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Background: Obesity is associated with adverse outcomes and increased costs after total knee arthroplasty. Bariatric
surgery is an effective treatment for morbid obesity, but its cost-effectiveness for weight loss prior to total knee arthro-
plasty is unknown. The purpose of this study was to evaluate the cost-effectiveness of bariatric surgery prior to total knee
arthroplasty for patients in whom medical treatment of obesity and knee osteoarthritis had failed.

Methods: A state-transition Markov model was constructed to compare the cost-utility of two treatment protocols for
patients with morbid obesity and end-stage knee osteoarthritis: (1) immediate total knee arthroplasty and (2) bariatric
surgery two years prior to the total knee arthroplasty. The probability of transition for each health state and its utility were
derived from the literature. Costs, expressed in 2012 United States dollars, were estimated with use of administrative and
claims data. Costs and utilities were discounted at 3% annually, and effectiveness was expressed in quality-adjusted life-
years (QALYs). The principal outcomemeasure was the incremental cost-effectiveness ratio (ICER). One-way, two-way, and
probabilistic sensitivity analyses were performed, using $100,000 per QALY as the threshold willingness to pay.

Results: Morbidly obese patients undergoing total knee arthroplasty alone had lower QALYs gained than patients who
underwent bariatric surgery two years prior to the total knee arthroplasty. The ICER between these two procedures was
approximately $13,910 per QALY, well below the threshold willingness to pay. Results were stable across broad value
ranges for independent variables. Probabilistic sensitivity analysis found that the median ICER was $14,023 per QALY
(95% confidence interval, $4875 to $51,210 per QALY).

Conclusions: This model supports bariatric surgery prior to total knee arthroplasty as a cost-effective option for
improving outcomes in morbidly obese patients with end-stage knee osteoarthritis who are indicated for total knee
arthroplasty.

Level of Evidence: Economic and Decision Analysis Level II. See Instructions for Authors for a complete description of
levels of evidence.

I
n the United States, the lifetime risk of end-stage knee oste-
oarthritis is 13.3% for men and 18.8% for women1. The de-
velopment of knee osteoarthritis is multifactorial2, and obesity

is a major modifiable risk factor for knee osteoarthritis2,3, confer-
ring a relative risk of 13.6 for knee osteoarthritis inmorbidly obese
patients compared with normal-weight patients4. Consequently, a
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strong correlation exists between obesity and the need for total
knee arthroplasty4,5. From 2002 to 2009, the proportion of total
knee arthroplasties performed on obese patients in the United
States nearly doubled5, and the utilization of total knee arthro-
plasty is predicted to increasemore than 650% from 2005 to 2030,
driven in part by the rising prevalence of obesity5-7.

Total knee arthroplasty provides substantial pain relief and
increased health-related quality of life in patients with end-stage
knee osteoarthritis, with symptom improvement rates in excess of
85%1. However, obese patients experience higher rates of costly
adverse outcomes such as deep infection, prosthetic loosening,
revision surgery, and lower functional outcomes compared with
nonobese patients after total knee arthroplasty8,9. Procedure-
related costs are also generally higher for obese patients10.

Bariatric surgery is the most effective treatment for
achieving weight loss in patients withmorbid obesity11,12, and it is
indicated in patients with a bodymass index (BMI) of ‡40 kg/m2

or those with a BMI of ‡35 kg/m2 with at least one obesity-
related comorbidity, including osteoarthritis, and for whom
medical management for weight loss has failed11-16. Patients who
undergo total knee arthroplasty more than two years after bar-
iatric surgery have shorter anesthesia and total operative and
tourniquet times than obese patients undergoing total knee ar-
throplasty alone, and bariatric surgery prior to total knee ar-
throplasty may decrease postoperative complications and costs17.

To our knowledge, the cost-effectiveness of bariatric
surgery prior to total knee arthroplasty compared with total
knee arthroplasty alone for morbidly obese patients with os-
teoarthritis has not been evaluated. The purpose of this study
was to compare the cost-effectiveness of a treatment protocol in
which morbidly obese patients undergo bariatric surgery two
years before total knee arthroplasty with the cost-effectiveness
of total knee arthroplasty alone.

Materials and Methods

Astate-transition Markov model was constructed with the use of decision
analysis software (TreeAge 2012) to evaluate the cost and outcomes of two

treatment protocols for morbidly obese patients, defined as patients with a BMI
of ‡35 kg/m2 with end-stage knee osteoarthritis (Fig. 1). Incremental clinical
effectiveness and cost-effectiveness were determined for two competing treat-
ment strategies: (1) immediate total knee arthroplasty alone and (2) bariatric
surgery two years before the total knee arthroplasty (“combined protocol”).
Assumptions included that all patients began as appropriate candidates for
primary total knee arthroplasty, all patients were appropriate candidates for
bariatric surgery and had failed nonoperative interventions for weight loss, a
two-year waiting period after bariatric surgery was required for clinically im-
portant weight loss and metabolic normalization

17,18
, and patients were eligible

for no more than two revision total knee arthroplasties.
All patients started within the same health state (a BMI of ‡35 kg/m2 with

knee osteoarthritis), and, depending on the assigned probabilities of an event (for
example, an obese patient undergoing revision total knee arthroplasty), one
could move into a different state (for example, an obese patient undergoing a

TABLE I Health State Probabilities

Data for Sensitivity Analyses

Health State* Base-Case Probability Low Estimate High Estimate References

Mortality from bariatric surgery 0.00280 0.00060 0.01110 Buchwald et al.25

Bariatric surgery complication
precluding TKA

0.02000 0.00000 0.13000 Assumption, Encinosa et al.28,
and Colquitt et al.13

Mortality from primary TKA

Nonobese patient 0.00700 0.00360 0.00786 Mahomed et al.23

Obese patient 0.00700 0.00360 0.00786 Bozic et al.24 and Mahomed et al.23

Mortality from revision TKA

Nonobese patient 0.00900 0.00700 0.01000 Mahomed et al.23

Obese patient 0.00900 0.00700 0.01000 Assumption

Excess-weight loss after
bariatric surgery

0.66492 0.38000 0.87200 McEwen et al.26, Craig and Tseng27,
and Colquitt et al.13

Revision TKA†

Nonobese patient 0.00542 0.00517 0.00558 Australian Orthopaedic Association29

Obese patient 0.00704 0.00672 0.00726 Assumption

Repeat revision TKA†

Nonobese patient 0.02220 0.02060 0.02380 Australian Orthopaedic Association29

Obese patient 0.02886 0.02678 0.03094 Assumption

Chronic failed revision TKA†

Nonobese patient 0.03093 0.02950 0.03188 Assumption

Obese patient 0.04021 0.03835 0.04145 Assumption

*TKA = total knee arthroplasty. †These values are the annual probability.
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successful revision total knee arthroplasty). The transition probabilities and
health-related quality of life weights of each state were derived from the literature
whenever possible (Tables I and II). Available literature with the highest levels of

evidence was chosen. Utilities were used to describe the health-related quality of
life of each state, ranging from 0 (death) to 1 (perfect health). Utilities unavailable
in the literature were estimated from published data on similar states, with input

Fig. 1

A conceptual organization of the Markov decision model is illustrated. Patients can be in one of eleven chronic health states including death, doing well

after their procedure(s), and chronic failed revision total knee arthroplasty (rTKA). All patients passing through the model start in the obese state with

end-stage knee osteoarthritis (OA). A decision ismade initially whether to undergo total knee arthroplasty (TKA) immediately, or whether to pursue bariatric

surgery and then undergo total knee arthroplasty. Patients transition to various states based on rates and probabilities extracted from the literature.

After each one-year cycle, patientsmay either transition to another state or remain in the same state for the next year. The asterisk denotes a chronic health

state in which the patient has had a complication from bariatric surgery that precludes undergoing total knee arthroplasty.

TABLE II Health State Utilities

Data for Sensitivity Analyses

Health State* Base-Case Utility Value Low Estimate High Estimate References

Bariatric surgery

Before 0.745 0.587 0.820 McEwen et al.26 and Craig and Tseng27

After 0.890 0.880 0.900 McEwen et al.26

Knee osteoarthritis

Nonobese patient 0.557 0.390 0.690 Scholtissen et al.32, Losina et al.33,
and Dakin et al.31

Obese patient 0.412 0.245 0.545 Assumption

Primary TKA

Nonobese patient 0.768 0.710 0.835 Losina et al.33 and Dakin et al.31

Obese patient 0.623 0.565 0.690 Assumption

Revision TKA

Nonobese patient 0.665 0.530 0.683 Slover et al.35, Courville et al.34,
and Gerlier et al.36

Obese patient 0.520 0.385 0.538 Assumption

Repeat revision TKA

Nonobese patient 0.599 0.477 0.615 Assumption

Obese patient 0.454 0.332 0.470 Assumption

Chronically failed revision TKA

Nonobese patient 0.557 0.518 0.557 Gerlier et al.36 and Ruiz et al.41

Obese patient 0.412 0.245 0.470 Assumption

*TKA = total knee arthroplasty.
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from experienced surgeons. Resource utilization was expressed in 2012 U.S.
dollars. Costs and utilities were discounted at 3% per year

19
.

Patient Population
A hypothetical fifty-year-old morbidly obese patient with end-stage unilateral
knee osteoarthritis was modeled in the base case, as the forty to sixty-four-year-
old age group is the fastest-growing total knee arthroplasty population, and the
majority of total knee arthroplasties performed in obese patients are performed
in this younger age group

5,20
. The age-specific probability of all-cause mortality

was estimated from the U.S. Life Tables
21
. The probability of death was a mean

value between men and women. Mortality rates for morbidly obese patients
were adjusted on the basis of a hazard ratio of 1.29

22
.

Transition Probabilities
The risk of perioperative mortality after primary and revision total knee ar-
throplasty was based on data from the Centers for Medicare & Medicaid Ser-
vices (CMS) (Table I)

23,24
. Obesity does not increase the risk of death following

primary total knee arthroplasty
24
, and its effect on mortality following revision

total knee arthroplasty has not been reported, to our knowledge. The risk of
death after revision total knee arthroplasty was assumed to be the same for

TABLE III Acute Health State Costs

Data for Sensitivity Analyses*

Health State Base-Case Cost* Low Estimate High Estimate References

Primary total knee arthroplasty

Nonobese patient $36,553 $18,277 $54,830 Bedair et al.37

Obese patient $37,720 $19,444 $55,997 Assumption

Revision total knee arthroplasty

Nonobese patient $53,199 $26,600 $79,799 Bedair et al.37

Obese patient $54,749 $28,150 $81,349 Assumption

Repeat revision total knee arthroplasty

Nonobese patient $58,519 $29,259 $87,778 Assumption

Obese patient $60,069 $30,809 $89,328 Assumption

Bariatric surgery $24,690 $20,042 $33,316 Encinosa et al.28

*Costs are in 2012 U.S. dollars.

TABLE IV Chronic Health State Costs

Data for Sensitivity Analyses†

Health State* Base-Case Incremental Cost† Low Estimate High Estimate References

Knee osteoarthritis

Nonobese patient $2779 $1390 $5653 Bedair et al.37

and Ruiz et al.41

Obese patient $3057 $1529 $6218 Assumption

Well primary TKA

Nonobese patient $581 $291 $872 Bedair et al.37

Obese patient $639 $320 $959 Assumption

Well revision TKA

Nonobese patient $581 $291 $872 Bedair et al.37

Obese patient $639 $320 $959 Assumption

Well repeat revision TKA

Nonobese patient $581 $291 $872 Bedair et al.37

Obese patient $639 $320 $959 Assumption

Chronic failed revision TKA

Nonobese patient $8479 $4240 $12,719 Ruiz et al.41

Obese patient $9327 $4663 $13,990 Assumption

*TKA = total knee arthroplasty. †The annual cost is in 2012 U.S. dollars.
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obese and nonobese patients. The estimated mortality after bariatric surgery
was 0.28%, based on a recent meta-analysis

25
.

For the base case, the probability of losing excess body weight following
bariatric surgery was set at 66.5%, based on data from patients who had un-
dergone gastric bypass

26
. Other studies have shown this value to be 87.2% or

higher
13
. The conservative estimate for the probability of weight loss was used,

as it was used in other Markov models of bariatric interventions
11,27

. It was
assumed that 2% of patients undergoing bariatric surgery would sustain a
complication other than death that would preclude subsequent total knee ar-

throplasty
13,28

. In such cases, patients would remain morbidly obese with knee
osteoarthritis. Other patients surviving bariatric surgery underwent total knee
arthroplasty regardless of whether or not they achieved weight loss.

The annual incidences of revision total knee arthroplasty and repeat
revision total knee arthroplasty were determined from registry data

29
. A cor-

rection for obese patients was derived fromKerkhoffs et al.
8
, who demonstrated

an odds ratio of 1.30 for revision for any reason in obese patients compared
with nonobese patients. The annual probability of transitioning to a chronic
failed total knee arthroplasty state (that is, greater than two revisions) was

TABLE V Base-Case Markov Decision Model Results

Surgical Protocol Cost Effectiveness*
ICER Compared with the Next Least

Expensive Strategy

Total knee arthroplasty alone $60,453 10.83 —

Combined protocol† $84,099 12.53 $13,910

*Effectiveness refers to quality-adjusted life-years gained.†Combined protocol refers to bariatric surgery followed by a two-year waiting period and
then the total knee arthroplasty.

Fig. 2

Tornado diagram illustrates the results of the

one-way sensitivity analyses for each model

variable. Each bar demonstrates the impact that

each variable has on the ICER across the fea-

sible ranges of each input parameter, from Ta-

bles I through IV, and for each variable type (e.g.,

probability) the parameters are rank-ordered

from those parameters with the greatest impact

on the ICER to those with the least when their

values are varied in the model. The diagram’s

vertical axis crosses the horizontal axis at

the ICER for the model’s base case ($13,910

per QALY). The relative risk multiplier refers to

the adjustment used for the age-specific prob-

ability of all-cause mortality in morbidly obese

patients compared with nonobese patients. The

asterisk indicates 2012 U.S. dollars and the

dagger indicates annual probability. QALY =

quality-adjusted life-year, TKA = total knee

arthroplasty, and OA = osteoarthritis.
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TABLE VI One-Way Sensitivity Analyses: Threshold Results*

Threshold Values

ICER > $100,000/QALY
Total Knee Arthroplasty
Alone Dominant Strategy

Combined Protocol
Dominant Strategy

Health state probability

Mortality from bariatric surgery >12% >14% —

Bariatric surgery complication precluding
total knee arthroplasty

>36% >37% —

Mortality from primary TKA

Nonobese patient >19% >22% —

Obese patient — — —

Mortality from revision TKA

Nonobese patient — — —

Obese patient — — —

Excess-weight loss after bariatric surgery <16% <8% —

Revision TKA†

Nonobese patient >25% — —

Obese patient — — >5%

Repeat revision TKA†

Nonobese patient — — —

Obese patient — — —

Chronic failed revision TKA†

Nonobese patient — — —

Obese patient — — —

Health state utility

Knee osteoarthritis

Nonobese patient — — —

Obese patient — — —

Primary TKA

Nonobese patient <0.62 <0.60 —

Obese patient >0.74 >0.76 —

Revision TKA

Nonobese patient — — —

Obese patient — — —

Repeat revision TKA

Nonobese patient — — —

Obese patient — — —

Chronic failed revision TKA

Nonobese patient — — —

Obese patient — — —

Health state acute cost

Primary TKA

Nonobese patient — — —

Obese patient — — >$71,000

Revision TKA

Nonobese patient — — —

Obese patient — — —

Repeat revision TKA

Nonobese patient — — —

Obese patient — — —

Bariatric surgery — — <$2000

continued
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estimated on the basis of CMS data, which showed a 5.71 relative risk of
revision for a previously revised total knee arthroplasty compared with that for
primary total knee arthroplasty

30
; this probability was similarly adjusted to

account for the effect of obesity as described
8
.

Utilities
General utility scores were available for knee osteoarthritis

31-33
, primary total

knee arthroplasty
31,33

, revision total knee arthroplasty
34,35

, and chronically
failed total knee arthroplasty

36
(Table II). However, utilities explicitly differ-

entiating health-related quality-of-life differences between morbidly obese
patients and those who had achieved weight loss for these states were not
available. To estimate these values, the increase in utility between the state
before bariatric surgery

26,27
and the state after bariatric surgery

26
(that is, 0.145)

was used as the basis for the disutility associated with being morbidly obese.
The same correctionwas applied to the low and high estimates derived from the
literature. The utility for repeat revision total knee arthroplasty was estimated as
90% of that for revision total knee arthroplasty.

Cost
Initial procedural costs for acute health states were derived from the literature
and were expressed as the expected costs of treatment, complications, and
ninety-day follow-up (Table III)

28,37
. Direct costs were determined from lit-

erature reporting National (Nationwide) Inpatient Sample and CMS data.
The Consumer Price Index was used to express all costs in 2012 U.S. dollars.
The incremental cost for performing knee arthroplasty in morbidly obese
patients was $1167 for total knee arthroplasty

38
and $1550 for revision total

knee arthroplasty
10
. The cost of repeat revision total knee arthroplasty was

estimated at 110% of the cost of revision total knee arthroplasty, based on
assumed differences in prosthesis cost, which is a principal driver of revision
surgery price

39,40
.

Estimates for annual direct medical costs associated with each health
state were adapted from Bedair et al.

37
. Direct costs for chronic failed revision

were derived from Ruiz et al.
41
. Because having an increasing number of

comorbidities is associated with greater odds of incurring costs associated with
osteoarthritis treatment

42
, the estimated costs for obese patients were 110% of

those for nonobese patients. Base-case point estimates (i.e., those not based on
multiple sources) were varied by ±50% for the sensitivity analyses (Table IV)

37
.

Analysis
The hypothetical patient cohort was simulated over a forty-year period, with a
cycle length of one year. The cost-effectiveness for the two treatment protocols
was reported from a societal perspective

43
. The primary outcome was the in-

cremental cost-effectiveness ratio (ICER), which is the difference in cumulative
resource consumption (in U.S. dollars) divided by the difference in effectiveness
(quality-adjusted life years [QALYs] gained)

43
. Sensitivity analyses were per-

formed in which independent model variables were varied to determine the
robustness of the base-case results. For one-way threshold and two-way anal-
yses, probabilities varied from 0.0 to 0.95, utilities varied from 0 to 1, and costs
varied from $0 to $100,000. For simple one-way and Monte Carlo probabilistic
sensitivity, analysis was performed with values from the ranges in Tables I
through IV. One hundred thousand iterations were performed. Normal or
gamma distributions for costs were assumed, whereas beta distributions for

TABLE VI (continued)

Threshold Values

ICER > $100,000/QALY
Total Knee Arthroplasty
Alone Dominant Strategy

Combined Protocol
Dominant Strategy

Health state chronic cost‡

Knee osteoarthritis

Nonobese patient — — —

Obese patient >$61,000 — —

Well primary TKA

Nonobese patient >$16,000 — —

Obese patient — — >$2500

Well revision TKA

Nonobese patient — — —

Obese patient — — >$27,000

Well repeat revision TKA

Nonobese patient — — —

Obese patient — — —

Chronic failed revision TKA

Nonobese patient — — —

Obese patient — — —

*The table summarizes the results of the one-way sensitivity analyses, in which each probability was varied from 0.00 to 0.95, each utility was
varied from 0 to 1, and each cost was varied from $0 to $100,000 to identify the thresholds for each parameter at which there was a change in
dominance between the two treatment strategies. When no value is listed in any column for a given parameter, the combined protocol exhibited
extended dominance over the total knee arthroplasty (TKA)-alone strategy across the entire range of parameter values (i.e., the ICER remained
between $0 per QALY and $100,000 per QALY). The parameter values at which the TKA-alone strategy demonstrated extended dominance over
the combined protocol are listed in the ICER > $100,000 per QALY column; these are the parameter values at which there was a change in
the preferred treatment strategy based on the ICER threshold. The values in the rightmost two columns show the parameter values at which the
TKA-alone and combined protocol strategies exhibited absolute dominance over one another (i.e., when the overall utility is greater and the overall
cost is less for one strategy compared with the alternative strategy). †These values are the annual probability. ‡This value is the annual cost.
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transition probabilities and utilities were used by convention
43
. A willingness-

to-pay threshold of $100,000 per QALY was applied
44
.

Source of Funding
No source of external funding was received for this study.

Results

Themean total cost for patients undergoing surgery for weight
loss prior to total knee arthroplasty was $23,646 more than

for total knee arthroplasty alone, but the number of QALYs
gained in the combined protocol was 1.70 greater than for total
knee arthroplasty alone (Table V). Therefore, the ICER was
$13,910 per QALY, which is well below the $100,000 per QALY
willingness-to-pay threshold.

Sensitivity Analyses
One-way and two-way sensitivity analyses demonstrated that the
model was most sensitive to the probability of excess-weight loss
after bariatric surgery and the utility of total knee arthroplasty in
obese patients (Figs. 2 and 3). Threshold analyses revealed stable
results across a wide range of model inputs (Table VI). Analysis

of transition probabilities demonstrated that the combined
protocol ceases to be cost-effective if the perioperative proba-
bility of death from bariatric surgery exceeds 12%, if more than
36% of patients undergoing bariatric surgery become subse-
quently unfit for total knee arthroplasty, and if the probability
of losing excess weight after bariatric surgery is <16% (Fig. 4). If
the annual probability of revision total knee arthroplasty in
morbidly obese patients exceeds 5%, the combined protocol is
always preferable to total knee arthroplasty alone.

Model results were stable when utility values were var-
ied. However, if the utility for obese patients undergoing
primary total knee arthroplasty exceeded 0.760, then the total
knee arthroplasty-alone protocol dominated the combined
protocol. Financial results were also predominantly stable
across broad ranges for costs. Notably, if the cost of bariatric
surgery was below $2000, then the combined protocol dom-
inated the strategy of total knee arthroplasty alone. Similarly,
if the cost of total knee arthroplasty for an obese patient ex-
ceeded $71,000, then the combined protocol dominated total
knee arthroplasty alone.

Fig. 3

A chart showing the results of two-way sensitivity analysis evaluating the utility of primary total knee arthroplasty (TKA) in morbidly obese patients com-

pared with the probability of weight loss after bariatric surgery. The vertical dashed black line shows the base estimate for weight loss after bariatric

surgery, approximately 66.5%. Conceptually, this is equivalent to the percent reduction in arthroplasty-associated risks after bariatric surgery. The

horizontal dashed black line shows the base estimate for the utility of primary total knee arthroplasty in morbidly obese patients, and the horizontal

dashed white line shows the base estimate for the utility of primary total knee arthroplasty in nonobese patients. At the base estimate for weight loss,

the strategy of total knee arthroplasty alone is preferred if the utility of total knee arthroplasty in morbidly obese patients is >0.74, nearly equivalent

to that in nonobese patients. Similarly, if the probability of successful weight loss is <16%, then the strategy of total knee arthroplasty alone is preferred at

the base estimate for total knee arthroplasty utility in morbidly obese patients.
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Fig. 4

A graph depicting the ICER for the combined protocol compared with the probability of successful weight loss after bariatric surgery. The horizontal

line represents the willingness-to-pay (WTP) threshold of $100,000 per QALY. When the probability of successful weight loss from bariatric surgery

exceeds 16%, the combined protocol becomes cost-effective.

Fig. 5

A chart showing the acceptability curves generated from the probabilistic sensitivity analysis. The model was run for 100,000 iterations, using different

independent variable values informed from the literature and expert opinion. The acceptability curves show what percentage of iterations favored the total

knee arthroplasty (TKA) alone protocol and the combined protocol at various levels of willingness to pay per QALY. At $100,000 per QALY, 98.8% of

iterations favored the combined protocol.
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Under the probabilistic sensitivity analysis conditions,
the model demonstrated that the combined protocol was cost-
effective for 98.8% of iterations (Figs. 5 and 6). The median
ICER for this analysis was $14,023 per QALY (95% confidence
interval [95% CI], $4875 to $51,210 per QALY).

Discussion

Increasing obesity prevalence and total knee arthroplasty
utilization are public health concerns in the United States.

Obesity prevalence exceeds 30%7, and obesity is an independent
risk factor for symptomatic knee osteoarthritis2-4, contributing to
the rising demand for total knee arthroplasty 5-7. D’Apuzzo et al.
reviewed the NIS database for patients undergoing primary total
knee arthroplasty from October 2005 to December 2008 and
found that 5.5% of total knee arthroplasties were performed in
patients classified as morbidly obese45. Although changes in the
prevalence of morbid obesity in patients undergoing total knee
arthroplasty have not been reported, the overall prevalence of
obesity increased from 11% in 2002 to 20% in 2009 for U.S.
patients undergoing total knee arthroplasty5. Nevertheless, the
percentage of total knee arthroplasties performed in obese pa-
tients remains less than the prevalence of obesity7. This relative
underutilization of total knee arthroplasty may be related to case
selection by surgeons wary of complications associated with
performing arthroplasty on obese patients.

Obesity increases the risk of wound-healing problems,
superficial and deep infections, early revision, and lower func-

tional outcomes after primary total knee arthroplasty 9,46-49. Sur-
gery for weight loss has been proposed as a possible intervention
to mitigate these risks17,18, as it is effective at reducing excess body
weight and the comorbidity burden11-16,50. Parvizi et al.18 published
a retrospective, fourteen-patient series of twenty lower-extremity
arthroplasties performed in patients previously treated with bar-
iatric surgery. Excellent functional outcomes were achieved with
a low complication rate. Severson et al.17 subsequently compared
perioperative complication rates in 125 patients undergoing bar-
iatric surgery before or after total knee arthroplasty. Morbidly
obese patients were at a significantly increased risk of longer
anesthesia, operative time, and tourniquet time compared with
patients who underwent bariatric surgery two years prior to total
knee arthroplasty17. The present decision analysis suggests that
bariatric surgery two years prior to total knee arthroplasty yields
greater utility than total knee arthroplasty alone, and the societal
cost of the combined protocol was below the willingness-to-pay
threshold, supporting its cost-effectiveness compared with total
knee arthroplasty alone. Results were relatively insensitive to
varying most model parameters, and probabilistic sensitivity
analysis determined that the combined protocol was cost-
effective in 98.8% of iterations.

Decision analysis is a useful tool to inform clinical decision-
making when uncertainty exists regarding the optimal treat-
ment and possible outcomes. Model results are limited by its
assumptions and the accuracy of its inputs. Whenever possible,
values for independent model variables were derived from the

Fig. 6

A scatterplot depicting the ICER derived from each iteration of the model from the probabilistic sensitivity analysis. The ellipse represents the 95%

confidence ellipse for the cost-effectiveness ratios. The oblique dashed line denotes the threshold of $100,000 per QALY. The vertical dashed line at 0

incremental effectiveness represents the incremental effectiveness threshold, whereas the horizontal dashed line at 0 incremental cost represents the

incremental cost threshold. Approximately 99% of the cost-effectiveness ratios from the Monte Carlo simulations are below the $100,000 per QALY

threshold line. Costs are represented in 2012 U.S. dollars. WTP = willingness to pay.
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literature. Sensitivity analyses help to abate some uncertainty
related to model assumptions and parameter values that were
less well defined in the literature. For example, studies exam-
ining the relationship between obesity and total knee arthro-
plasty outcomes are heterogeneous with regard to quality,
outcome measurement tools, and study group BMI, compli-
cating the use of their data in the model. Therefore, conser-
vative estimates from large-scale meta-analyses and studies
showing administrative and registry data were used, and if
inputs were estimated, expert opinion was applied and the
results were subjected to sensitivity analysis. Probabilistic
sensitivity analysis was performed to analyze jointly the un-
certainty related to all independent variables.

Bariatric surgery is more effective for weight loss than
medical management11-16,50. The model did not specifically aim
to differentiate between different types of bariatric surgery (for
example, gastric bypass compared with laparoscopic banding).
Data from patients undergoing gastric bypass were used in the
base case, but most types have the potential to achieve mean-
ingful weight loss13,25,50,51. However, additional surgery cannot
be performed without incremental risk. The thirty-day mor-
tality risk from bariatric surgery is low, between 0.08% and
0.31%50, and in randomized controlled trials, complication
rates from bariatric surgery range from 0% to 37%, with 2% to
13% of complications requiring reoperations13. The risks for
perioperative death and complications precluding total knee
arthroplasty candidacy were modeled in the decision analysis.
Threshold analyses indicated that 36% of patients must be-
come ineligible for total knee arthroplasty after bariatric sur-
gery or the perioperative mortality risk must exceed 12% for
the combined protocol to become cost-ineffective.

Because only a limited number of studies show total knee
arthroplasty outcomes following bariatric surgery17,18, transi-
tion probabilities, utilities, and costs that morbidly obese pa-
tients assume after successful bariatric surgery were often
derived from literature on nonobese patients. Therefore, we
assumed that the remission of arthroplasty-associated risks
corresponded with loss of excess weight, because major im-
provements in obesity-related comorbidities, such as diabetes,
hypertension, and hyperlipidemia, tend to remit with weight
loss following bariatric surgery13,50-52. This limitation potentially
biases results toward favoring bariatric surgery. Further, re-
mission rates for obesity-related comorbidities may vary de-
pending on bariatric surgery type51. Comorbidity remission
rates are higher for gastric bypass than for gastric banding51, for
example, and it is possible that a specific type of bariatric
surgery prior to total knee arthroplasty may offer superior risk
modification. Importantly, 16% of patients must achieve a level
of risk for total knee arthroplasty similar to that of nonobese
patients for the combined protocol to be cost-effective com-
pared with total knee arthroplasty alone.

This study had a number of other limitations. Decision
modeling cannot simulate reality for every clinical situation.
The analysis modeled a morbidly obese patient with a BMI of
‡35 kg/m2 and not with a specific BMI or a finite BMI range, as
most inputs were derived from literature dichotomizing pa-

tients on the basis of a BMI of 30 kg/m2 or 35 kg/m2. Morbid
obesity was defined as a BMI of 35 kg/m2 with one or more
obesity-related comorbidities, including osteoarthritis. Faria
et al.11 suggested that bariatric surgery may be most cost-
effective for patients with a BMI of <50 kg/m2, but this could not
be confirmed with the present model. Also, nutritional defi-
ciencies, which are common before and after bariatric sur-
gery 53, were not modeled. Nutritional assessment is important
for all patients undergoing orthopaedic surgery 54, and unad-
dressed deficiencies may have implications for total knee ar-
throplasty outcomes. The condition of the immune system
after bariatric surgery is not well characterized, and the risk of
periprosthetic infection after bariatric surgery and total knee
arthroplasty has not been defined, to our knowledge. However,
some evidence demonstrates an improvement in the generally
pro-inflammatory state associated with morbid obesity after
bariatric surgery 55, and there is some evidence to suggest that
immune dysfunction in obese patients is ameliorated with
weight loss56. Long-term follow-up after bariatric surgery is not
well documented, although the weighted-average excess weight
loss in studies using current surgical techniques and reporting
at least five years of follow-up is 47.3%51. The model did not
account for the indications for revision total knee arthroplasty.
Obese patients likely undergo more revisions for infection57,
and these revisions are more costly than those for aseptic
failure39. The number of revisions was limited to two, as three
or more revisions in a given patient is a rare event. Probability,
utility, and cost data were extracted from studies combining
male and female data; thus, sex could not be analyzed sepa-
rately. Indirect costs, which include lost wages due to an inability
to work, absenteeism, reduced earnings, or receipt of disability
benefits were not included37,41. The benefits of bariatric surgery
extend past weight loss and improving outcomes after total knee
arthroplasty, as knee osteoarthritis is only one health-related
condition influenced by obesity13,50,51. As such, the results re-
ported here may be conservative11,26,27.

Although bariatric surgery prior to total knee arthro-
plasty in patients who satisfy criteria for both procedures may
be cost-effective from a societal perspective, this approach
may be impractical for an individual patient when a two-year
waiting period following bariatric surgery is imposed. A
waiting period is likely necessary to achieve adequate weight
loss and return to normal metabolic function17,18, but it may
be unacceptable to patients desiring immediate symptomatic
relief from their knee osteoarthritis. It is also possible that
some patients will not require total knee arthroplasty after
bariatric surgery, if they realize substantial improvement in
their knee symptoms after weight loss58. We are aware of no
solid evidence showing that weight loss can reverse indica-
tions for total knee arthroplasty in patients with end-stage
knee osteoarthritis, although weight loss may decrease pain
and self-reported disability 59.

In summary, bariatric surgery prior to total knee arthroplasty
may be a cost-effective option for improving outcomes in moti-
vated patients with a BMI of ‡35 kg/m2 with end-stage knee os-
teoarthritis who are indicated for total knee arthroplasty. Themodel
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and its results may be used as a framework to inform surgeons and
policy-makers’ decisions regarding how best to treat symptomatic
knee osteoarthritis in an increasingly obese population. Additional
clinical studies, using either longitudinal administrative data (for
example, CMS, state-level, large insurance company, or institution-
level databases) or prospectively collected data, should be per-
formed to validate this model’s results. Although practicalities may
make conducting randomized trials difficult, prospective evalua-
tions should be possible through arthroplasty registries or non-
randomized prospective cohort studies. n
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55. Illán-Gómez F, Gonzálvez-Ortega M, Orea-Soler I, Alcaraz-Tafalla MS, Aragón-
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