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The following work was published in the Knee in 2021. It was conducted by Vermue H, Tack P, Gryson T and Victor J.
Can Robot-Assisted Total Knee Arthroplasty be a cost-effective procedure? A Markov decision analysis.
BACKGROUND Total knee arthroplasty (TKA) is a frequently and increasingly performed surgery in the treatment of disabling knee osteoarthritis. The rising number of procedures and related revisions pose an increasing economic burden on health care systems. In an attempt to lower the revision rate due to component malalignment and soft tissue imbalance in TKA, robotic assistance (RA) has been introduced in the operating theatre. 
The primary objective of this study is to provide the results of a theoretical, preliminary cost-effectiveness analysis of RA TKA.
MATERIAL AND METHODS A Markov state-transition model was designed to model the health status of sixty-seven-year-old patients in need of TKA due to primary osteoarthritis over a twenty-year period following their knee joint replacement. Transitional probabilities and independent variables were extracted from existing literature. 
RESULTS The value attributed to the utility both for primary and revision surgery has the biggest impact on the ICER, followed by the rate of successful primary surgery and the cost of RA-technology. Only 2.18% of the samples yielded from the probabilistic sensitivity analysis proved to be cost-effective (threshold set at $50000/QALY). A calculated surgical volume of at least 253 cases per robot per year is needed to prove cost-effective taking the predetermined parameter values into account.  
CONCLUSION Based upon transitional probabilities and independent variables derived from existing studies, RA TKA may be cost-effective at a surgical volume of 253 cases per robot per year when compared to conventional TKA.

Level of Evidence III
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INTRODUCTION
Total knee arthroplasty (TKA) is a frequently performed surgery for patients with osteoarthritis of the knee joint [6, 35]. In 2011, 235 TKAs/100000 inhabitants were performed in the United States. Furthermore, in 2050 it is expected to see a 143% increase of TKAs performed annually compared to current practice [17].
Considering the high incidence of total knee surgery, the economic impact of revision procedures on society is substantial [9]. Reducing the amount of patients in need of revision TKAs is important, as the incidence of total knee replacement surgery is predicted to rise in the future. Component malalignment and soft tissue imbalance could be involved in causing a patients’ need for revision surgery [30]. Therefore, in an attempt to improve prosthesis positioning accuracy and soft tissue balance new technologies, such as robotics have been introduced in the operating theatre [18, 23]. This is of course based on the fact that malalignment and soft tissue imbalance are the keys to solving the puzzle of painful total knee arthroplasties leading to revision surgery.
Since robot-assistance during total knee arthroplasty is a fairly new technology, mostly short-term data is available, especially on the currently available robotic systems. Its use remains controversial, as present short-term data on commercially accessible robot-technology is not showing clear advantages on patient clinical outcomes [20]. Moreover, the application of robot-assistance comes at an additional cost compared to the conventional technique. To justify its use, patients should benefit from its utilization. At the same time, from a societal point of view, the benefits of new technology should outweigh its cost, therefore being cost-effective.
Currently, the evidence is lacking whether robot-assisted total knee arthroplasty could be a cost-effective procedure. The goal of this study is therefore to provide a preliminary cost-effectiveness analysis of robot-assisted total knee arthroplasty compared to the conventional technique. For surgeons and governments, this could serve as a guide for the implementation of robotic assistance in everyday practice.

MATERIAL AND METHODS
Design
In the present analysis, a Markov state-transition decision model was developed to analyze the cost-effectiveness of robot assisted TKA compared to the conventional technique from a healthcare payer perspective. The model was based on the average patient with end stage osteoarthritis receiving a primary TKA, being 67 years old [1]. A twenty-year time-horizon was used based on the available long term evidence of implant survival following TKA. The Markov model is visualized in Figure 1. No funding was received for this study.
Decision Model
Windows Excel 2010 (Microsoft, Washington, USA) was used to construct the Markov decision model for the surgical treatment of osteoarthritis of the knee joint with robotic assistance. The following general assumptions were made: 1. The yearly mortality rates are age-specific and do not differ between patients who underwent a total knee replacement and those who did not. 2. In this model, patients underwent one revision surgery at most. Afterward, they were assumed to be in the ‘successful after revision TKA’ state until death. All parameters used in the model are described below and shown in Table 1.
	Parameter
	Conventional TKA
	RA TKA

	Probabilities
· Outlier Rate
· Annual revision rate
· Neutral
· Malaligned
· Perioperative Death
· Primary
· Revision
· Utilities
· Primary
· Revision 
	
0.254

0.0165
0.005

0.0019
0.027

0.68
0.532
	
0.072

0.0165
0.005

0.0019
0.027

0.68
0.532

	Assumed parameters
· Disutility
· Primary
· Revision
	

-0.1
-0.15
	

-0.1
-0.15



Table 1. Variables used in this Markov model 

Implant alignment and Implant survival
A review of the existing literature was performed to determine the radiological outcomes of robot-assisted total knee arthroplasty compared to conventional total knee arthroplasty. The databases PubMed, MedLine, Embase, Web of Science and Cochrane Library were searched with the keywords “total knee replacement”, “total knee arthroplasty”, “alignment”, “robot-assisted” and “robotics”. The reference lists of all relevant articles were reviewed to identify additional studies. A total of 6 studies compared implant coronal alignment of robotic total knee arthroplasty with the conventional technique [7, 18, 23, 31, 34, 36]. In these studies, the rate of coronal alignment outliers (> 3° varus or valgus mechanical alignment) was recorded compared to the rate of neutral mechanical alignment (< 3° varus or valgus mechanical alignment). The weighted mean percentage of malaligned knees based on the total number of patients evaluated in each of the studies was used as an outlier rate estimate in the cost-effectiveness analysis. In these included studies a mean outlier rate was recorded of 7.2% (SD 5.3) and 25.4% (SD 7.4) for robot-assisted and conventional TKA respectively.
Yearly revision rates for both neutral mechanical alignment and malalignment were estimated from the incidence of revision surgery in the study of Fang et al [13]. Revision rates at 6.6 years follow-up were normalized to yearly revision rates based on a linear assumption. At 20-years of follow-up, these values are comparable to those available in current literature [12].

Mortality rates
The age-specific annual mortality rates were obtained from the United States Life Tables 2017 [2]. The perioperative mortality risk for patients receiving total knee arthroplasty was estimated from the studies of Berstock et al. and Boddapati et al., who reported perioperative death rates of 0.019% for primary TKA and 0.27% for revision TKA [3, 4].

Infection rate
The annual infection rate for primary TKA was based on the analysis of Kurtz et al [21]. During the first two postoperative years, the total incidence for infection of TKA was 1.55%.  The incidence between year 2 and up to 10 years postoperative was 0.46%. For the subsequent years, the trend between the second and tenth year was assumed to continue linearly. Infection is followed by revision TKA. 

Utilities and disutilities
The well-being of patients after total knee arthroplasty is based on quality well-being index scores, similar to Slover et al [15, 32, 33], with values of 0.725 for primary TKA and 0.707 for revision TKA. 
The disutility after surgery is defined as the negative effects on patient well-being associated with surgery, such as the discomfort, pain and decreased mobility during the perioperative interval. The disutility of having a primary TKA was set at -0.1 in the year following surgery. Similar to Slover et al, revision surgery, which can vary in magnitude and post-operative impact, had a disutility value specified at -0.15 for aseptic revision and -0.2 for septic revision the year following revision surgery [33].

Cost-Determination 
The estimated cost for primary and revision TKA was assumed as seen from a healthcare payer perspective, similar to the study of Ferket et al [14]. Additionally, the maintenance and purchase cost from a current available robotic system, MAKO (Stryker, Michigan, USA), has been integrated into the model [24]. When applicable, the cost of a preoperative CT scan is considered [25]. Both fixed and variable costs depend on the hospital procedure volume, with costs decreasing proportionally  with an increase in number of cases performed annually. All costs are displayed in Table 2.
All costs and utilities were corrected with a discount rate of 3% every year to comply with routine cost-effectiveness analysis [16].

	
	Conventional TKA
	RA TKA 
	Source

	Cost [$]
	
	
	

	Primary TKA
	25824
	25824
	(22)

	Revision TKA
	31084
	31084
	(22)

	
	
	
	

	TKA Robot [$]
	
	
	

	MAKO
	N/A
	934728
	(23)

	Service contract (annual fee for 4 years)
	N/A
	85000
	(23)

	CT scan
	N/A
	247
	(24)


Table 2. Overview of the costs included in the Markov model. 

Sensitivity Analysis
A sensitivity analysis was performed to determine the impact of the assumptions and incorporated data on the model. During the deterministic sensitivity analysis the individual impact of each variable on the incremental cost-effectiveness ratio (ICER) was evaluated by letting the individual variable’s value increase and decrease.
During the probabilistic analysis all variables could randomly take values following the variables’ probability distributions, defined by mean and standard deviation, to assess the impact of parameter uncertainty in the model. In total, the model was run for 10000 iterations.
Costs and utilities of primary and revision surgeries had an extra limitation. The cost of revision surgery had to be equal or higher than the cost of the primary surgery. Likewise, the utility associated with the revision could not be higher than the utility of the primary surgery. This assumption was needed to avoid promotion of revision surgeries by the model.

Statistics
The model was build using Windows Excel 2010 (Microsoft, Washington, USA) The deterministic sensitivity analysis was performed by in- and decreasing the variables’ value by 30% of the predetermined average as commonly accepted in the literature [11]. Values could not go below 0. During the probabilistic sensitivity analysis random values were generated based on the variable’s specific distribution. If no standard deviation was to be found it was assumed to be 10% of the mean. Costs were modelled using a gamma distribution, utilities and transition probabilities were modelled using a beta distribution. The technology was assumed cost-effective with an ICER below $50000, as standard in the United States [26].

Surgical Volume
The analysis was carried out assuming an annual TKA case volume of 70 cases/year, corresponding to the highest limit reported for the transition from medium to high volume surgeons [22]. A threshold of 70 TKA cases/year might deliver information whether RATKA is a cost-effective procedure, while not focusing solely on the very high volume surgeons. The amount of TKA cases needed to be performed annually to achieve an ICER below $50000 was determined.


RESULTS
[bookmark: _Hlk38381700]Table 3 shows the results of running the Markov model using the predetermined variable mean values. At a surgical volume  of 70 cases per year the calculated ICER of RA TKA is a staggering $376145, far surpassing the $50000 incremental cost-effectiveness ratio threshold. 
	

	Discounted QALY
	Discounted Costs
	Cost/QALY

	Conventional TKA
	9.19
	29035.70
	3161.07

	RA-TKA
	9.22
	40426.65
	4386.72

	ICER
	376145.11
	 
	 


Table 3. Results of the Markov model at 70 RA TKAs performed annually.
QALY = Quality Adjusted Life Years. TKA = Total Knee Arthroplasty. RA = Robot-Assisted. ICER = Incremental Cost Effectivity Ratio

Sensitivity analysis
A deterministic sensitivity analysis was performed to evaluate the impact of all variables and assumptions. Values were incremented and decremented 30% one by one. It’s impact on the ICER was visualized in Figure 2.
The value of the utility attributed to the primary and revision TKA seem to have the biggest impact on the ICER, closely followed by the % successful primary surgeries. As expected , the purchase and maintenance costs of the implemented robotic technology greatly affects its cost-effectiveness. The robot becomes cost-effective  (ICER < $50000/QALY) at 253 cases, assuming maintenance costs are fixed and therefore independent of the surgical volume.
Probabilistic analysis:
To assess the impact of parameter uncertainty in the model, a probabilistic analysis was performed. In total, 10000 iterations were conducted using variable values, sampled from the probability distribution around the variables’ average values.  The plotted result can be found in Figure 3. Considering a threshold of $50000, only 2.18% of the observations were found to be cost effective. Non were found to be dominant. 

DISCUSSION
This study used a Markov decision model to analyze the cost-effectiveness of robot-assisted total knee replacement from a societal perspective. Average costs, (dis)utilities, radiological coronal alignment  and revision rates were derived from available literature to compare robot-assisted total knee replacement with the conventional. According to the presented model, RA TKA would theoretically become cost-effective when the amount of annual cases performed exceeded 253 per year.
Important to note this model is a best-case scenario established on lower revision rates in robot-assisted compared to conventional TKA. Improved clinical outcomes after robot-assisted TKA compared to the conventional technique remain to be proven [19]. Therefore, the presented model does not incorporate increased wellbeing scores for an individual patient for RA TKA compared to conventional TKA. 
However, in current literature there are clues present showing some kind of cost-effectiveness of RA TKA. A short-term cost analysis on RA TKA has been performed by Cool et al [8]. Their 90-day episode-of-care cost analysis showed a reduction of costs was possible in robot-assisted TKA compared to the conventional technique due to fewer readmissions and economically beneficial discharge destinations [8]. A shorter admission interval for patients with robot-assisted TKA compared to conventional TKA can be an aid in achieving a cost-reduction in the early post-operative phase, as is demonstrated by Kayani et al [20]. Even though patients included in the study of Cool et al were matched on age, gender, race, residence and comorbidities, other confounding variables might be present based on the patient’s deliberate choice for robot-assisted surgery [8].
Robot-assisted TKA has shown to deliver fewer outliers to the mechanical axis compared to conventional jig-based TKA [7, 18, 23, 31, 34, 36]. However, up until now, the intra-operative balancing of the knee joint with the currently available robotic platforms could potentially improve long term clinical outcomes.
The cost-effectiveness of robot-assisted surgery has been studied by Moschetti et al for unicompartmental knee arthroplasty [25]. Similar to this study, hospital case volume has a critical role in the cost-effectiveness of robotic total knee procedures. In order to render cost-effective (< $50000/QALY), at least 253  RA TKA cases should be performed annually. Considering high volume arthroplasty centers, surgeons could combine their case volume to achieve this goal. Furthermore, with subspecialisation in orthopedic surgery, the presence of mostly high volume arthroplasty centers might not be unthinkable. 
[bookmark: _Hlk60833757][bookmark: _Hlk60946823][bookmark: _Hlk60833921]Important to note is that robot-assisted TKA could aid in component positioning and soft tissue balance. However, whether this will be the holy grail in TKA remains the question. Knee stability  is a result of ligament tension, isometry and implant geometry. Without underestimating the role of intrinsic implant stability, numerous studies have identified differences in sagittal plane stability between PS, CR and medial pivot TKA [10, 29]. This study is not without limitations. The designed Markov model leans on several assumptions. 1. Neutral mechanical alignment is used as a reference for TKA alignment [13]. However, whether total knee malalignment leads to a higher revision rate remains controversial [5, 27], especially with the good results obtained with kinematic alignment [28]. By using neutral mechanical alignment as a reference with lower revision rates compared to malaligned knees, a best-case scenario for robotic-assistance in TKA surgery is presented under current known circumstances. Interpretation should be done with caution, since this study is based on the assumption that alignment is a predictor of success in total knee arthroplasty. 2. The other transition probabilities were collected from large cohort studies performed in the past. These transition estimates might be different from transition probabilities today. 3. The design of this Markov model did not allow patients to undergo multiple revision surgeries [37]. Furthermore, patients with loosening of their total knee implant, not requiring revision surgery are not integrated into the model. 4. The cost of primary and revision TKA is derived from literature, and the values used may differ between hospitals. The commercially available robotics’ cost is estimated based on values reported by the industry, in company brochures. However, the price of a robotic system might vary, depending on the individual contract with the technology provider and the type of implants used in a hospital.
Currently the presented Markov decision model is constructed from a healthcare payer perspective. The debate does remain whether the associated costs with robot-assisted surgery should be paid by the healthcare payer or by the patient. As this model is a best-case scenario for robot-assisted TKA, more research is warranted to justify the continued use of robots during total knee arthroplasty.

CONCLUSION
[bookmark: _Hlk60835591][bookmark: _Hlk61008130]Robot-assisted TKA might be a cost-effective procedure compared to conventional TKA if a minimum of 253 cases are performed on a yearly basis. The cost-benefit of the robotic TKA surgery is mainly based on a decreased revision rate. This study is based on the assumption that alignment is a predictor of success in total knee arthroplasty. Until there is data confirming the assertion that alignment predicts success robot-assisted surgery cannot be recommended. 
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