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ABSTRACT

OBJECTIVE
To evaluate the early comparative effectiveness of 
robotic versus conventional total knee replacement 
(TKR) and unicompartmental knee replacement (UKR) 
in the UK.
DESIGN
Target trial emulation study.
SETTING
Public and private hospitals using data from the 
National Joint Registry of England, Wales, Northern 
Ireland, the Isle of Man, Guernsey, and Jersey.
PARTICIPANTS
697 145 knee replacement surgeries between 2018 
and 2024: 675 034 were conventional (TKRs and 
UKRs) and 22 111 were robotic.
MAIN OUTCOME MEASURES
The main outcome was five year knee replacement 
survival (mean 2.5 years follow-up); all cause revision 
risk; cause specific revision risk; intraoperative 
complications; and revision complexity of robotic 
versus conventional (TKR and UKR) knee replacement. 
Kaplan-Meier and Cox regression analyses were 
used to compare implant survival and indications for 
revision surgery. Propensity score matching using 
target trial emulation framework was used to estimate 
the average treatment effect in the treated population.
RESULTS
The five year implant survival of the matched 
conventional and robotic TKR groups was 98.5% (95% 
confidence interval (CI) 98.3% to 98.7%) and 98.6% 
(98.2% to 99.0%), respectively, with no between 
group difference in revision risk (hazard ratio 1.03, 
95% CI 0.86 to 1.26; P=0.71). The five year implant 

survival of the matched conventional and robotic 
UKR groups was 97.8% (95% CI 97.2% to 98.3%) 
and 96.4% (92.4% to 98.3%), respectively, with no 
between group difference in revision risk (hazard ratio 
1.03, 95% CI 0.75 to 1.42; P=0.86). Cause specific 
revision risk and intraoperative complication risks did 
not differ between groups for either TKR or UKR.
CONCLUSIONS
No statistically significant differences were detected 
in revision risk, cause specific risk, or intraoperative 
complication risk between the robotic and 
conventional groups. This was consistent for both 
TKR and UKR. The possibility of unmeasured and 
residual confounding cannot be ruled out, however, 
owing to the observational design of the study. These 
results highlight the importance of careful evaluation 
of robotic technology in publicly funded healthcare 
systems, given the substantially higher capital and 
procedural costs involved.

Introduction
Knee replacement is the main treatment for end stage 
knee arthritis. More than 100 000 knee replacements 
are performed annually in the UK, and this number 
is projected to increase as a result of an ageing 
population and high prevalence of risk factors such 
as obesity.1 2 One in five patients are dissatisfied after 
knee replacement surgery,3 and between 5% and 10% 
of patients require revision surgery with a new implant 
because of unacceptable outcomes.1 Revision surgery 
within the first two years after knee replacement 
surgery dominates, mainly due to early loosening and 
malpositioning of implants.4

Robotic surgery was introduced to improve the 
positioning of femoral and tibial implants and should 
theoretically reduce the early revision risk of knee 
replacements. Robotic systems use preoperative and 
intraoperative imaging to help guide surgeons to place 
implants more accurately. Positioning an implant more 
accurately might also improve longer term risks of 
revision surgery and improve knee function.

The uptake of robotic technology has been rapid 
worldwide. The NHS recently published its 10 year 
plan to use robotic surgery to improve patient care,5 
aiming for a sevenfold increase in such surgeries by 
2035.6 Robotic systems cost around £1.0m ($1.4m; 
€1.2m) to implement initially,7  8 followed by an 
increased cost per patient of about £1000-£2500.9 10 If 
robotic systems were used for all knee replacements in 
the NHS, the additional cost would be at least £100m 
extra annually.

It is currently unknown whether robotic surgery for 
knee replacements improves clinical outcomes. The 

WHAT IS ALREADY KNOWN ON THIS TOPIC
The NHS has announced plans for a sevenfold increase in robotic surgeries by 2035
Robotic assisted knee replacement improves implant positioning, but it is 
unclear whether this translates into better outcomes and reduced revision risk
The National Institute for Health and Care Excellence has recommended 
urgent research to study the effect of robotic surgery on revision risk after joint 
replacement

WHAT THIS STUDY ADDS
Robotic assisted surgery was not associated with lower early overall or cause 
specific revision risk (consistent for both total and partial knee replacements)
Intraoperative complications and revision complexity did not differ between 
robotic and conventional procedures
These early findings provide real world evidence during planned rapid NHS 
adoption of robotic surgery
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National Institute for Health and Care Excellence has 
highlighted an urgent need for research into robotic 
orthopaedics focused on the risk of failure.11 Existing 
studies comprised single centre designs with small 
patient groups.12 13 RACER-Knee (Robotic Arthroplasty 
Clinical and Cost Effectiveness-Knee), a UK randomised 
controlled trial comparing conventional with robotic 
knee replacement surgery, has just published its one 
year results showing no significant differences in 
patient reported outcome measures between groups.7 10 
However, it is not feasible for clinical trials to evaluate 
the rare complications of joint failure resulting in 
revision surgery, infection, and surgical complications.

As the NHS is currently discussing procurement of 
robotic systems, answers are needed on how the early 
failure and mortality risks compare between robotic 
and conventional surgery. The National Joint Registry 
of England, Wales, Northern Ireland, the Isle of Man, 
Guernsey, and Jersey is a large orthopaedic registry 
that collects information on all joint replacements 
performed in the UK outside of Scotland.1 We used 
this nationwide data to study whether patients have 
any benefit from robotic knee replacement surgery 
compared with conventional surgery.

Methods
Data sources
The National Joint Registry, established in April 2003, 
contains records on more than two million joint 

replacements.1 Case ascertainment is 99.6% and 
linkage to follow-up procedures is 95%.14 Mortality 
data were provided from the Office for National 
Statistics. The data collected in the registry were 
designed to capture factors that influence revision 
surgery. Data collection forms are available on the 
National Joint Registry website.15

Design
We obtained retrospective observational data from the 
National Joint Registry between 1 January 2018 (year 
in which the first robotic procedure was recorded) 
and 31 December 2024. Using a target trial emulation 
design,16 we compared the effectiveness of robotic 
knee surgery with conventional surgery using the 
endpoints of revision risk and cause specific revision 
risk. This approach uses the design principles of a 
hypothetical randomised controlled trial and applies 
these to routine data (see table 1).16 Our estimand 
was the average treatment effect in the treated 
population. In another analysis, we also assessed the 
average treatment effect for a different, wider, target 
population.

Analyses were performed separately for total 
knee replacements (TKRs) and unicompartmental 
knee replacements (UKRs) because of differences in 
inherent revision risk,1 effect size of confounders,17 
and differences in surgical indications or patient 
selection18 19 between groups. A directed acyclic graph 

Table 1 | Details of target trial emulation design applied to study dataset
Target trial protocol Emulation of target trial using real world data

Eligibility criteria Inclusion: adults (>18 years) with primary knee replacements. Both TKR and 
UKR included and will be analysed separately. All indications for surgery will be 
included (osteoarthritis, rheumatoid arthritis, and avascular necrosis) 
Exclusion: non-primary knee replacements

Inclusion: adults (>18 years) with primary knee replacements. Both 
TKR and UKR to be included. All indications for surgery will be included 
(osteoarthritis, rheumatoid arthritis, and avascular necrosis) 
Exclusion: non-primary knee replacements, patients who did not give 
consent to the National Joint Registry to use their data for research

Treatment 
strategies

Conventional knee replacement (control), versus robotic knee replacement 
(intervention). All robotic systems in use in the UK will be included

Same as target trial

Treatment 
assignment

Patients who meet inclusion criteria are randomised to each surgical arm at 1:1 
ratio. Clinicians are not, but patients and analysts are, masked to the surgical 
allocation 
In a randomised controlled trial, randomisation ensures that any difference in 
outcomes is attributable to the effect of treatment and so represents the causal 
effect of treatment in the study population (average treatment effect in treated 
and untreated individuals)

Randomisation emulated using propensity score methods (propensity 
score matching and inverse probability of treatment weights to balance 
groups according to known and measured confounders 
Propensity score matching to estimate average treatment effect in the 
treated population 
The inverse probability of treatment weighting estimates the average 
treatment effect in the entire population (average treatment effect) and 
not treated individuals only

Follow-up Start (time zero): time of treatment allocation (randomisation). Baseline is when 
a patient is randomised before undergoing surgery on the day of surgery 
End: patients will be followed up from baseline until date of death, loss to 
follow-up (last date of contact with the service provider), or end of study period 
(last date of data collection), whichever comes first

Start (time zero): initiation of treatment (date of surgery) 
End: same as target trial

Outcomes All outcomes collected at 1, 2, 3, 4, and 5 years postoperatively 
Primary: implant survival and revision surgery risk 
Secondary: indications for revision surgery and intraoperative complications

Same as target trial

Estimands Effect of receiving robotic versus conventional knee replacement 
Clinical outcomes: revision risk and indications for revision compared between 
groups using hazard ratios

Effect of receiving robotic versus conventional knee replacement and are 
retained in the matched analyses 
Clinical outcomes: revision risk and indications for revision compared 
between groups using hazard ratios

Statistical analysis Multivariable regression models (Cox for time to event, logistic for binary 
outcome). As patients receive surgery, no requirement to further adjust for 
factors associated with adherence 
In a randomised controlled trial, randomisation ensures that any difference in 
outcomes is attributable to the effect of treatment and so represents the causal 
effect of treatment in the study population (average treatment effect in treated 
and untreated individuals)

Same as target trial with adjustment for baseline confounders using 
propensity score methods 
Propensity score matching to estimate average treatment effect in the 
treated population 
The inverse probability of treatment weighting estimates the average 
treatment effect in the entire population (average treatment effect) and 
not treated individuals only

TKR=total knee replacements; UKR=unicompartmental knee replacement.
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was used to visualise measured and unmeasured 
confounders for surgery type and outcome (fig 1).

Interventions and outcomes
The interventions comprised robotic knee replacement 
surgery and conventional surgery. Revision surgery 
(all cause) was defined as any implant component 
removed, exchanged, or added since the original 
operation. Cause specific revisions were those 
involving specific indications. Secondary outcomes 
were intraoperative complications and complexity of 
the revision surgery. Two stage revision procedures are 
when more than one operation is needed to correct the 
failed knee replacement.

Propensity score matching and rationale
We examined model parameters using routine 
statistical summaries of central tendency and variance 
to identify baseline imbalance between conventional 
and robotic groups. Because of the potential for 
confounding, we a priori matched conventional 
and robotic groups for known confounders using 
propensity scores. We specifically matched on the 
covariates of age, sex, diagnosis, ASA (American 
Society of Anesthesiologists) physical status grade, 
implant fixation, year of surgery, prophylaxis for 
venous thromboembolism, and surgeon caseload 
(number of knee replacements performed annually). 
Table 2 describes the rationale for using these 
covariates. We did not match on body mass index 
(BMI) in our primary analysis owing to missing data 

(17%) but included BMI as a covariate matched on a 
sensitivity analysis for patients with complete data. 
Logistic regression was used to generate a propensity 
score for the probability that a patient received a 
robotic knee replacement. We used an algorithm that 
matched on the logit of the propensity score with a 0.02 
standard deviation (SD) calliper width. The matching 
ratio was 4:1 given the excess numbers of conventional 
knee replacements. A maximum of four controls for 
each patient were selected, as additional controls 
beyond this are known to have a limited benefit of 
further improving precision and power.20 We used 
greedy matching without replacement.21 To assess any 
covariate imbalance between conventional and robotic 
groups, we examined standardised mean differences 
both before and after matching, with differences ≥10% 
considered suggestive of imbalance.22

Statistical analyses
Cumulative survival functions were determined using 
the Kaplan-Meier method. The endpoint for implant 
survival was revision surgery. Cox regression models 
were used to generate hazard ratios for implant survival 
between conventional and robotic groups. To assess 
the assumption of proportional hazards in the Cox 
regression models, we used Schoenfeld residuals to 
test for evidence of departure from proportionality. We 
found no evidence of non-proportional hazards in all 
analyses presented. Hazard ratios >1 indicated higher 
risk in the robotic group. Results remained unchanged 
when we tested a robust variance estimator in 

Robotic
knee

replacement
Adjusted variables

Revision

Exposure

Outcome
Causal path
Biased path

Unobserved (latent)

Unmeasured
confounding

Surgeon
selection

Hospital centre

Patient 
socioeconomic

status

BMIASA grade

Year of
surgery

Surgeon
volume

AgeDiagnosis Sex

Fixation
VTE

prophylaxis

Fig 1 | Directed acyclic graph. The arrow from robotic knee replacement to revision represents the total effect that will 
be mediated through factors such as implant position, soft tissue balance, gait, and surgical skill. Arrows between the 
nodes representing baseline covariates are not shown. ASA=American Society of Anesthesiologists; BMI=body mass 
index; VTE=venous thromboembolism
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Table 2 | List of confounders matched on, rationale for selection, and evidence on outcomes
Variable Why confounder for TKR Why confounder for UKR
Sex
Relation to exposure Female patients are more likely to be offered robotic surgery as they have 

smaller knees than male patients meaning more technically challenging 
cuts that would benefit from robotic surgery. In addition, female patients 
are more likely to have osteoporotic bone making the cuts more 
challenging and suitable for robotic surgery

Female patients are more likely to be offered robotic surgery as on 
average they have smaller knees than male patients meaning more 
technically challenging cuts that would benefit from robotic surgery. 
In addition, female patients are more likely to have osteoporotic bone 
making the cuts more challenging and suitable for robotic surgery

Evidence of impact on 
outcomes

Higher revision rates are associated with male sex32 33 Higher revision rates are associated with female sex34

Age
Relation to exposure Younger patients are more likely to be offered robotic surgery given their 

greater activity and longer life expectancy. Therefore, surgeons are more 
likely to offer robotic surgery to get the best implant positioning possible. 
Younger patients are also more likely to be amenable to new technology

Younger patients are more likely to be offered robotic surgery given their 
greater activity and longer life expectancy. Therefore, surgeons are more 
likely to offer robotic surgery to get the best implant positioning possible. 
Younger patients are also more likely to be amenable to new technology

Evidence of impact on 
outcomes

Higher revision rates are associated with younger patients32 Higher revision rates are associated with younger patients. Younger 
patients have a higher risk of aseptic loosening34

ASA grade
Relation to exposure Patients with lower ASA grades are more likely to be offered robotic 

surgery. Fitter patients are deemed better candidates given the time taken 
for robotic calibration. In addition, if calibration is lost intraoperatively the 
surgeon needs to convert to conventional surgery, which would be a risk in 
patients considered at high risk from anaesthetic

Patients with lower ASA grades are more likely to be offered robotic 
surgery. Fitter patients are deemed better candidates given the time taken 
for robotic calibration. In addition, if calibration is lost intraoperatively the 
surgeon needs to convert to conventional surgery, which would be a risk 
in patients considered at high risk of anaesthetic

Evidence of impact on 
outcomes

Higher risk of revision with higher ASA grade35 Higher ASA grades are associated with higher revision rates for UKR34

Body mass index
Relation to exposure Patients with a higher body mass index are more likely to be offered 

robotic surgery owing to issues with exposure and visualisation
Patients with a higher body mass index are less likely to be offered 
robotic surgery owing to issues with exposure and visualisation

Evidence of impact on 
outcomes

Higher risk of revision with higher body mass index36 Higher risk of revision with higher body mass index37

Surgeon caseload
Relation to exposure Higher volume surgeons more likely to use robotic TKRs. They are more 

confident to convert to conventional knee replacement when issues with 
calibration arise

Higher volume surgeons more likely to use robotic UKRs. They are more 
confident to convert to conventional knee replacement when issues with 
calibration arise

Evidence of impact on 
outcomes

Higher volume surgeons have better clinical outcomes and lower revision 
rates38 39

Higher volume surgeons have better clinical outcomes17

Year of surgery
Relation to exposure More likely to have robotic TKR in recent years given expansion of robotics 

programme in the NHS
More likely to have robotic UKR in recent years given expansion of 
robotics programme in the NHS

Evidence of impact on 
outcomes

Revision rates for joint replacements have decreased in more recent 
years40

Revision rates for joint replacements have decreased in more recent 
years40

Surgical fixation
Relation to exposure Most robotic systems in the UK are set up for cemented TKRs Most robotic systems in the UK are set up for cemented UKRs
Evidence of impact on 
outcomes

Higher revision rates for cementless TKRs41 Higher revision rates for cemented UKRs42

Diagnosis
Relation to exposure Patients with inflammatory arthritis are less likely to receive robotic surgery 

owing to perceived increased risk of surgical site infections from pin site 
incisions and time taken for robotic calibration

Patients with inflammatory arthritis are less likely to receive robotic 
surgery owing to perceived increased risk of surgical site infections from 
pin site incision and time taken for robotic calibration

Evidence of impact on 
outcomes

Inflammatory arthritis associated with higher risk of revision and 
infection33 43 44

Inflammatory arthritis associated with higher risk of revision and 
infection43 44

VTE prophylaxis
Relation to exposure Patients without chemical and mechanical VTE prophylaxis may be deemed 

more mobile and lower risk making them more likely to receive robotic 
surgery 
Patients on both chemical and mechanical VTE prophylaxis could be 
deemed as higher VTE risk from other comorbidities and therefore could be 
less likely to receive robotic surgery given increased time for intraoperative 
robotic calibration

Patients without chemical and mechanical VTE prophylaxis may be 
deemed more mobile and lower risk making them more likely to receive 
robotic surgery 
Patients on both chemical and mechanical VTE prophylaxis could be 
deemed as higher VTE risk from other comorbidities and therefore 
could be less likely to receive robotic surgery given increased time for 
intraoperative robotic calibration

Evidence of impact on 
outcomes

VTE prophylaxis associated with increased risk of surgical site infection45 VTE prophylaxis associated with increased risk of surgical site infection45

ASA=American Society of Anesthesiologists; TKR=total knee replacement; UKR=unicompartmental knee replacement; VTE=venous thromboembolism.

regression models to account for clustering within the 
matched cohort; performed a multilevel frailty model 
sensitivity analysis to control for patient clustering 
within surgeons; and used adjusted Cox models 
including the covariates with residual imbalance after 
matching such as BMI (standardised mean difference 
≥10%). Fine and Gray regression analysis was also 

utilised, which considers the competing mortality risk 
and provides sub hazard ratios. To compare indications 
for revision surgery, we used Cox regression models 
to generate hazard ratios. The proportional χ2 test 
with Yates’ correction was used to compare the risk 
of intraoperative complications and complexity of 
revision surgery (risk of two stage revision) between 
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Table 3 | Model parameters before and after matching TKRs. Values are number (percentage) unless stated otherwise

Covariates

Unmatched cohort Matched cohort
Conventional TKR 
(n=585 242)

Robotic TKR  
(n=17 431) SMD

Conventional TKR 
(n=69 020)

Robotic TKR 
(n=17 255) SMD

Sex:
  Female 331 540 (56.6) 9755 (56.0) 0.01 38 726 (56.1) 9682 (56.1) <0.001
  Male 253 702 (43.4) 7676 (44.0) 30 294 (43.9) 7573 (43.9)
Mean (SD) age at surgery (years) 70.4 (9.1) 69.7 (9.2) 0.08 69.7 (9.0) 69.7 (9.2) 0.004
Mean (SD) BMI 30.9 (5.4) (n=482 672) 30.2 (5.6) (n=14 594) 0.13 30.8 (5.3) (n=57 365) 30.2 (5.6) (n=14 440) 0.12
Primary diagnosis:
  Primary OA 568 698 (97.2) 17 061 (97.9) 0.05 67 489 (97.8) 16 886 (97.9) 0.006
  Rheumatoid arthritis 5007 (0.9) 95 (0.5) 397 (0.6) 95 (0.6)
  Avascular necrosis 2142 (0.4) 46 (0.3) 180 (0.3) 46 (0.3)
  Other 9395 (1.6) 229 (1.3) 954 (1.4) 228 (1.3)
Mean (SD) surgeon caseload/year* 58.3 (44.1) 61.8 (41.2) 0.08 61.3 (48.3) 61.6 (40.9) 0.007
ASA grade:
  1 32 736 (5.6) 1341 (7.7) 0.18 5111 (7.4) 1279 (7.4) 0.004
  2 418 965 (71.6) 13 233 (75.9) 52 587 (76.2) 13 119 (76.0)
  ≥3 133 541 (22.8) 2857 (16.4) 11 322 (16.4) 2857 (16.6)
VTE: chemical:
  LMWH (±other†) 340 374 (58.2) 11 252 (64.6) 0.16 44 590 (64.6) 11 090 (64.3) 0.007
  Aspirin only 120 602 (20.6) 3509 (20.1) 13 879 (20.1) 3499 (20.3)
  Other 122 415 (20.9) 2608 (15.0) 10 315 (14.9) 2604 (15.1)
  None 1851 (0.3) 62 (0.4) 236 (0.3) 62 (0.4)
VTE: mechanical:
  Any 552 405 (94.4) 16 685 (95.7) 0.06 66 148 (95.8) 16 510 (95.7) 0.008
  None 32 837 (5.6) 746 (4.3) 2872 (4.2) 745 (4.3)
Fixation:
  Cemented 535 939 (91.6) 13 600 (78.0) 0.39 54 787 (79.4) 13 600 (78.8) 0.02
  Cementless 16 713 (2.9) 1661 (9.5) 5655 (8.2) 1498 (8.7)
  Hybrid 32 590 (5.5) 2170 (12.5) 8578 (12.4) 2157 (12.5)
Year of surgery:
  2018 92 718 (15.8) 4 (0) 1.03 16 (0) 4 (0) 0.02
  2019 95 674 (16.3) 73 (0.4) 285 (0.4) 73 (0.4)
  2020 44 119 (7.5) 691 (4.0) 2543 (3.7) 691 (4.0)
  2021 65 859 (11.3) 2017 (11.6) 7928 (11.5) 2016 (11.7)
  2022 83 262 (14.2) 3475 (9.9) 14 034 (20.3) 3469 (20.1)
  2023 97 101 (16.6) 4751 (27.3) 18 694 (27.1) 4718 (27.3)
  2024 106 509 (18.2) 6420 (36.8) 25 520 (37.0) 6284 (36.4)
All variables had complete sets of data except BMI where the number is presented in brackets under the means presented.
ASA=American Society of Anesthesiologists; BMI=body mass index; LMWH=low molecular weight heparin; OA=osteoarthritis; SD=standard deviation; SMD=standardised mean difference; 
TKR=total knee replacement; VTE=venous thromboembolism.
*Related to primary TKR.
†Other chemical VTE agent.

the surgery groups, unless frequencies were <5 in 
which case Fisher’s exact test was used.

Sensitivity analyses
Unmeasured confounding
E value analyses were used to quantify and 
transparently report the strength of an unmeasured 
confounder needed to alter point estimates and 
corresponding confidence intervals.23

Missing body mass index
The principal missingness covariate of interest in our 
directed acyclic graphic was BMI (17%). We found 
no differences in characteristics or clinically relevant 
factors between all patients and patients with complete 
BMI data (see supplementary appendix, table S1). In a 
sensitivity analysis, we repeated the propensity score 
matching, as described previously, but included the 
BMI covariate in the model and therefore only included 
patients with complete BMI data (see supplementary 
appendix, tables S2 and S3).

Surgeon learning curves
A surgeon’s learning curve for performing robotic 
knee replacement is well described as seven patients 
undergoing TKR24 and six undergoing UKR.25 
We performed a sensitivity analysis in which we 
rematched the cohort after excluding the first 10 cases 
who underwent a robotic procedure for every surgeon 
for both TKRs and UKRs (see supplementary appendix, 
tables S4 and S5).7

Inverse probability treatment weighting analyses for 
full cohort
Propensity score matching estimates the average 
treatment effect in treated patients. This is because 
the closest untreated and treated individuals are 
matched, and the remaining untreated individuals 
who were not matched are excluded from the analysis. 
Inverse probability of treatment weighting estimates 
the treatment effect in a population with a distribution 
of risk factors equal to that for all study participants 
(not treated participants only).26 We included the 
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inverse probability of treatment weighting analyses 
as an additional analysis referring to a different target 
population, and the estimand for this analysis was 
the average treatment effect. A concern of inverse 
probability of treatment weighting is that individuals 
with large weights (extremely high or low probability 
of treatment) can introduce high variance and thereby 
influence results. We addressed this by trimming 

patients at the extreme 1% distribution of the 
propensity score (see supplementary appendix, tables 
S6 and S7).

All statistical analyses were performed using Stata 
(version 15.1; StataCorp, College Station, TX) except 
for propensity score matching, which was performed 
using R (version 3.4.0; R Foundation for Statistical 
Computing, Vienna, Austria).

Table 4 | Model parameters before and after matching UKRs. Values are number (percentage) unless stated otherwise
Unmatched cohort Matched cohort

Covariates
Conventional UKR 
(n=89 792)

Robotic UKR 
(n=4680) SMD

Conventional UKR 
(n=18 320) Robotic UKR (n=4580) SMD

Sex:
  Female 41 575 (46.3) 2114 (45.2) 0.02 8425 (46.0) 2077 (45.4) 0.01
  Male 48 217 (53.7) 2566 (54.8) 9895 (54.0) 2503 (54.7)
Mean (SD) age at surgery (years) 65.5 (9.9) 65.6 (9.8) 0.01 65.6 (9.8) 65.6 (9.8) 0.002
Mean (SD) BMI 30.1 (5.1) (n=75657) 29.0 (5.0) (n=3885) 0.22 29.8 (4.8) (n=15 388) 29.0 (5.0) (n=3798) 0.16
Primary diagnosis:
  Primary OA 88 610 (98.7) 4612 (98.6) 0.02 18 075 (98.7) 4520 (98.7) 0.003
  Rheumatoid arthritis 29 (0.03) 1 (0.02) 4 (0.02) 1 (0.02)
  Avascular necrosis 703 (0.78) 43 (0.92) 149 (0.81) 37 (0.81)
  Other 450 (0.50) 24 (0.51) 92 (0.50) 22 (0.48)
Mean (SD) surgeon caseload/year* 27.6 (26.5) 20.5 (13.7) 0.33 20.3 (16.5) 20.7 (13.7) 0.03
ASA grade:
  1 11 427 (12.7) 812 (17.4) 0.18 2830 (15.5) 728 (15.9) 0.01
  2 67 025 (74.6) 3482 (74.4) 13 968 (76.2) 3466 (75.7)
  ≥3 11 340 (12.6) 386 (8.3) 1522 (8.3) 386 (8.4)
VTE: chemical:
  LMWH (±other†) 42 742 (47.6) 2888 (61.7) 0.29 10 837 (59.2) 2788 (60.9) 0.04
  Aspirin only 26 835 (29.9) 976 (20.9) 4110 (22.4) 976 (21.3)
  Other 19 847 (22.1) 804 (17.2) 3323 (18.1) 804 (17.6)
  None 368 (0.41) 12 (0.26) 50 (0.27) 12 (0.26)
VTE: mechanical:
  Any 84 313 (93.9) 4511 (96.4) 0.12 17 658 (96.4) 4412 (96.3) 0.003
  None 5479 (6.1) 169 (3.6) 662 (3.6) 168 (3.7)
Fixation:
  Cemented 57 827 (64.4) 4640 (99.2) 1.02 18 186 (99.3) 4540 (99.1) 0.02
  Cementless 30 131 (33.6) 7 (0.15) 30 (0.16) 7 (0.15)
  Hybrid 1834 (2.0) 33 (0.71) 104 (0.57) 33 (0.72)
Year of surgery:
  2018 11 837 (13.2) 4 (0.09) 0.89 15 (0.08) 4 (0.1) 0.02
  2019 13 028 (14.5) 30 (0.64) 94 (0.51) 30 (0.66)
  2020 6867 (7.7) 234 (5.0) 931 (5.1) 234 (5.1)
  2021 10 487 (11.7) 573 (12.2) 2325 (12.7) 572 (12.5)
  2022 12 862 (14.3) 963 (20.6) 3722 (20.3) 940 (20.5)
  2023 16 151 (18.0) 1118 (23.9) 4490 (24.5) 1106 (24.2)
  2024 18 560 (20.7) 1758 (37.6) 6743 (36.8) 1694 (37.0)
All variables had complete sets of data except BMI where the number is presented in brackets under the means presented.
ASA=American Society of Anesthesiologists; BMI=body mass index; LMWH=low molecular weight heparin; OA=osteoarthritis; SD=standard deviation; SMD=standardised mean difference; 
UKR=unicompartmental knee replacement; VTE=venous thromboembolism.
*Related to primary UKR.
†Other chemical VTE agent.

Table 5 | List of robotic systems used for TKR and UKR in the UK

Robotic system Manufacturer and location
No (%) of surgeries
TKRs (n=17 431) UKRs (n=4680)

Mako Total Knee Stryker, USA 13 042 (74.8) 3800 (81.2)
CORI Surgical System Smith & Nephew, UK 1623 (9.3) 573 (12.2)
ROSA Zimmer Biomet, USA 1604 (9.2) NA
NAVIO Smith & Nephew, UK 747 (4.3) 212 (0.1)
VELYS Robotic Solution Johnson & Johnson, USA 149 (0.9) NA
SKYWALKER MicroPort Medbot, China 13 (0.1) NA
Other 253 (1.5) 95 (2.0)
NA=not applicable; TKR=total knee replacement; UKR=unicompartmental knee replacement.
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Patient and public involvement
The authors ran public advisory group (PAG) 
workshops, which helped inform this study. The PAG 
consisted of people with lived experience of joint 
replacement from diverse ethnic backgrounds and 
ages from London. Group members were concerned 
about NHS plans to make robotic surgery widespread 
without reliable evidence. They believed that questions 
about robotic joint replacements should focus on 
key outcomes, including the risk of failure and cost 
effectiveness to ensure value for money. We therefore 
focused our article on implant survival and revision 
risk. The PAG favoured using routinely collected data 
given that this was cost effective and the data have 
already been collected.

Results
Overall, 1 801 799 knee replacements were performed in 
England, Northern Ireland, and the Isle of Man between 
1 January 2004 and 31 December 2024. After data 
cleaning, 1 768 923 remained. As the first robotic knee 
procedure recorded in the National Joint Registry was 
in 2018, we excluded knee replacements before 2018, 
leaving 697 145 available for analysis. Of these, 602 673 
were TKRs (585 242 conventional, 17 431 robotic) and 
94 472 were UKRs (89 792 conventional, 4680 robotic). 
Figure 2 summarises the data cleaning process.

After propensity matching, baseline characteristics 
were well balanced between the robotic and 
conventional surgery groups (table 3 and table 4). 
Both matched and inverse probability of treatment 
weighting sensitivity analyses using the whole cohort 
are presented to estimate the treatments effects in 
treated individuals only and all study participants. 
The most used robotic systems were Mako Total Knee 
(Stryker, MI), CORI Surgical System (Smith & Nephew, 
Watford, UK), and ROSA (Zimmer Biomet, IN) (table 5). 
Most of the robotic procedures used the Mako system.

Unmatched analyses
Total knee replacement
Overall, 585 242 TKRs in the conventional group 
and 17 431 in the robotic group were included in 
the unmatched analysis. Baseline characteristics, 
many of which are known to affect outcomes, differed 
substantially between the conventional and robotic 
TKR groups (table 3). The mean follow-up in the 
conventional group was 3.7 years (SD 2.1 years) and 
in the robotic group was 2.5 (SD 1.2) years. The mean 
annual surgeon caseload for TKR was 58.3 (SD 44.1) 
in the conventional group and 61.8 (SD 41.2) in the 
robotic group.

The conventional group underwent 6679 revisions 
(1.1%) at a mean of 2.0 (SD 1.7) years postoperatively. 

Table 6 | Comparisons of indications for revision in TKR and UKR propensity matched cohorts. Values are number (percentage) unless stated otherwise

Revision indication

Matched TKR cohort
Hazard ratio (95% CI),  
P value*

Matched UKR cohort
Hazard ratio (95% CI),  
P value*

Conventional surgery 
(n=69 020)

Robotic surgery 
(n=17 255)

Conventional surgery 
(n=18 320)

Robotic surgery 
(n=4580)

Aseptic loosening 42 (0.06) 17 (0.10) 1.61 (0.92 to 2.84), 0.09 46 (0.25) 11 (0.24) 0.96 (0.50 to 1.85), 0.92
OA progression 40 (0.06) 7 (0.04) 0.70 (0.31 to 1.56), 0.39 62 (0.34) 14 (0.31) 0.91 (0.51 to 1.62), 0.74
Lysis 8 (0.01) 5 (0.03) 2.47 (0.81 to 7.54), 0.11 6 (0.03) 1 (0.02) 0.67 (0.10 to 4.54), 0.71
Pain 19 (0.03) 4 (0.02) 0.84 (0.28 to 2.46), 0.75 13 (0.07) 5 (0.11) 1.53 (0.55 to 4.30), 0.42
Infection 251 (0.36) 78 (0.45) 1.25 (0.96 to 1.60), 0.09 31 (0.17) 6 (0.13) 0.77 (0.32 to 1.86), 0.57
Periprosthetic fracture 32 (0.05) 7 (0.04) 0.87 (0.39 to 1.97), 0.74 15 (0.08) 3 (0.07) 0.83 (0.24 to 2.86), 0.77
Wear 2 (0) 0 (0) NA 2 (0.01) 1 (0.02) 1.98 (0.18 to 21.9), 0.58
Dislocation subluxation 28 (0.04) 4 (0.02) 0.57 (0.20 to 1.62), 0.29 8 (0.04) 2 (0.04) 1.00 (0.21 to 4.69), 1.0
Stiffness 30 (0.04) 11 (0.06) 1.47 (0.74 to 2.93), 0.28 3 (0.02) 1 (0.02) 1.32 (0.14 to 12.7), 0.81
Instability 91 (0.13) 13 (0.08) 0.57 (0.32 to 1.02), 0.06 7 (0.04) 4 (0.09) 2.29 (0.67 to 7.84), 0.19
Component dissociation 3 (0) 0 (0) NA 2 (0.01) 1 (0.02) 2.01 (0.18 to 22.2), 0.57
Malalignment 31 (0.04) 5 (0.03) 0.64 (0.25 to 1.65), 0.36 15 (0.08) 5 (0.11) 1.33 (0.48 to 3.67), 0.58
Implant fracture 0 (0) 2 (0.01) NA 0 (0) 1 (0.02) NA
Incorrect sizing 0 (0) 0 (0) NA 0 (0) 0 (0) NA
Other 22 (0.03) 6 (0.03) 1.09 (0.44 to 2.68), 0.86 6 (0.03) 5 (0.11) 3.32 (1.01 to 10.9), 0.05
*Based on Cox regression analyses.
CI=confidence interval; NA=not applicable; OA=osteoarthritis; TKR=total knee replacement; UKR=unicompartmental knee replacement..

Table 7 | Comparisons of intraoperative complications in TKR and UKR propensity matched cohorts. Values are number 
(percentage) unless stated otherwise

Intraoperative complications

Matched TKR cohort

P value*

Matched UKR cohort

P value*
Conventional  
surgery (n=69 020)

Robotic 
surgery 
(n=17 255)

Conventional  
surgery (n=18 320)

Robotic  
surgery 
(n=4580)

None 68 794 (99.7) 17 209 (99.7) 0.96 18 277 (99.8) 4578 (99.9) 0.94
Fracture 65 (0.09) 17 (0.10) 0.87 12 (0.07) 0 (0) 0.14
Ligament injury 37 (0.05) 8 (0.05) 0.71 9 (0.05) 0 (0) 0.22
Patella tendon avulsion 16 (0.02) 2 (0.01) 0.56 1 (0.01) 0 (0) 1.00
Other 108 (0.16) 19 (0.11) 0.16 21 (0.11) 2 (0.04) 0.29
*Based on χ2 test or when frequencies were <5 based on Fisher’s exact test.
TKR=total knee replacement; UKR=unicompartmental knee replacement.
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The robotic group underwent 134 revisions (0.77%) at 
a mean of 1.0 (SD 0.99) years postoperatively. The five 
year survival of implants was 98.5% (95% CI 98.4% to 
98.6%) in the conventional group and 98.6% (98.2% 
to 99.0%) in the robotic group, with no between group 
difference in revision risk (hazard ratio 1.03, 95% CI 
0.86 to 1.22; P=0.77).

Unicompartmental knee replacement
Overall, 89 792 UKRs in the conventional group 
and 4680 in the robotic group were included in 
the unmatched analysis. Baseline characteristics, 
many of which are known to influence outcomes, 

differed substantially between the two groups (table 
4). The mean follow-up was 3.5 (SD 2.1) years in 
the conventional group and 2.5 (SD 1.2) years in the 
robotic group. The mean annual surgeon caseload for 
UKR was 27.6 (SD 26.5) in the conventional group and 
20.5 (SD 13.7) in the robotic group.

The conventional group underwent 1813 revisions 
(2.0%) at a mean of 2.2 (SD 1.8) years postoperatively. 
The robotic group underwent 46 revisions (1.0%) at 
a mean of 1.7 (SD 1.2) years postoperatively. The five 
year survival of implants was 97.3% (95% CI 97.1% to 
97.4%) in the conventional group and 96.5% (92.4% 
to 98.4%) in the robotic group, with no significant 
between group differences in revision risk (hazard 
ratio 0.75, 95% CI 0.56 to 1.01; P=0.05).

Propensity score matched comparison analyses
Total knee replacement
Overall, 69 020 TKRs in the conventional group and 
17 255 in the robotic group were included in the 
matched analysis. The mean follow-up was 2.5 (SD 
1.2) years in both groups. The mean annual surgeon 
caseload for TKR was 61.3 (SD 48.3) in the conventional 
group and 61.6 (SD 40.9) in the robotic group (table 
3). The conventional group underwent 509 revisions 
(0.74%) at a mean of 1.2 (SD 1.1) years postoperatively. 
The robotic group underwent 132 revisions (0.77%) at 
a mean of 1.0 (SD 1.0) years postoperatively. The five 
year survival of implants was 98.5% (95% CI 98.3% to 
98.7%) in the conventional group and 98.6% (98.2% 
to 99.0%) in the robotic group, with no significant 
between group difference in revision risk (hazard ratio 
1.03, 95% CI 0.86 to 1.26: P=0.71) (fig 3). In the Fine 
and Gray models, the sub hazard ratio was 1.04 (95% 
CI 0.86 to 1.26; P=0.69).

The point estimate E value for the TKR hazard ratio 
of 1.03 (95% CI 0.86 to 1.26) was 1.21, reflecting a 
stable, near null finding. The E values for the lower 
and upper confidence bounds were 1.60 and 1.83, 
respectively. To shift these boundaries and achieve 
a statistically significant directional outcome, an 
unmeasured confounder would require a minimum 
joint hazard ratio association of 1.60 to shift the lower 
confidence bound towards a potential benefit, or 1.83 
to shift the upper bound towards a potential harm.

Indications for revision or intraoperative 
complications did not differ between the groups (table 
6 and table 7).

Of the revisions in the conventional group, 440 
(86.4%) were single stage revisions and 69 (13.6%) 
were two stage revisions. Of the revisions in the robotic 
group, 114 (86.4%) were single stage revisions and 18 
(13.6%) were two stage revisions. The risk of two stage 
revisions did not differ between the groups (P=0.88).

The cohort characteristics for complete BMI and 
surgeon learning curve analyses were well balanced 
and are summarised in supplementary appendix 
tables S2 and S4. The sensitivity analyses for missing 
BMI data and surgeons’ learning curves showed 
similar null effect results to the primary analyses (see 
supplementary appendix, tables S8 and S9).

National Joint Registry records 
1 January 2004 to 31 December 2024 

Missing
Missing demographics
Missing implant type or 
surgical details

66
689

Excluding simultaneous
bilaterals

Excluding patellofemoral
replacements

Knee replacements

TKR
Conventional
Robotic

585 242
17 431

Excluding cases prior to 2018
as robotic surgery first 

recorded in 2018

Knee replacements

UKR
Conventional
Robotic

89 792
4680

Propensity score matching 4:1

Matched cohort 1
Conventional TKRs 
Robotic TKRs

69 020
17 255

Conventional UKRs
Robotic UKRs

18 320
4580

Matched cohort 2

1 801 799

755

1 801 044

18 993

1 782 051

13 128

1 768 923

1 071 778

697 145

602 673 94 472

86 275 22 900

Fig 2 | Data flowchart of dataset cleaning and merging. TKRs=total knee replacements; 
UKRs=unicompartmental knee replacements
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Unicompartmental knee replacement
The matched analysis included 18 320 UKRs in the 
conventional group and 4580 in the robotic group. 
The mean follow-up was 2.5 (SD 1.3) years in the 
conventional group and 2.5 years (SD 1.5) years in the 
robotic group. The mean annual surgeon caseload for 
UKR was 20.3 (SD 16.5) in the conventional group and 
20.7 (SD 13.7) in the robotic group. The conventional 
group underwent 179 (0.98%) revisions at a mean of 
1.6 (SD 1.1) years postoperatively. The robotic group 
underwent 46 (1.0%) revisions at a mean of 1.7 (SD 
1.2) years postoperatively. The five year survival in 
the conventional group was 97.8% (95% CI 97.2% to 
98.3%) and in the robotic group was 96.4% (92.4% to 
98.3%), with no between group difference in revision 
risk (hazard ratio 1.03, 95% CI 0.75 to 1.42; P=0.86) 
(fig 4). In Fine and Gray models, the sub hazard ratio 
was 1.03 (95% CI 0.75 to 1.43; P=0.85).

The point estimate E value for the UKR hazard ratio 
of 1.03 (95% CI 0.75 to 1.42) was 1.21, reflecting a 
stable, near null finding. The E values for the lower 
and upper confidence bounds were 2.0 and 2.19, 
respectively. To shift these boundaries to achieve 
a statistically significant directional outcome, an 
unmeasured confounder would require a minimum 
joint hazard ratio association of 2.0 to shift the lower 

confidence bound towards a potential benefit, or 2.19 
to shift the upper bound towards a potential harm.

Indications for revision or intraoperative 
complications did not differ between the groups (table 
6 and table 7).

Of the revisions in the conventional group, 168 
(93.9%) were single stage revisions and 11 (6.1%) 
were two stage revisions. Of the revisions in the robotic 
group, 44 (95.7%) were single stage revisions and two 
(4.3%) were two stage revisions. The risk of two stage 
revisions did not differ between the groups (P=1.00).

The cohort characteristics for complete BMI and 
surgeon learning curve analyses were well balanced 
and are summarised in supplementary appendix 
tables S3 and S5. The sensitivity analyses performed 
for missing BMI data and surgeons’ learning curves 
showed similar null effect results to the primary 
analyses presented (see supplementary appendix, 
tables S8 and S9).

Inverse probability weighting analyses
In the whole cohort, 585 242 TKRs were undertaken 
in the conventional group and 17 431 in the robotic 
group. The mean follow-up was 3.7 (SD 2.1) years 
in the conventional group and 2.5 years (SD 1.2) in 
the robotic group (table 4). Baseline characteristics 
differed substantially between the conventional and 
robotic groups (table 1). Inverse probability treatment 
weighting with 1% trimming resulted in well balanced 
groups (see supplementary appendix, table S6). 
Revision risk did not differ between the conventional 
and robotic groups (hazard ratio 1.02, 95% CI 0.86 
to 1.23; P=0.76). In Fine and Gray models, the sub 
hazard ratio was 1.03 (95% CI 0.86 to 1.24; P=0.74).

In the whole cohort, 89 792 UKRs were undertaken 
in the conventional group and 4680 in the robotic 
group. The mean follow-up was 3.5 (SD 2.1) years 
in the conventional group and 2.5 (SD 1.2) years in 
the robotic group. Baseline characteristics did not 
differ substantially between the conventional and 
robotic groups (table 1). Inverse probability treatment 
weighting with 1% trimming resulted in well balanced 
groups (see supplementary appendix, table S7). 
Revision risk did not differ between the conventional 
and robotic groups (hazard ratio 0.93, 95% CI 0.66 
to 1.33; P=0.71). In Fine and Gray models, the sub 
hazard ratio was 0.94 (95% CI 0.68 to 1.29; P=0.70).

Discussion
This study compared differences in early revision 
risk between conventional and robotic surgery and 
included about 700 000 knee replacements in the 
analyses. We found no evidence of any differences in 
overall implant survival after robotic surgery (both TKR 
and UKR) compared with conventional surgery over a 
mean of 2.5 years and up to five years postoperatively. 
These findings were robust to various sensitivity 
analyses.

We found no differences for either TKR or UKR 
in cause  specific revision risk or intraoperative 
complications between matched robotic and 
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Fig 3 | Kaplan-Meier graph comparing propensity matched implant survival of robotic 
and conventional total knee replacements (TKRs). CI=confidence interval
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conventional groups. Robotic surgery is known to 
improve accuracy and provide better positioning 
of implants.13  27 This in turn could lead to less pain 
and stiffness, better function, less joint wear, fewer 
fractures, and less instability. However, we found no 
difference in revision risk for any of these problems.

Strengths and limitations of this study
Our study has several strengths. We used a target trial 
emulation approach to compare clinical outcomes 
using a nationwide dataset with excellent case 
ascertainment and linkability.14 Our target trial 
emulation approach allowed direct comparison of 
similar population cohorts. All matched variables 
achieved a standardised mean difference <10% 
suggestive of covariate balance between the surgical 
groups for known and measured confounders. We 
assessed both the average treatment effect in treated 
(propensity matching) and the average treatment effect 
(inverse probability of treatment weighting analyses) 
estimands using different target populations and 
found consistent results. Our observational registry 
study was large enough to assess early implant survival 
and cause specific revision indications that are not 
feasible to assess in a traditional trial. Research from 
these studies is crucial to help guide commissioners 
about planning care.

The main limitation was that our study involved a 
retrospective observational design. We used target trial 
emulation with propensity score matching to estimate 
the average treatment effect in the treated population. 

Despite matching, we could only control for known 
and measured confounders collected in the registry 
dataset. There is potential for residual confounding 
from unmeasured variables, including centre level 
effects, patient selection, surgeon preference, private 
versus NHS care pathways, and technology adoption 
bias. We were also limited by follow-up time and 
there may be longer term implementation effects. In 
addition, matching can reduce the generalisability 
of findings, although we were able to match virtually 
all the robotic knee replacements. We also performed 
inverse probability of treatment weighting analyses 
to study the wider population and obtained similar 
results. In addition, as we did not have patient reported 
outcome measures, it is not possible to know compare 
differences in pain and function between robotic 
and conventional surgery. However, the RACER-Knee 
trial has shown no differences in patient reported 
outcome measures at one year postoperatively.10 
Another limitation is that despite the large size of 
our study, outcomes were limited due to the overall 
number of events, particularly for analyses of UKR 
and cause specific indications for revision. As some 
data for BMI were missing, we only matched on BMI 
as a complete case sensitivity analysis. Also, as there 
were some differences in robotic systems used, clinical 
heterogeneity exists. Our E value sensitivity analysis 
suggested that strong unmeasured confounders would 
be needed to explain a potential benefit or harm of 
robotic surgery. However, E values themselves have 
important limitations.

Comparison with other studies
In our trial emulation study, we aimed to appropriately 
compare the effectiveness of robotic TKRs compared 
with conventional surgery. Most current studies are 
limited to single centre settings with a maximum of 
a few hundred patients.13  28 Our literature review 
found two registry studies comparing robotic TKRs 
with conventional TKRs and both used data from 
the American Joint Replacement Registry.29  30 These 
studies also found no differences in implant survival 
but were limited from a data capture rate of 40% in 
their registry.31

The ongoing RACER-Knee trial has recently published 
its one year results showing no differences in patient 
reported outcome measures between robotic and 
conventional TKRs.10 Our observational registry study 
complements this trial as it is large enough to assess 
early implant survival, cause specific indications for 
revision, intraoperative complications, and severity of 
the revision procedure that are not feasible to assess 
in a clinical trial design. Research from these studies 
is crucial to help guide commissioners about planning 
care.

Policy implications
Robotic surgery is estimated to cost around £1m to 
deploy initially7  8 followed by an additional cost of 
about £1000-£2500 for each knee.9 10 This extra cost 
relates to preoperative scanning, additional drapes, 
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calibration costs, and the additional time required to 
perform the procedure. This cost is substantial and 
needs justification in a public healthcare setting. 
One way this could be justified is if robotic surgery 
improved implant survival, owing to the cost of 
revision procedures. On average, the cost of knee 
replacement revision, including postoperative care 
and indirect costs, is £16 000.9 However, our study 
found no differences in revision risk between surgery 
groups. The results of this study question the 10 year 
NHS plan for widespread adoption of robotics for knee 
replacements in the absence of a clear benefit.

Conclusions
This national study found no important differences 
in revision risk, cause specific risk, or intraoperative 
complication risk between robotic and conventional 
knee replacements. Findings were consistent for both 
TKR and UKR. Given the observational design of the 
study, however, we cannot rule out the possibility of 
unmeasured and residual confounding. These results 
highlight the importance of careful evaluation of 
robotic technology in publicly funded healthcare 
systems owing to the substantially higher capital and 
procedural costs.
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