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Aim: The overall goal of this review was to examine the cost-utility of robotic-arm assisted surgery
versus manual surgery. Methods: We performed a systematic review of all health economic studies that
compared CT-based robotic-arm assisted unicompartmental knee arthroplasty, total knee arthroplasty
and total hip arthroplasty with manual techniques. The papers selected focused on various cost-utility
measures. In addition, where appropriate, secondary aims encompassed various clinical outcomes (e.g.,
readmissions, discharges to subacute care, etc.). Only articles directly comparing CT-based robotic-arm
assisted joint arthroplasty with manual joint arthroplasty were included, for a resulting total of 21 reports.
Results: Almost all twenty-one studies demonstrated a positive effect of CT scan-guided robotic-assisted
joint arthroplasty on health economic outcomes. For studies reporting on 90-day episodes of costs, 10
out of 12 found lower costs in the robotic-arm assisted groups. Conclusion: Robotic-arm assisted joint
arthroplasty patients had shorter lengths of stay and cost savings based on their 90-day episodes of
care, among other metrics. Payors would likely benefit from encouraging the use of this CT-based robotic
technology.

Plain language summary: What is this article about?: We reviewed all health economic studies that
examined partial and total knee replacements as well as hip replacements that were performed with
the robotic-arm assistance and a preoperative computerized tomography scan compared with traditional
techniques for performing these procedures. This led to an evaluation of 21 studies.
What were the results?: We found that the robotic-arm assisted joint replacement patients had shorter
lengths of stay and cost savings. Almost every study in this review found economic advantages to using
this new technology.
What do the results of the study mean?: Payors would likely benefit from encouraging the use of CT-
based robotic technology.

Tweetable abstract: A systematic review finds that robotic-arm assisted joint arthroplasty patients
compared with manual techniques had shorter lengths of stay and cost savings based on their 90-day
episodes of care, among other metrics.
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Total hip arthroplasty (THA), as well as unicompartmental (UKA) and total knee arthroplasty (TKA), have each
been shown to markedly improve a patient’s quality of life, however, there remains a small subset of patients who are
dissatisfied following the procedure [1–4]. In recent years, computed tomography (CT) scan-guided, 3-dimensional
(3D), robotic-arm assisted joint arthroplasty (rJA) has been increasingly applied and has shown improved surgical
precision, such as increased ability to position the acetabular component in the ‘safe zone’ [5] and improved
alignment in UKA and TKAs [6–8]. There have been several studies published regarding the potential advantages
of these advanced technologies, with many demonstrating improved patient outcomes and others evaluating their
cost effectiveness [9–11].

Some of the reported clinical benefits of CT scan-guided 3D-rJA include, decreased pain scores, improved patient
reported outcome measures (PROMs), and improved survivorship when compared with manual joint arthroplasty
(mJA) [12–15]. Some of the differences in post-operative pain have been linked to soft-tissue protection from the
robotic-system’s haptic boundaries or from fewer soft-tissue releases needed in order to obtain optimal balance
and alignment [16,17]. Marchand et al. compared data on one-year PROMs between robotic-arm assisted TKA
(rTKA) and conventional TKA and found significant improvement in Western Ontario and McMaster Universities
Osteoarthritis (WOMAC) scores as well as lower pain scores in the rTKA cohort [13]. Onggo et al. performed a
large meta-analysis of rTKA and found component positions were more precise with fewer outliers in the rTKA
cohort [14]. Ng et al. performed a large meta-analysis and found that a significantly higher proportion of acetabular
components were placed in the safe zone in the robotic-arm assisted THA (rTHA) group, and significantly higher
Harris Hip Scores in the short- and medium-term as well [15].

Computed tomography scan-guided, 3D, rJAs are associated with costs including initial system purchase,
maintenance, and ongoing disposables utilized intra-operatively, as well as a pre-operative CT scan. Prior studies
have evaluated the economics of CT scan-guided 3D-rJA, with some mixed results. In particular, some studies found
higher index costs of surgery associated with the robotic system’s added expenses [18–22], while other studies found
lower index costs of surgery largely associated with decreased lengths of stay. Studies examining global episodes of
care found that, on average, lower costs of care for patients undergoing CT scan-guided 3D-rJA were related to
lower utilization of post-discharge services, including decreased proportions of patients going to a rehabilitation or
a skilled nursing facility (SNF), as well as lower utilization of emergency department (ED) services and reduced
rates of readmission [23–27].

The overall goal of this review was to examine the cost-utility of robotic-arm assisted surgery vs manual surgery.
The papers selected focused on various cost and utility measures. In addition, where appropriate, secondary aims
encompassed various clinical outcomes (e.g., readmissions, discharges to subacute care, etc.).

Methods
Searches of PubMed, EMBASE, Cochrane Library, and Google Scholar were performed on 1 September 2022.
Search keywords included “robotic total joint arthroplasty”, OR “robotic-assisted total joint arthroplasty”, OR
“robotic-arm assisted total joint arthroplasty”, OR “robotic total hip arthroplasty”, OR “robotic-assisted total hip
arthroplasty”, OR “robotic-arm assisted total hip arthroplasty”, OR “robotic total knee arthroplasty”, OR “robotic-
assisted total knee arthroplasty”, OR “robotic-arm assisted total knee arthroplasty”, OR “economic utility”, OR
“cost utility”, OR “economic analysis”, OR “cost analysis”, OR “cost utilization”, OR “episode of care”. Forward
referencing was applied. This resulted in a total of 222 results. Inclusion criteria included: all studies comparing
the cost of joint arthroplasty with or without a robotic system up to 1 September 2022. Exclusion criteria included:
duplicates; systematic reviews; meta-analyses and articles in languages other than English (Figure 1).

Only articles directly comparing CT-based rJA with manual JA were included, for a resulting total of 19 reports
(2 UKA, 11 TKA, and 6 THA). There were two of the THA studies that were from an overlapping database of
patients; therefore, we described both, but treated them as one study. There were two other studies that compared
rUKA to manual TKA and one that combined UKA and TKA results that were also included to make a total of
21 studies tabulated. All studies were independently evaluated by two reviewers, and the data was extracted and
maintained in a separate database. If there was disagreement between the authors, a neutral party would make the
final decision.

Some of the data points that were present in many of the studies included: lengths of stay (LOS); 90-day episodes
of care (EOC) costs; index costs; and post-discharge costs, including emergency department (ED) visits and re-
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Figure 1. Flowchart of inclusion and
exclusion criteria.

admissions, as well as home health and discharge dispositions. Of note is that all data points reported in the studies
were recorded. Data for UKA, TKA, and THA were then subcategorized, and data points were included and
reported in the tables.

A quality assessment of the studies was conducted using the Modified Coleman Methodology Score (MCMS),
scaled from 0 to 100. The MCMS provides an objective methodological assessment by factoring in sample sizes,
follow-up times, and clinical effect measurements (Table 1). Scores were specifically categorized as “excellent” (85
to 100), “good” (70 to 84), “fair” (55 to 69) and “poor” (<55), as reported by Cowan et al. [28]. Of note is that all
studies had a minimum MCMS of 71 points with “good” methodology ratings.

Results
When comparing manual UKA, TKA, and THA with CT scan-guided, 3D, robotic-arm assisted procedures, results
were generally favorable toward robotic-arm assisted surgery and similar across groups, with few exceptions. Of
note, most of the studies analyzed performed propensity score matching in order to minimize confounding factors
between study cohorts and accounted for age, sex, race, geographic region and high-cost comorbidities. We present
the UKA, TKA and THA results separately below.

CT scan-guided, 3-dimensional, robotic-arm assisted unicompartmental knee arthroplasty
There were two papers focusing specifically on unicompartmental knee arthroplasty. These included one commercial
payor database study and one modeling study based on registry data (Table 1).

A 2019 study by Cool et al. [28] retrospectively evaluated nearly 750 patients utilizing the OptumInsight Inc.
database and evaluated the cost and outcomes of robotic-arm assisted UKA (rUKA) compared with manual UKA
(mUKA) in both the primary and revision settings from 2013 to 2015. For index UKAs, they found a shorter
LOS (1.8 vs 2 days, p = 0.0047), lower index costs ($25,786 vs $26,307, p = 0.05), and a decreased 2-year rate
of revision (0.81 vs 5.28%, p = 0.002) for rUKA compared with mUKA. This also led to lower overall index and
post-index inpatient costs for rUKA vs mUKA over the 2-year period.
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Table 1. Assessment of methodological bias using Coleman methodology score.
Study (year) Coleman score Ref.

Cool et al. (2019) 76 [26]

Clement et al. (2019) 71 [29]

Cotter et al. (2020) 75 [24]

Mont et al. (2021) 75 [23]

Pierce et al. (2020) 72 [30]

Tompkins et al. (2022) 72 [18]

Fang et al. (2022) 77 [31]

Rajan et al. (2022) 77 [32]

Ong et al. (2022) 76 [27]

Gregory et al. (2022) 72 [35]

Grosso et al. (2022) 76 [33]

Hua et al. (2022) 72 [10]

Emara et al. (2021) 77 [20]

Kirchner et al. (2021) 72 [21]

Barsoum et al. (2022) 72 [36]

Maldonado et al. (2021) 74 [34]

Kolessar et al. (2022) 72 [19]

Varughese et al. (2022) 77 [11]

In a 2019 article, Clement et al. [29] utilized a Markov model to evaluate the cost–effectiveness of rUKA relative
to mUKA and mTKA using national joint registry data from England and Wales for revision and mortality rates.
They included the cost of disposables, robotic-system lease and maintenance, as well as the preoperative CT scan
associated with the use of the system. They found that using the model with a case volume of 100 patients and a
mean age of 65 years, the overall health gain per patient was 13.59 quality-adjusted life-years (QALYs) after rUKA,
11.80 QALYs after TKA, and 12.20 QALYs after manual UKA. This gave an overall cost per QALY of £1395
and £1170 for rUKA compared with TKA and manual UKA, respectively, which were below the lowest threshold
of acceptable costs of £20,000 per QALY. Therefore, rUKA is a cost-effective procedure for patients who have
isolated medial compartment OA and meet the criteria for UKA. They also found that the cost per QALY of rUKA
decreased with reducing length of hospital stay and with increasing case volume, compared with TKA and UKA,
helping to improve the cost per QALY in rUKA as compared with TKA and UKA.

In summary, in two studies, CT scan-guided, 3D, rUKA patients had shorter LOS, lower revision rates and
decreased utilizations of post-discharge services when compared with mUKA (Table 1).

CT scan-guided, 3-dimensional, robotic-arm assisted total knee arthroplasty
There were 11 papers that specifically focused on CT scan-guided, 3D, robotic-arm assisted total knee arthroplasty
(rTKA). These included three studies from US-based individual institutions, three private payor analyses, two
Medicare analyses, one mixed payor analysis, and two modeling studies based on registries and reimbursement
schedules.

A 2020 paper by Cotter et al. [24] retrospectively evaluated a series of patients from their institution undergoing
either manual or robotic-arm assisted TKA, assessing intraoperative costs, 90-day EOC costs, LOS, complications,
post-operative pain measures and readmissions. They found a decreased LOS in the rTKA cohort (1.2 vs 1.6 days,
p < 0.0001) and overall lower index costs during the hospitalization ($14,189 vs $15,586, p < 0.001) when
compared with mTKA despite slightly higher intra-operative costs ($10,295 vs $9999, p < 0.001). They found
lower post-discharge costs for rTKA vs mTKA ($1441 vs $2134, p = 0.019) and a lower 90-day EOC ($15,630
vs $17,721, p < 0.001). Fewer patients in the rTKA cohort were discharged to a subacute nursing facility (SNF)
(4.1 vs 8.6%, p = 0.113), and there were fewer readmissions in the rTKA cohort within 90 days (2.7 vs 4.3%,
p = 0.532) when compared with mTKA. They also found fewer post-discharge phone calls in the rTKA group (4.3
vs 8.9, p < 0.001) and a lower morphine milligram equivalent (MME) prescribed (984 vs 2240, p < 0.001) vs
mTKA (Table 3).
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Table 3. CT scan-guided, 3-dimensional, robotic-arm assisted total knee arthroplasty.
Cotter et al. (2020) Mont et al. (2021) Pierce et al. (2020) Cool et al. (2019) Tompkins et al. (2022) Fang et al. (2022)

Category M R M R M R M R M R M R

Robotic cost inclusion Yes Yes No No

CT scan cost inclusion No No No No

Total (n) 139 147 2595 519 1785 357 2595 519 2392 2392 1795 263

LOS 1.6 1.2 2.5 1.8 2.7 1.8 2.5 1.8 1.84 1.76 2.1 1.8

In-hospital costs $15,586 $14,189 $13,024 $12,384 $24,069 $21,347 $13,024 $12,384 $16,330 $21,006 X 1.1X

Post D/C costs $2134 $1441 $6978 $5234 $8189 $6857 $6978 $5234

90-day EOC cost $17,721 $15,630 $20,960 $18,568 $32,253 $28,204 $20,960 $18,568

Discharge to
SNF/rehab

8.6% 4.1% 21.7% 12.5% 6.1% 1.7% 28.2% 15.2% 5.0% 5.0% 6.3% 1.5%

Cost of SNF $7947 $7201

Use of HH services 62.7% 61.3% 69.2% 67.0% 29.0% 38.0%

HH visits (n) 14 11.7 14.3 11.9

Cost of home health $3536 $3045 $3536 $3045

Outpatient rehab costs $746 $802 $2494 $2272

Readmission within
90 days

4.3% 2.7% 7.8% 5.2% 7.8% 5.2% 4.9% 1.2%

Average readmission
costs

$305 $73.37 $9696 $10,570

Utilizing emergency
department (ED) in
90 days post D/C

7.9% 8.8% 13.3% 11.2% 9.0% 9.0% 13.3% 11.20%

ED costs in 90 days post
D/C

$147 $57 $736 $614 $4179 $7033 $736 $614

In-hospital
periprosthetic fracture

0.7% 0.0%

D/C: Discharge; ED: Emergency department; EOC: Episode of care; HH: Home healthcare; ICER: Incremental cost-effectiveness ratio; LOS: Length of stay; M: Manual; PPFx: Periprosthetic
fracture; QALY: Quality-adjusted life-year; R: Robot; SNF: Skilled nursing facility.

A retrospective review of institutional TKA cases from 2017 to 2019 published in 2022 by Tompkins et al. [18]

evaluated differences in inpatient costs between rTKA and mTKAs. They included six surgeons in each cohort,
with case volumes ranging from 359 to 938 during the study period, and included direct costs associated with the
robotic system in their analysis. They found a similar LOS between the groups. Unlike some of the previous studies,
they found higher index costs in the rTKA cohort versus the mTKA cohort ($11,615 vs $8674, p < 0.0001) and
similar rates of discharge to SNF (5% in both groups). Readmissions were lower for rTKA vs mTKA (1.2 vs 4.9%,
p < 0.0001). They did not analyze the 90-day EOC cost or any post-discharge costs.

Fang et al. [31] published a 2022 article in which they performed a time-driven activity-based costing study
reporting on a series of rTKA and mTKA cases from their institution between 2020 and 2021. They evaluated
inpatient costs and did not report on 90-day EOC costs or post-discharge utilization. They found a lower LOS
for rTKA compared with mTKA (1.8 vs 2.1 days, p < 0.0001) and 10% higher index costs, mainly due to
intra-operative increased labor and supply costs. Fewer patients in the rTKA cohort were discharged to SNF or
acute rehabilitation (1.1 vs 5.7%, p < 0.017).

A 2022 paper by Grosso et al. [33] retrospectively reviewed 920 matched TKA cases performed at one of their
hospitals between 2016 and 2018, including details on 90-day EOC costs for a subset of cases as well as outcomes
up to two years post-operatively. They found a shorter LOS in the rTKA cohort compared with mTKA (1.5 vs
1.8 days, p < 0.001), similar index costs, lower 90-day EOC costs ($17,777 vs $20,608), lower post-discharge costs
($4066 vs $6983), and fewer patients discharged to a SNF (5.9 vs 12.2%). Readmission rates and ED utilizations
were similar between groups.

A 2021 paper by Mont et al. [23] utilized data from the Medicare Standard Analytic Files from 2016 to 2017
to evaluate differences in rTKA vs mTKA groups with regards to 90-day EOC costs, discharge dispositions, post-
discharge utilizations, and readmissions. When compared with mTKA, they found a lower LOS in the rTKA cohort
(1.8 vs 2.5 days, p < 0.0001), decreased index costs during the hospitalization ($12,384 vs $13,024, p = 0.0001),
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lower post-discharge costs ($5234 vs $6978, p < 0.0001), and lower 90-day EOC costs ($18,568 vs $20,960,
p < 0.0001). Fewer patients in the rTKA were discharged to a SNF or inpatient rehabilitation (15.2 vs 28.3%,
p < 0.0007), with the average cost of SNF lower in the rTKA cohort as well ($7201 vs $7947, p = 0.0230) vs
mTKA. Post-discharge utilization was lower in the rTKA cohort, with 61.3% utilizing home health services with
an average cost of $3045 for an average of 11.7 home health visits, compared with 62.7% and $3536 for an average
of 14 visits in the mTKA cohort. Patients in the rTKA cohort also had significantly fewer outpatient clinic visits in
the first 90 days post-operatively (35.5 vs 42.9%, p < 0.0001). Readmissions were also lower in the rTKA cohort
(5.2 vs 7.8%, p = 0.0423). They found a lower, but not statistically significant, 90-day utilization of ED services
in the rTKA group (11.2 vs 13.3%, p = 0.1726) compared with mTKA.

A 2020 report by Pierce et al. [30] utilized the OptumInsight Inc. database to compare claims data from
commercial payors in rTKA vs mTKA patients under 65 years of age from 2016 to 2017 and evaluated 90-day
EOC utilization and cost. They found shorter LOS in the rTKA cohort (1.8 vs 2.7 days, p = 0.0001), decreased
index costs ($21,347 vs $24,069, p = 0.0002), lower percentages of patients discharged to SNF (1.7 vs 6.1%,
p = 0.0001), lower post-discharge costs ($6857 vs $8189, p = 0.0001), and lower 90-day EOC costs ($28,204
vs $32,253, p = 0.0001) when compared with mTKA. The rTKA cohort also had fewer days of home health
utilization (5.3 days vs 6.4 days, p = 0.0037). Readmissions were lower in the rTKA cohort compared to the
mTKA cohort (2.2 vs 3.9%, p = 0.1323) and cost less on average per patient during the readmission ($13,328 vs
$24,874, p = 0.4223), although these results were not statistically significant.

In a 2019 article by Cool et al. [26], 90-day EOC costs were compared between rTKA and mTKA groups using
data from the Medicare Standard Analytic Files from 2016 to 2017. They found a lower LOS in the rTKA cohort
(1.8 vs 2.5 days, p < 0.0001), lower index costs during hospitalization ($12,384 vs $13,024, p = 0.0001), as
well as post-discharge ($5234 vs $6978, p < 0.0001) and lower overall 90-day EOC costs ($18,568 vs $20,960,
p < 0.0001) vs mTKA. Fewer patients were discharged to SNF or inpatient rehabilitation (15.2 vs 28.3%,
p < 0.0007), and there was less home health utilization (11.9 vs 14.3 visits, p < 0.0001) and decreased home
health costs ($3045 vs $3536, p < 0.0001). Fewer patients utilized ED services in the rTKA cohort (11.2 vs 13.3%,
p = 0.1726) and fewer patients were readmitted (5.2 vs 7.8% p = 0.0423).

In a 2022 article, Ong et al. [27] utilized a private payor claims database (MarketScan dataset) to evaluate 90-day
EOC costs and post-discharge utilizations in TKA patients under the age of 65 years from 2016 to 2018, as well
as complications and outcomes up to one year post-operatively. They found a lower LOS in the rTKA cohort vs
mTKA (1.6 vs 1.9 days, p < 0.001), lower index inpatient costs ($32,747 vs $34,509, p = 0.003), lower outpatient
rehabilitation ($2272 vs $2494, p < 0.0194) and overall lower 90-day EOC costs ($39,260 vs $41,458, p = 0.001).
Fewer patients in the rTKA cohort utilized home health services (68.5 vs 72%, p = 0.048) compared with mTKA.

A 2022 article by Gregory et al. [35] utilized a large national payer database (Blue Health Intelligence) to evaluate
90-day EOC costs and utilizations for rTKA and mTKA cases performed between 2017 and 2019. The cost of the
CT scan was included in this study as part of index costs. In the rTKA cohort, they found a lower LOS (1.7 vs
2.0 days, p < 0.0001), lower index costs ($29,984 vs $31,280, p < 0.0001), lower post-discharge costs ($7189 vs
$7728, p = 0.0307) and lower 90-day EOC costs ($37,174 vs $39,008, p < 0.0001) compared with mTKA. They
also report higher utilizations in the mTKA cohort of SNF admissions (26% higher, p = 0.0626) and re-admissions
(16% higher, p = 0.0291), with 15% (p = 0.0036) greater home health utilizations in the rTKA cohort.

A 2022 article by Rajan et al. [32] utilized a Markov model to evaluate the cost–effectiveness of rTKA vs mTKA.
Their model simulated the lifetime outcomes of TKA for patients at an average age of 60 years. The costs of rTKA
included a preoperative CT scan and the acquisition and use of robotic system. They used three institutional case
volumes: low (10 cases); mid (100 cases); and high (200 cases) to generate average per-case robotic costs. Systematic
reviews were used to determine revision rates. The rTKA produced 13.55 QALYs vs 13.29 QALYs for the mTKA
and ICERs for mid- and high-volume institutions were below WTP. The average number needed to treat was >42
for cost–effectiveness at the $50,000/QALY WTP (Table 4).

A 2022 article by Hua et al. [10] also assessed the cost–effectiveness of rTKA vs mTKA using a Markov model.
They considered 90-day episode-of-care (EOC) costs from a healthcare sector perspective, including intraoperative,
inpatient and postoperative costs. Costs were estimated using Medicare Inpatient Prospective Payment data, and
robotic system costs were obtained from literature. Systematic reviews were used for revision rates, and the Tufts
University cost–effectiveness Analysis Registry from 2006 to 2020 to derive optimal quality of life values for
TKA. The rTKA resulted in a total QALY of 6.18, relative to 6.17 under the mTKA. In addition, the rTKA
total discounted costs were $32,535 compared with $31,917 from mTKA. However, rTKA was cost-effective
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Table 4. CT scan-guided, 3-dimensional, robotic-arm assisted total knee arthroplasty.
Rajan et al. (2022) Ong et al. (2022) Gregory et al. (2022) Grosso et al. (2022) Hua et al. (2022)

Category M R M R M R M R M R

Robotic cost inclusion Yes Yes No No No No Yes Yes Yes Yes

CT scan cost inclusion Yes Yes No No Yes Yes No No No No

Total (n) 3710 742 4135 4135 3505 581

LOS 1.91 1.56 1.98 1.74 1.6 1.5

In-hospital costs $25,113 $29,261 $34,509 $32,747 $31,280 $29,984 $17,506 $15,937

Post D/C costs $6949 $6513 $7728 $7189 $6983 $4066 $2397 $1618

90-day EOC cost $41,458 $39,260 $39,008 $37,174 $20,608 $17,777 $31,134 $32,018

Discharge to SNF/rehab
(%)

14.8 5.5

Cost of SNF $135 $91

Use of HH services 72% 68.5%

HH visits (n)

Cost of home health $1394 $1354 $374 $404

Outpatient rehab costs $3151 $1865

Readmission within
90 days

15% 14.8%

Average readmission costs $2137 $1781

Total discounted cost $31,917 $32,535

Revision (1 year) 0.8% 0.3% 0.7% 0.3%

In-hospital PPFx 0.03% 0.0%

Increase in QALYs 13.29 13.55 6.17 6.18

ICER - R ($/QALY) $15,685 $41,331

D/C: Discharge; ED: Emergency department; EOC: Episode of care; HH: Home healthcare; ICER: Incremental cost-effectiveness ratio; LOS: Length of stay; M: Manual; PPFx: Peripros-
thetic fracture; QALY: Quality-adjusted life-year; R: Robot; SNF: Skilled nursing facility.

at a WTP of $50,000/QALY when hospital volume exceeded 49 procedures per year. In probabilistic sensitivity
analysis, rTKA was cost-effective at a $50,000/QALY WTP threshold in 50.4% of 10,000 simulations. The authors
concluded that even when considering robotic-system costs, rTKA is likely to be cost-effective relative to mTKA
in the Medicare population with knee OA in high-volume hospitals through lowering revision rates and decreasing
post-acute care costs. Higher-volume hospitals may deliver higher value in performing in rTKA.

In summary, all 11 studies, showed some benefit in health services utilization and/or cost, with the majority
showing benefit for CT scan-based robotic-arm assisted TKA compared with manual in multiple clinical and
economic measures. There was an overall decreased in LOS, coupled with decreases in index costs, post-discharge
costs and 90-day EOC costs. All studies reporting on 90-day EOC costs, including those that included associated
robotic system costs in their analysis, found a lower 90-day EOC cost in the rTKA cohort compared to the mTKA
cohort due to reduced post-discharge costs (Table 2). On average, discharge to SNF or rehabilitation was twice as
common in the mTKA group (13.7 vs 7.1%, p < 0.001), with slightly increased home health service utilizations
as well. Readmission rates and associated costs were higher in the mTKA cohort, with similar rates of 90-day ED
utilization between groups. Although inpatient periprosthetic fractures were rare in both groups, they occurred
more often in the mTKA cohort.

Table 3 & Table 4.

CT scan-guided, 3-dimensional, robotic-arm assisted total hip arthroplasty
There were a total of six studies evaluating the cost–effectiveness of CT scan-guided 3D-rTHA. There were two
studies from an overlapping database, so we will comment on both studies, but for overall tabulation, they were
treated as one study group. There were two studies from a large database; one study from Medicare (US), one was
from a private payer (US) and two were modeling studies (one US, one UK) based on institutional data.

A 2021 study by Emara et al. [20] utilized the National Inpatient Sample (NIS), a large database with cost
data related to inpatient care only, and therefore did not report on any post-discharge data. The NIS comprises
a 20% nationally representative sample of all inpatient discharges from community hospitals in the US and is
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Table 2. CT Scan-guided, 3-dimensional, robotic-arm assisted unicompartmental knee arthroplasty.
Cool et al. (2019) Clement et al. (2019)

M R M R

Robotic system cost inclusion Yes Yes Yes Yes

CT-scan cost inclusion Yes Yes Yes Yes

Total (n) 492 246 - -

LOS 2 days 1.8 days

In hospital costs $26,307 $25,786

Post D/C costs

90-day EOC cost

Use of HH services (%)

HH visits (n)

Cost of home health

Outpatient rehab costs

Revision (1 year) 5.3% 0.8% 1.1% 0.5%

Increase in QALYs 12.2 13.6

ICER ($/QALY) $1,298

D/C: Discharge; ED: Emergency department; EOC: Episode of care; HH: Home healthcare; ICER: Incremental cost-effectiveness ratio; LOS: Length of stay; M: Manual; QALY:
Quality-adjusted life-year; R: Robot; SNF: Skilled nursing facility.

also the largest nationwide all-payor hospital inpatient care database. This study reported on a subset of patients
undergoing primary THA from 2008 to 2017. The inpatient cost of care was higher for the rTHA cohort ($18,416
vs, $17,266, p = 0.001), and fewer patients were discharged to SNF (17.4 vs 18.5%, p = 0.205) compared with
mTHA. Lengths of stay were lower in the rTHA cohort vs the mTHA (2.2 vs 2.3 days, p < 0.001). Of note,
this study also found in-hospital THA dislocation to be lower in the rTHA cohort compared with mTHA (0.1
vs 0.8%, p < 0.001), as well as lower minor perioperative complications (12.8 vs 21.6%, p = 0.004). A 2021
Kirchner et al. study [21] utilized the same database as the Emara et al. study (which evaluated patients from 2010
to 2014). They also found a higher inpatient cost of care for rTHA vs mTHA during this time period ($20,046 vs
$18,258, p < 0.001), but did not report on discharge dispositions. Lengths of stay were again lower in the rTHA
cohort (2.7 vs 2.8 days, p < 0.001). This study also evaluated in-hospital post-operative complications and found
a lower rate of major complications in the rTHA cohort (2.2 vs 3.3%, p < 0.001), and lower rates of in-hospital
implant-related mechanical complications (0.5 vs 3.1%, p < 0.001).

In 2021, Pierce et al. [25] evaluated post-discharge utilizations of services as well as 90-day EOC costs, using
payments made by the Center for Medicare and Medicaid Services (CMS) from 2015 to 2018. They found a higher,
but not statistically significant, index cost for rTHA compared with mTHA ($12,827 vs $12,665, p = 0.487), but
lower 90-day EOC costs ($19,734 vs $20,519, p < 0.0095). Compared with mTHA, LOS was lower in the rTHA
cohort (2.3 vs 2.5 days, p = 0.0137), and fewer patients in the rTHA cohort were discharged to a SNF (27.1 vs
35.6%). In addition, rTHA patients spent fewer days at a SNF (18 vs 19.6 days), which amounted to a $1224
average cost savings compared with mTHA. Total overall costs of home health services were lower in the rTHA
cohort ($3352 vs $3496).

A 2022 paper by Barsoum et al. [36] utilized data from Blue Health Intelligence on a series of patients who
underwent CT scan-guided, 3D, robotic-arm assisted THA or manual total hip arthroplasty between 2018 and
2019 and analyzed differences in 90-day EOC costs and utilization. They found a decreased LOS in the rTHA
cohort (1.5 vs 1.7 days) and decreased 90-day EOC costs ($35,436 vs $37,009, p < 0.0001) compared with
mTHA. The rTHA group also had lower overall post-discharge costs ($3929 vs $4205, p < 0.1086) vs mTHA.
They found a lower index cost for the rTHA cohort, which also included the cost of the necessary preoperative
CT scan ($31,507 vs $32,804, p < 0.0001), and an overall lower rate of inpatient utilization (2.3% in the rTHA
cohort and 3.4% in the mTHA cohort, p < 0.0203).

A 2021 paper by Maldonado et al. [34] utilized a Markov model to evaluate the cost–effectiveness of rTHA vs
mTHA. They utilized the Inpatient Medicare 100% Standard Analytic File for payor costs and a combination of
outcomes from their institution for probabilities of infection, dislocation, and revision for rTHA and literature
for mTHA. Cumulative costs were assessed using a cycle length of 1 year over a time horizon of 5 years. The
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Table 5. CT scan-guided, 3-dimensional, robotic-arm assisted total hip arthroplasty.
Emara et al. (2021) Kirchner et al. (2021) Pierce et al. (2021) Clement et al. (2022) Barsoum et al. (2022)

Category M R M R M R M R M R

Robotic cost inclusion Yes Yes

CT scan cost inclusion Yes Yes

Total (n) 128,356 32,092 758 758 4670 938 512 48 14,460 3615

LOS 2.3 2.2 2.8 2.7 2.5 2.3 1.8 1.6

In-hospital costs $17,266 $18,416 $18,258 $20,046 $12,665 $12,827 $6895 $8579 $33,284 $31,749

Post D/C costs $7854 $6907 $7544 $7313

90-day EOC cost $20,519 $19,734 $40,828 $39,062

Discharge to SNF/rehab 18.5% 17.4% 35.6% 27.1% 1.8% 1.6%

Use of HH services 64.9% 72.9% 30.0% 35.1%

Cost of home health $373 $402

Utilizing ED in 90 days
post D/C

13.5% 13.6%

ED costs in 90 days post
D/C

$786 $715

Revision (1 year) 0.40% 0.40%

In-hospital PPFx 0.5% 0.2%

Increase in QALYs 1.06

ICER - R ($/QALY) $2,612

D/C: Discharge; ED: Emergency department; EOC: Episode of care; HH: Home healthcare; ICER: Incremental cost-effectiveness ratio; LOS: Length of stay; M: Manual; PPFx: Peripros-
thetic fracture; QALY: Quality-adjusted life-year; R: Robot; SNF: Skilled nursing facility.

authors found lower cumulative costs for rTHAs compared with mTHAs, for both Medicare ($14,811 ± 40 vs
$16,189 ± 115) and private payor scenarios ($15, 212 ± 82 vs $17,022 ± 204). They also found that rTHA
delivered higher QALYs compared with mTHA (2.96 vs 2.92). Overall, they concluded that rTHA was less costly
and more effective compared with mTHA.

In 2022, Clement et al. [22] evaluated patient reported outcome measures (PROMs) to calculate cost–
effectiveness using QALYs, utilizing data from their own institutions for rTHA and mTHA patients. They found a
0.091 (p = 0.029) greater improvement in the EuroQol 5-dimensional 3-level (EQ-5D) compared with mTHA and
a cost per QALY of approximately £3000 for a center undertaking 50 rTHAs per year, which decreased to £1000
for a center undertaking 200 rTHAs per year. The authors concluded that rTHA was a cost-effective intervention
relative to mTHA at both 10-year follow-up and for a lifetime horizon and was under the threshold of £20,000
per QALY gained.

In summary, all hip papers reported some positive benefits for CT scan-guided, 3D, robotic-arm assisted THA.
For THA, we found that robotic-arm assisted surgery resulted in a decreased LOS across all studies, decreased
90-day EOC costs, a lower likelihood of discharges to SNF or acute rehabilitation, lower post-discharge costs, lower
associated home health costs and an increase in QALYs. Some studies reported increased index costs for rTHA,
however, those that tracked post discharge costs reported savings for rTHA compared with mTHA at 90 days.
There were three papers that analyzed inpatient data only (Emara et al., Kirchner et al. and Clement et al.) and
found improvements in early hospital outcomes (complications, dislocations) as well as PROMs (Table 5).

Other comparison studies
Combined UKA & TKA
In a 2022 retrospective study, Kolessar et al. [19] evaluated a series of 178 patients (6 mUKAs, 19 rUKAs, 58
mTKAs, and 85 rTKAs) performed at their home institution in 2018 and 2019. They reported on 90-day EOC
costs and included the cost of disposables as well as the preoperative CT scans associated with the use of the robotic
system, but did not include associated maintenance or purchase costs. For the UKA groups, LOS was lower in the
robotic-arm assisted cohort (1.4 vs 1.6 days, p = 0.51), index costs were higher ($4025 vs $3287, p = 0.0001),
post-discharge costs were lower ($1051 vs $1239, p = 0.75), and 90-day EOC costs were also higher ($5076 vs
$4526) (Table 6). Only 14% of patients in the robotic-arm assisted cohort utilized home health services, compared
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Table 6. Other comparison studies.
Kolessar et al. (2022) Varughese et al. (2022)

Category UKA (M) UKA (R) TKA (M) TKA (R) UKA (M) UKA (R) TKA (M) TKA (R)

Robotic cost inclusion Yes Yes Yes Yes Yes Yes Yes Yes

CT-scan cost inclusion Yes Yes Yes Yes Yes Yes Yes Yes

Total (n) 6 19 58 85 120 120

LOS 1.6 1.4 1.8 1.8

Average saving for robot $3287 $4025 $4087 $4668 $7179 $7179 $7179 $7179

In-hospital costs $1239 $1051 $1602 $1196 1.8 4.8

90-day EOC cost

Use of HH services 83.0% 17.0% 29.0% 6.0%

HH visits (n) 5 5 17 5

Cost of home health $609 $241

Outpatient rehab costs $482 $137

Opioids - R UKA (ME) 125

Opioids - M TKA (ME) 522.1

D/C: Discharge; ED: Emergency department; EOC: Episode of care; HH: Home healthcare; ICER: Incremental cost-effectiveness ratio; LOS: Length of stay; M: Manual; ME: Mor-
phine equivalents; PPFx: Periprosthetic fracture; QALY: Quality-adjusted life-year; R: Robot; SNF: Skilled nursing facility; TKA: Total knee arthroplasty; UKA: Unicompartmental knee
arthroplasty.

with 83% in the conventional cohort. Overall, the robotic-arm assisted index procedure cost more, but there was
a shorter LOS and fewer patients utilized home health services in the robotic-arm assistance group.

For the TKA groups, LOS was similar, with more patients in the robotic-arm assisted cohort discharged earlier,
but with several outliers staying multiple extra days in the robotic-arm assisted cohort. Index costs were higher in
the robotic-arm assisted cohort ($4668 vs $4087, p = 0.0001), post-discharge costs were lower ($1196 vs $1602,
p = 0.10), and 90-day EOC costs were similar ($5864 for robotic TKA vs $5689 for conventional TKA). Only 6%
of robotic-arm assisted TKA patients utilized home health services, vs 28% in the conventional cohort.

Comparison of robotic-arm assisted UKA to manual TKA
A 2022 retrospective study by Varughese et al. [11] evaluated the potential cost savings of using robotic arm-assisted
UKA vs manual TKA at a single center by four high-volume orthopaedic surgeons. There were 240 patients
reviewed (120 rUKA and 120 mTKA) and assessed through medical records for the overall cost to their hospital
of the index procedure and the costs of each component. The results demonstrated significantly lower costs for
rUKA when compared with mTKA, with an average saving of $7179 AU (Australian dollars) per case. Robotic-arm
assisted UKA patients had increased operating times (86 vs 75.9 min, p = 0.004), but a lower length of stay (1.8 vs
4.8 days, p < 0.001). In addition, the use of opioids after the procedure was significantly less in the rUKA group
compared with the mTKA group (125 vs 522.1 MME, p < 0.001).

Table 6.

Discussion
Almost all 20 studies demonstrated a positive effect of CT scan-guided 3D-rJA on health economic outcomes.
For studies reporting on 90-day EOC costs, 10 out of 12 found lower costs in the rJA groups. In particular, the
TKA cohort, which was also the largest group at 11 studies, was overwhelmingly positive, with average data points
favoring rTKA in every aspect. cost–effectiveness was shown across the board in all three arthroplasty cohorts.

A number of studies utilized large databases in order to compile and analyze data. For those studies utilizing
inpatient-only databases (e.g., the NIS database), some found a higher index cost for rTHA (e.g., Emara et al. [20]

and Kirchner et al. [21]), but did not capture the 90-day EOC cost of care. We can possibly extrapolate post-discharge
costs on the basis of discharge dispositions. Emara et al. found that fewer rTHA patients were discharged to SNFs
or rehabilitation units, which may have led to lower post-discharge costs and an overall lower 90-day EOC cost.
In addition, it is possible that some older data may not accurately represent today’s inpatient environment. For
example, the 2022 American Joint Replacement Registry (AJRR) report found that the mean LOS for elective
primary THA was 1.4 days in 2021, down from 3.0 days in 2012. However, both the Emara et al. and the Kirchner
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et al. studies reported an average LOS between 2.2 and 2.8 days, depending on the group, which may suggest that
the cost information may not accurately reflect today’s costs with a lower LOS.

Some studies found higher index costs for rTKA (e.g., Fang et al. [31], Tompkins et al. [18]), but did not evaluate
90-day EOC costs. Fang et al. found higher costs related to supplies (e.g., disposables) and intraoperative care
related to longer operative time. It is unclear whether any of the 24 surgeons included in their analysis were within
their learning curve or performed a low volume of rTKA, but both factors would affect these findings. Tompkins
et al. also included the associated costs of the robotic system in their index costs, which helps account for the higher
index costs, and found an equal rate of non-home discharge in both groups. However, the readmission rate was
nearly four-times higher in their manual TKA cohort, which may have led to a lower 90-day EOC cost for the
rTKA cohort had the costs for these events been included. Tompkins et al. excluded data from the first 20 cases
for each of the 12 surgeons included in their analysis and only included surgeons performing at least 75 TKAs
annually, which helps account for the significantly lower operating room time when compared with Fang et al.

In addition to reduced LOS, a greater likelihood of a home discharge and lower post-discharge utilization of
services, there were other cost savings provided by rTJA. Cotter et al. [24] found that every rTKA used two fewer
trays, with sterile processing costs of $250 per tray. Per their calculation, each rTKA costs an additional $803
to account for system maintenance, depreciation, and disposables. The $500 savings for the reduced number of
surgical trays largely offset the robotic-associated costs and helped contribute to a $2091 average savings of rTKA
over conventional TKA.

When reading and analyzing publications on economic costs, it is critically important that both the reader and
the author(s) are clear in both utilizing consistent data in comparisons and, clearly defining to whom the economic
impact is being attributed. For example, it is not appropriate to combine claims data which outlines the costs to
payers and patients, with data related to certain hospital-paid expenses. If a claims data study is looking at the costs
over a 90-day period to the payor, then the cost of capital and disposables are both irrelevant and improper to
include. If the study is intended to define the cost or savings driven by a new technology for the entire healthcare
system, then all costs must be included. For example, if the costs of hardware or disposables for a new technology
are included, then there must be any cost impacts due to a reduction or extension in lengths of stay, decreased
or increased medication usages, decreased or increased resources used under the hospital’s global payment due to
changes in complications, movement in market shares, or changes in throughput due to the technology, etc.

There were twelve studies in this evaluation that were from the perspective of the payor (five private payors, three
Medicare payors and four mixed payors) all from US data sources. In all instances where post-discharge care was
included, savings were shown over the episode of care, including 90 days, 12 months and 24 months. Overall,rJA
appears to be favorable from a payer perspective. In private payor analyses, 90-day EOC savings ranged from $1834
to $4049 for rTKA and $1766 for rTHA. Medicare analyses reported 90-day EOC savings at $2391 for rTKA and
$785 for rTHA. Even with the cost of the pre-operative CT scan included, savings were still shown over the EOC.
This has the potential for substantial payor savings over the volume of covered lives, even when considering costs
for pre-operative CT scans.

There were four studies that were Markov or cost–effectiveness models, two from the UK and two from the US.
In all instances, robotic-arm assisted total joint arthroplasty showed improvement in QALY gain compared with
mTKA and met the threshold for acceptable cost–effectiveness.

There were four studies that were from the hospital cost perspective; 3 were from the US and one was from
Australia. There were two studies that showed reduced costs for rJA and two that showed increased costs. Of
note, those that stated increased costs did not include post-discharge costs. It is also important to note that the
reporting of these costs can be highly variable depending on hospital accounting practices. One study attempted
to include both the hospital and the payer perspective and showed mixed results. Hospitals adopting robotic-arm
assisted technology may benefit from streamlining their processes. Cotter and colleagues showed they were able
to offset their robotics costs by reducing trays and the costs of sterilization, as well as reducing the length of
hospital stays [37,38]. Studies on the learning curve of rJA have shown that surgeons can become time-neutral in
7 to 20 cases, depending on the application, which can neutralize operating room time costs [37–42]. Additionally,
bundled payment arrangements may be favorable. Shah et al. evaluated calculated risk-adjusted, price-standardized
payments for the surgical episode from admission through 90-days post-discharge, comparing manual and rTKAs.
They found that risk-adjusted 90-day episode spending was lower among patients who had rTKA vs mTKA
($13,676 vs $14,263). Patients who underwent rTKA had a shorter length of stay compared with mTKA (1.9
vs 2.3 days) as well as a lower incidence of complications (mTKA: 3.3 vs rTKA: 2.7%). Additionally, patients
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who underwent rTKA were less often discharged to a post-acute care facility than patients who underwent mTKA
(mTKA: 32.4 vs rTKA: 16.8%). Both Bundled Payment for Care Improvement and non-Bundled Payment for
Care Improvement hospitals with greater than 50% rTKA utilization had lower spending per episode of care vs
spending at hospitals with less than 50% rTKA utilization. They concluded that hospitals participating in the
Bundled Payment for Care Improvement may experience cost-savings with increased utilization of rTKA [43].

It should be noted that a 2020 study by Sherman et al. [9] reported that 246 of 727 (33.8%) AAHKS members
use robotic-arm assistance for TJA. Of the users, 242 (98.4%) report using the technology for TKA, and 120
(48.7%) report using it for THA. This report demonstrated that advanced technologies are becoming more widely
accepted and practiced. Therefore, knowledge about the economic utility of robotics is important as we enter a
time where healthcare costs continue to grow, and our findings support the economic benefit of rTJA [35,44–46].

It is encouraging that almost every study in this review found economic advantages to using this technology.
Studies that showed mixed results actually included costs to the hospital and mixed hospital costs with payor
costs without a complete and rigorous analysis of overall costs and savings. It is important that authors do not
pick and choose only certain costs or benefits to stakeholders when doing an economic analysis, and it is critical
that the author clearly state from which stakeholder’s perspective the costs are being analyzed. Additionally, using
appropriately powered studies with accepted normalization and a review of comparator and experimental groups is
critical.

We have conducted a thorough evaluation of cost-utility outcomes ranging from intra-hospital costs to 90-day
episode of care costs to costs up to 1 year. This paper did not focus on longer-term outcomes such as revisions,
which would typically occur after the 1-year time point. Although Cool et al. demonstrated cost savings for reduced
revisions in rUKA compared to mUKA at 24 months, [28]. Revision rates deserve future attention, as there may
be additional value in improving long-term outcomes. Still, it is still important to understand the shorter-term
healthcare utility measures such as lengths of hospital stay, readmissions, episodes of care costs, etc. that were
performed in this study, as these also contribute to the overall cost of care for total joint arthroplasty patients.

Clinical studies of patient outcomes of CT-based 3D-planned total joint arthroplasty have shown reduced
post-operative pain and opioid use, which have been linked to soft-tissue protection resulting from the robotic
system’s haptic boundaries or from fewer soft-tissue releases needed in order to obtain the surgeon’s planned balance
and alignment [17]. A prospective randomized control trial also showed reduced inflammatory pain markers when
comparing RATKA to MTKA [16]. Early discharge may be linked to reduced early post-operative pain. The
data suggests that the episode of care costs of robotic-arm assisted surgery are lower when compared to manual
procedures. Reduced costs are driven by reduced LOS, reduced utilization of costly post-discharge care such as
SNFs and HHAs, as well as reduced readmissions. Clinical studies have also shown significant reductions in post-
operative events such as MUAs, dislocations and revisions [30,32–46]. These findings may be of particular interest to
stakeholders specifically responsible for the cost of post-operative care, such as payors, providers and/or healthcare
systems involved in payment scenarios that include post-operative care.

For stakeholders purchasing the robot (in most cases, the hospital) the cost of robotic system acquisition should
be considered. Cotter et al. demonstrated that in their analysis of hospital costs, the cost of the robotic system
was outweighed by the post-operative savings attributed to reduced LOS, reduced instrument sterilization costs,
as well as less costly discharge locations [30,32–46]. While some studies state that surgery time can be longer, there
are several published learning curve studies that demonstrate that surgeons can return to similar or faster operative
times in approximately 20 cases [30,32–46]. These studies also demonstrate improved accuracy and no difference in
complications, even through the learning curve.

Further studies on the cost utility of robotic-arm assisted UKA, TKA, and THA are likely warranted to determine
if there are any specific aspects of the episode of care that can be identified as areas to focus our efforts on with
regards to cost utility, particularly post-discharge utilization of services. In general, this systematic review found
that rJA patients had shorter LOS and cost savings based on their 90-day episodes of care, among other metrics.
Payors would likely benefit from encouraging the use of this CT-based robotic technology.
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Summary points

• Robotic-arm assisted lower extremity arthroplasty using computed tomography (CT)-based 3-dimensional (3D)
planning has been increasingly applied to unicompartmental and total knee arthroplasty as well as total hip
arthroplasty (UKA, TKA, and THA).

• Many studies and several systematic reviews have described improved clinical and radiographic outcomes from
the use of this technology.

• The authors performed a systematic review of all health economic studies that compared CT-based robotic-arm
assisted UKA, TKA, and THA with manual techniques, which included 20 articles.

• In general, this systematic review found that robotic-arm assisted joint arthroplasty (rJA) patients had shorter
lengths of stay (LOS) and cost savings based on their 90-day episodes of care, among other metrics.

• Nearly all twenty studies found economic advantages for CT scan-guided robotic-assisted joint arthroplasty when
compared with manual techniques.

• In all instances where post-discharge care was included, savings were shown over the episode of care, including
90 days, 12 months, and 24 months.

• Payors would likely benefit from encouraging the use of this CT-based robotic technology.
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