide considerable clinical benefit. Hence,
additional studies with a longer duration of follow-up are
needed to elucidate the benefit and efficacy of robot-assisted
TKA.
The results of our meta-analysis are comparable to those
of a previous meta-analysis on a similar topic by Onggo et al,,
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who concluded that robot-assisted TKA is capable of achieving
better alignment in several axes as demonstrated by the smaller
number of outliers associated with robot-assisted TKA. How-
ever, there are several substantial differences between our study
and that of Onggo et al.”.

Onggo et al.” included a total of 18 studies in their final
analysis, consisting of 6 RCTs, 4 prospective cohort studies, 5
retrospective cohort studies, 2 case-control studies, and 1 eco-
nomic analysis. Combining the results from different study
designs into a meta-analysis is not reccommended because it has
the potential to generate misleading results*'. Nonrandomized
studies, such as cohort, case-control, or case-series studies, are
very likely to be affected by various biases, such as selection bias
and information bias, which can diminish the validity of the
results obtained®®. In addition, the results of nonrandomized
studies are influenced by several confounding factors that may not
have been addressed in the study™*. In contrast, RCTs are min-
imally biased because (1) the process of recruiting participants is
carried out randomly and in a concealed manner, (2) it is possible
to provide therapy in a blinded manner, and (3) the assessment of
outcomes is also carried out independently and in a blinded
manner so that the results obtained are more valid and reliable**.
RCTs also address as many existing confounders as possible so that
there are usually no significant differences in baseline character-
istics™*. In our meta-analysis, we included only 12 RCTs in the
final analysis so that the results that we obtained would be more
valid and reliable.

One concern that may be raised is that robot-assisted
TKA is just a proxy for computer-navigated TKA. Recent tech-
nological advances have led to the development of computer-
navigated and robot-assisted techniques for TKA surgery™.
Computer-navigated TKA involves the use of a device with
an interface that allows anatomical data to be entered; the
device then gives feedback to the surgeon regarding implant
alignment and overall knee alignment but cannot be pro-
grammed to perform a task™. Computer-navigated TKA is
most often utilized as an image-free modality”. The ana-
tomical landmarks of the patient are collected intraoperatively
and used to create a reference frame, according to which the knee
and cutting jig can be positioned™.

Robotic systems generally provide feedback similar to
that of computer navigation but can be programmed to assist in
the execution of certain surgical tasks®. An intraoperative
robotic device helps the surgeon to execute the preoperative
patient-specific plan with a high level of accuracy™. The action
of the sawblade is limited to the preoperative surgical plan for
femoral and tibial resection, thereby limiting the risk of iat-
rogenic periarticular soft-tissue injury and bone trauma®.

Several studies have demonstrated the advantages of robot-
assisted TKA over computer-navigated TKA. The precision and
accuracy of robotic technology has been shown to allow better
alignment and positioning of implant components, which reduces
the likelihood of complications such as implant loosening, wear
and tear, and the need for revision surgery*”. Buchlak et al.”*
found that robot-assisted TKA was associated with a shorter
operative duration, a higher likelihood of achieving the
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Fig. 4

Forest plots demonstrating the comparison between robot-assisted TKA and conventional TKA in terms of TCC angle (Fig. 4-A), TCC angle outliers (Fig. 4-B),
TCS angle (Fig. 4-C), and TCS angle outliers (Fig. 4-D). M-H = Mantel-Haenszel, IV = inverse variance, df = degrees of freedom.

target alignment, and a shorter length of stay than computer-
navigated TKA. A critical analysis review showed that robot-
assisted TKA provided more accurate and precise implant
positioning, potentially leading to better long-term outcomes”.
Similarly, another review concluded that robot-assisted TKA was
superior to computer-navigated TKA in terms of the accuracy and
precision of implant placement, with a significantly lower rate of
outliers. Some robot-assisted TKA systems are designed to pre-

vent deviations from the surgical plan by incorporating haptic
feedback". Moreover, 1 study demonstrated that robotic systems
reduced the learning curve of certain orthopaedic procedures
without increasing risk to patients®.

However, the high cost of robotic systems is a consider-
able concern for health-care practitioners and systems. Although
robotic systems may offer advantages such as improved accuracy
and potentially better clinical outcomes, they also come at a higher
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cost™. However, studies have shown that robot-assisted TKA
may be more cost-effective than conventional TKA when the
number of annual cases is >94**. Robot-assisted TKA also has
been associated with lower 90-day episode-of-care costs than
conventional TKA®.

Ultimately, although robot-assisted TKA has had promis-
ing results, additional long-term follow-up studies are needed to
fully assess the benefits and cost-effectiveness of robot-assisted
TKA versus conventional TKA.

Our study had some limitations. Notable heterogeneities
were identified in some of the outcomes of interest in our study,
which could have been caused by differences in the baseline
characteristics of study participants and differences in the
robotic system or the prosthesis that was utilized in each RCT.
The total number of participants in most of the RCTs was also
relatively small (~100 patients), so we cannot be certain that
the same results can also be obtained in a larger patient pop-
ulation. Finally, data regarding the total cost of robot-assisted
TKA were lacking in the included studies and thus we were
unable to analyze cost. The high cost of robot-assisted TKA is
still a major concern related to the use of this method for the
treatment of knee OA.
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Our systematic review and meta-analysis suggested that
robot-assisted TKA may result in better accuracy and joint
alignment when compared with conventional TKA as dem-
onstrated by fewer outliers in each joint angle that was mea-
sured. However, the complication rate was similar between the
2 intervention groups. B
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