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Background: Trade-offs between upfront benefits and later risk of revision of unicompartmental knee arthroplasty
compared with those of total knee arthroplasty are poorly understood. The purpose of our study was to compare the cost-
effectiveness of unicompartmental knee arthroplasty with that of total knee arthroplasty across the age spectrum of
patients undergoing knee replacement.

Methods: Using a Markov decision analytic model, we compared unicompartmental knee arthroplasty with total knee
arthroplasty with regard to lifetime costs, quality-adjusted life-years (QALYs), and incremental cost-effectiveness ratios (ICERs)
from a societal perspective for patients undergoing surgery at forty-five, fifty-five, sixty-five, seventy-five, or eighty-five years of
age. Transition probabilities were estimated from the literature; survival, from the Swedish Knee Arthroplasty Register; and
costs, from the literature and the Healthcare Cost and Utilization Project (HCUP) database. Costs and QALYs were discounted
at 3.0% annually. We conducted sensitivity analyses to test the robustness of model estimates and threshold analyses.

Results: For patients sixty-five years of age and older, unicompartmental knee arthroplasty dominated total knee ar-
throplasty, with lower lifetime costs and higher QALYs. Unicompartmental knee arthroplasty was no longer cost-effective
ata $100,000/QALY threshold when total knee arthroplasty rehabilitation costs were reduced by two-thirds or more for
these older patients. Lifetime societal savings from utilizing unicompartmental knee arthroplasty in all older patients
(sixty-five or older) in 2015 and 2020 were $56 to $336 million and $84 to $544 million, respectively. In the forty-five and
fifty-five-year-old age cohorts, total knee arthroplasty had an ICER of $30,300/QALY and $63,000/QALY, respectively.
Unicompartmental knee arthroplasty became cost-effective when its twenty-year revision rate dropped from 27.8% to
25.7% for the forty-five-year age group and from 27.9% to 26.7% for the fifty-five-year age group.

Conclusions: Unicompartmental knee arthroplasty is an economically attractive alternative in patients sixty-five years of age
or older, and modest improvements in implant survivorship could make it a cost-effective alternative in younger patients.

Peer Review: This article was reviewed by the Editor-in-Chief and one Deputy Editor, and it underwent blinded review by two or more outside experts. It was also reviewed
by an expert in methodology and statistics. The Deputy Editor reviewed each revision of the article, and it underwent a final review by the Editor-in-Chief prior to publication.
Final corrections and clarifications occurred during one or more exchanges between the author(s) and copyeditors.

the knee compartment affected by osteoarthritis, is an
alternative to total knee arthroplasty, a procedure that
replaces the entire knee joint. Unicompartmental knee arthro-
plasty preserves bone tissue that will be valuable if prosthetic
revision is needed'”. In addition, unicompartmental knee ar-
throplasty has fewer complications, requires less rehabilitation,

U nicompartmental knee arthroplasty, which replaces only

and may provide a better range of motion and superior function
compared with total knee arthroplasty’. Because it is associated
with a higher risk of revision compared with that of total knee
arthroplasty, unicompartmental knee arthroplasty remains a con-
troversial procedure that may be underutilized. Retrospective
studies indicate that 12.0% to 21.0% of patients who undergo
total knee arthroplasty were candidates for unicompartmental
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knee arthroplasty’, whereas <8.0% of knee arthroplasties are
unicompartmental’.

Trade-offs between upfront benefits and later risk of re-
vision of unicompartmental knee arthroplasty compared with
those of total knee arthroplasty are poorly understood. The few
available cost-effectiveness studies of which we are aware were
limited to older populations (sixty-five years of age or older)"".
By 2020, total knee arthroplasty utilization is expected to exceed
one million annually’ and, unlike today, approximately half of
these procedures will be performed in patients younger than
sixty-five years of age'’. With changing utilization trends, we
compared the cost-effectiveness of unicompartmental knee ar-
throplasty with that of total knee arthroplasty in patients forty-
five through eighty-five years of age in the U.S.

Materials and Methods

e developed a Markov state-transition model (TreeAge Pro; TreeAge Soft-

ware, Williamstown, Massachusetts) to compare the cost-effectiveness of
the two procedures. We expressed cost-effectiveness findings in terms of life-
time arthroplasty-related costs (2012 U.S. dollars), quality-adjusted life-years
(QALYs), and incremental cost-effectiveness ratios (ICERs). All costs and QALYs
represent a societal perspective and were discounted at 3.0% annually''. We de-
signed five hypothetical cohorts to represent patients choosing either total knee
arthroplasty or unicompartmental knee arthroplasty procedures at the age of forty-
five, fifty-five, sixty-five, seventy-five, or eighty-five years.

Model Structure

Model health states for both procedures were full-benefit post-surgery, limited-
benefit post-surgery, failed primary surgery, revision total knee arthroplasty, full-
benefit post-revision, limited-benefit post-revision, failed revision, and death
(Fig. 1). A hypothetical patient starts in the total knee arthroplasty or uni-
compartmental knee arthroplasty surgical state, incurring costs of the initial
procedure and associated complications, and moves to either a full-benefit
(successful surgery) or limited-benefit (unsuccessful surgery) state. The tran-
sition probability is based on his or her Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) score, with a WOMAC score of <60
indicating poor function (the best possible function score is 100) and a tran-
sition to a limited-benefit state'>'”. Patients in a full-benefit or limited-benefit
state are at risk at each cycle for implant failure and may subsequently choose or
decline revision total knee arthroplasty. Patients who elect to have a revision
stay in the revision state for one cycle and then transition to either a full-benefit
or a limited-benefit post-revision state. Patients who decline revision surgery
remain in the failed state, accruing costs and reduced quality of life associated
with a failed implant. Patients continue to be at risk for implant failure, may
undergo more than one revision, and continue through the model until death
or the age of 100 years. After the age of ninety years, we assume that revision
surgery is not clinically viable and patients who have prosthetic failure remain
in the failed state until death.

Implant Failure and Revision Probabilities

Age-specific probabilities of implant failure and revision were calculated for pri-
mary total knee arthroplasty, primary unicompartmental knee arthroplasty,
and revision total knee arthroplasty from the Swedish Knee Arthroplasty Register,
which has the longest publicly available follow-up data (twenty years) on all
unicompartmental and total knee arthroplasties performed in Sweden'"'>.
From the Swedish Register, we determined revision rates, which we transformed
into annual probabilities'®, and assumed that 80.0% of failed knee replacements
were revised each yearB. Age-specific implant failure rates (at younger than sixty-
five years, sixty-five to seventy-four years, and more than seventy-four years) were
directly available from the Swedish Register for the first ten years post-surgery' *'
We applied age-specific weights from years 1 to 10 to the average implant failure

EFFECT OF AGE ON COST-EFFECTIVENESS OF UNICOMPARTMENTAL
Vs. TOTAL KNEE ARTHROPLASTY IN THE U.S.
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Diagram of health states and transitions. All hypothetical patients are also
at risk of death while in each health state in the model. TKA = total knee
arthroplasty, and UKA = unicompartmental knee arthroplasty.

rates for years 11 to 20 in order to estimate age-specific rates. We assumed that
the risk of failure after twenty years for each implant type and age cohort was
the average failure rate from the previous ten years.

Complication Probabilities

Complications used in this analysis included joint infection, pneumonia, myo-
cardial infarction, sepsis, stiffness or manipulation under anesthesia, and venous
thromboembolism (deep vein thrombosis and pulmonary embolism)™"”"°. Uni-
compartmental knee arthroplasty is associated with a lower probability of joint
infection (0.2% compared with 0.8% after total knee arthroplasty in the sixty-five-
year-old cohort), stiffness or manipulation under anesthesia (0.4% compared with
5.0%), and venous thromboembolism (0.6% compared with 1.0%) than total knee
arthroplasty (see Appendix E-1). The risk of myocardial infarction was found
to be similar between unicompartmental knee arthroplasty and total knee
arthroplasty'”"”, and other systemic complication rates were also assumed to be
similar between the procedures.

Mortality-Associated Probabilities

Nonsurgical mortality was estimated from age-specific 2008 U.S. vital statis-
tics™. Mortality in the first year after surgery was assumed to be 2.2 times higher
than nonsurgical mortality"’.
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EFFECT OF AGE ON COST-EFFECTIVENESS OF UNICOMPARTMENTAL
Vs. TOTAL KNEE ARTHROPLASTY IN THE U.S.

TABLE | Cost per QALY Gained for Total Knee Arthroplasty Compared with Unicompartmental Knee Arthroplasty According to Age at Time of Surgery*

Age Cohort/Type of Lifetime Lifetime Incremental Incremental Incremental Cost-Effectiveness
Knee Arthroplasty Costs (2012 U.S.$) QALYs Costs (2012 U.S.$) QALYs Ratio ($/QALY)
Age 45
UKA 46,600 17.240 — — —
TKA 47,600 17.272 1000 0.032 30,300
Age 55
UKA 44,800 14.118 — — —
TKA 46,500 14.145 1700 0.027 63,000
Age 65
UKA 38,100 10.721 — — —
TKA 43,400 10.714 5300 —0.007 Dominatedt
Age 75
UKA 35,500 7.114 — — —
TKA 41,600 7.109 6100 —0.005 Dominatedt
Age 85
UKA 35,000 3.866 — — —
TKA 42,000 3.864 7000 —0.002 Dominatedt
*QALY = quality-adjusted life-year, UKA = unicompartmental knee arthroplasty, and TKA = total knee arthroplasty. fTotal knee arthroplasty costs
more and is less effective; therefore, unicompartmental knee arthroplasty strictly dominates total knee arthroplastyso.

Rehabilitation Probabilities

Utilization of inpatient rehabilitation services was based on Medicare claims data”’. Of
all patients who underwent total knee arthroplasty, 33.4% had inpatient rehabilitation,
30.1% had rehabilitation in a skilled-nursing facility, 22.2% had home-health-care
rehabilitation, and 14.3% were discharged home with no post-acute care (see Ap-
pendix E-1). We assumed in the base case that all patients were discharged home after
unicompartmental knee arthroplasty—that is, their utilization of rehabilitation ser-
vices was similar to that of patients discharged home following total knee arthroplasty
(63% of patients had home-health-care rehabilitation following unicompartmental

knee arthroplasty and 37% were discharged home with no post-acute care)”.

Costs
We identified medical costs (for the procedure and for surgical complications)
and rehabilitation costs (inpatient and outpatient) from national databases using
Diagnosis-Related-Group (DRG); International Classification of Diseases, Ninth
Revision (ICD-9); Current Procedural Terminology (CPT); and Clinical Classifi-
cation Software (CCS) codes (see Appendix E-1). Unicompartmental knee ar-
throplasty, total knee arthroplasty, and revision total knee arthroplasty procedure
costs were estimated with use of age-adjusted and severity-adjusted DRG codes
(466, 467, 468, 469, and 470) from the Healthcare Cost and Utilization Project
(HCUP) national hospital discharge database. Procedure costs were weighted by
the frequency of cases with comorbid conditions, major comorbid conditions, or
no comorbid conditions>>. CPT codes (27446, 27447, and 27487) were used to
estimate surgeon costs™. To obtain complication costs, we used the following
corresponding ICD-9, CCS, or CPT codes: 996.65 (joint infection), 122
(pneumonia), 100 (myocardial infarction), 038 (sepsis), 718.56 and 27570
(stiffness), and 453.40 (venous thromboembolism). To estimate costs associ-
ated with implant failure, we used previously cited estimates that implant failure
increased the cost of usual medical care for patients with osteoarthritis by 50.0%".
Inpatient and home-health-care rehabilitation costs were based on the
work by Buntin et al., who used Medicare claims data (see Appendix E-1)*.
Other health-care-utilization costs were pharmacotherapy (oral, topical, and
injectable agents) and physician, emergency department, and other outpatient
visits, including physical therapy and occupational therapy visits™. All costs
were adjusted to 2012 U.S. dollars™.

Quality of Life

Patients who have undergone unicompartmental knee arthroplasty have re-
ported somewhat better range-of-motion and health outcomes compared with
those who have undergone total knee arthroplasty%. However, we conservatively
assumed that quality-of-life values were equivalent after unicompartmental and
total knee arthroplasty in each health state in the base case”’. We used age-
adjusted quality-of-life values from a nationally representative sample for
the full-benefit state’*. We decreased those values by 9.0% for the limited-
benefit state and by an additional 25.0% for the failed and revision health
states' .

Sensitivity Analyses

We conducted one-way sensitivity analyses to identify threshold values at which
base-case results would change. We varied the rates of unicompartmental knee
arthroplasty failure, quality of life in full-benefit states, costs of rehabilitation,
proportion of patients discharged home following unicompartmental knee
arthroplasty, and costs of complications. We also assigned distributions to pa-
rameters with measurable uncertainty and varied these parameters in probabi-
listic sensitivity analyses to describe overall uncertainty in the model results. For
the failure rates we used a beta distribution, for quality of life we used a normal
distribution, and for complication and rehabilitation costs we used a gamma
distribution'”. The probabilistic sensitivity analyses varied these parameters in
10,000 Monte Carlo simulations that simultaneously sampled from each pa-
rameter distribution.

Potential Societal Cost Savings

Simulated lifetime costs were used to calculate the total societal cost savings of
performing unicompartmental rather than total knee arthroplasties in the years
2015 and 2020, when the number of total knee arthroplasties is projected to reach
one million annuallyg. We assumed that unicompartmental knee arthroplasties
currently account for 8.0% of knee arthroplasty procedures’ and could currently
account for 10.0% to 21.0%". We also assumed that 50.0% of the population
undergoing knee replacement were sixty-five years of age or older'’. Our societal
cost-savings calculations excluded the 8.0% of patients who would already have
received unicompartmental knee arthroplasty.
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Model output survival curves for total (TKA) and unicompartmental (UKA) knee arthroplasties in each age cohort. All survival curves are truncated at twenty
years for simplicity, or at the age of ninety years—when a patient may no longer elect to have revision surgery.

Model Validation

We tested the internal validity of our model, as recommended by the Inter-
national Society for Pharmacoeconomics and Outcomes Research-Society for
Medical Decision Making (ISPOR-SMDM) Modeling Good Research Practices
Task Force-7%, by comparing simulated revision rates (Fig. 2) against actual
Swedish revision rates after twenty years of follow-up. Our simulated revision
rates were on average 0.5% to 1.5% higher than actual revision rates reported in
the Swedish Registry for each age cohort. However, these differences fell within
reported confidence intervals reported by the Swedish Registry (see Appendix
E-2)". We were unable to validate failure rates past twenty years of follow-up
because of a lack of longer-term follow-up data from registries.

Source of Funding

This study was funded in part by a grant from Mako Surgical Corp. The funding
source had no role in the design and conduct of the study; in the collection,
analysis, or interpretation of the data; or in the preparation, review, or approval
of the study. H.M. Ghomrawi is supported in part by a career development
grant from the Eunice Kennedy Shriver National Institute of Child Health &
Human Development (K99 HD060686).

Results
he total lifetime costs associated with unicompartmental
knee arthroplasty ranged from $35,000 for an eighty-five-
year-old to $46,600 for a forty-five-year-old, whereas those for
total knee arthroplasty ranged from $42,000 to $47,600, respec-

tively (Table I). For all age groups, lifetime costs were higher for
total knee arthroplasty than for unicompartmental knee ar-
throplasty, and the incremental difference increased with age.
Total lifetime QALYs and incremental QALYs gained from
total knee arthroplasty compared with those gained from
unicompartmental knee arthroplasty decreased with age so
that, by the age of sixty-five, unicompartmental knee arthro-
plasty had gained incrementally more QALYs than total knee ar-
throplasty. In the forty-five and fifty-five-year-old cohorts, total
knee arthroplasty had an ICER of $30,300/QALY and $63,000/
QALY, respectively. In the older cohorts, unicompartmental knee
arthroplasty dominated total knee arthroplasty (had lower life-
time costs and higher lifetime QALYs compared with total knee
arthroplasty and is a cost-effective alternative compared with
total knee arthroplasty)®.

Our base-case results were sensitive to changes in failure
rates, quality of life, and rehabilitation costs but not to changes
in complication costs (see Appendix E-1). Unicompartmental
knee arthroplasty became cost-effective (below the $100,000/
QALY willingness-to-pay threshold) for the forty-five-year-old
cohort when its annual failure rate was reduced by 9.0% (fell
from 18.2% to 16.8% [i.e., 1.5%] by year 10 and from 27.8% to
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25.7% [i.e., 2.1%] by year 20) and became cost-effective for the
fifty-five-year-old cohort when its annual failure rate was re-
duced by 4.5% (fell from 18.3% to 17.6% [i.e., 0.7%] by year
10 and from 27.9% to 26.7% [i.e., 1.2%] by year 20). Uni-
compartmental knee arthroplasty was more effective and less
costly than total knee arthroplasty when its annual failure rate
was decreased by 22% in the forty-five-year-old cohort (fell to
14.4% by year 10 and to 22.3% by year 20) and when its annual
failure rate was decreased by 21% in the fifty-five-year-old
cohort (fell to 14.7% by year 10 and to 22.9% by year 20).

In the second threshold analysis, we found that uni-
compartmental knee arthroplasty had an ICER of <$100,000/
QALY when its full-benefit-state utility value was increased
by 0.012 per year (a 1.4% increase from the base-case utility
value) in the forty-five-year-old cohort and by 0.004 per year
(a 0.5% increase from the base-case utility value) in the fifty-
five-year-old cohort during the first three years post-surgery.
Unicompartmental knee arthroplasty dominated total knee
arthroplasty when the full-benefit-state utility value of uni-
compartmental knee arthroplasty was increased by 0.016 (a
1.8% increase) and 0.013 (1.5% increase) per year for the first
three years post-surgery.

We also conducted a threshold analysis in the older co-
horts (sixty-five years of age or older) to determine the effect of
decreasing inpatient rehabilitation costs for total knee arthroplasty
and increasing rehabilitation costs for unicompartmental knee
arthroplasty, to reflect some proportion of patients requiring
inpatient rehabilitation following unicompartmental knee ar-
throplasty. Unicompartmental knee arthroplasty was no longer
cost-effective (that is, the ICER was >$100,000/QALY) when
the rehabilitation costs following total knee arthroplasty were
reduced by at least two-thirds of the base-case value of $9400 or
when 45% of patients were discharged to inpatient rehabilita-
tion facilities following unicompartmental knee arthroplasty
(thereby increasing rehabilitation costs following unicompart-
mental knee arthroplasty from $2022 to >$8000). Finally, we
varied complication costs and rates, but the results were not
sensitive to those changes.

In the probabilistic sensitivity analysis, our model was
robust to simultaneous changes in the cost of rehabilitation,
failure rates, and quality of life. At a willingness-to-pay threshold
of $100,000/QALY, total knee arthroplasty was cost-effective
66% and 57% of the time in the forty-five and fifty-five-year-
old age groups, respectively. In the sixty-five, seventy-five, and
eighty-five-year-old groups, unicompartmental knee arthro-
plasty was cost-effective 82%, 83%, and 87% of the time,
respectively.

Total lifetime societal savings in the year 2015 ranged
from $56 to $336 million when we varied the percentage of
older patients qualifying as candidates for unicompartmental
knee arthroplasty from 10.0% to 21.0%, respectively. These
savings increased to $84 to $544 million in 2020. If uni-
compartmental knee arthroplasty becomes an economically
favorable procedure in younger patients, societal savings would
nearly double and range from $90 to $582 million in 2015 and
from $167 to $1088 million in 2020, respectively.

EFFECT OF AGE ON COST-EFFECTIVENESS OF UNICOMPARTMENTAL
Vs. TOTAL KNEE ARTHROPLASTY IN THE U.S.

Discussion
We believe that our study is the first to assess the cost-
effectiveness of unicompartmental knee arthroplasty
compared with that of total knee arthroplasty across the age
spectrum of patients considering knee arthroplasty and in-
dicates that the cost-effectiveness results vary with age. Uni-
compartmental knee arthroplasty was the dominant choice for
patients sixty-five and older, and total knee arthroplasty was
the cost-effective alternative for those who were forty-five
and fifty-five.

Our results show that performing unicompartmental
knee arthroplasty instead of total knee arthroplasty in older
patients (sixty-five and older) has important economic impli-
cations with little effect on QALY gains, as reported in other
studies”®. Unicompartmental knee arthroplasty was associated
with substantial lifetime savings, which were attributed in large
part to lower rehabilitation costs. When we lowered the reha-
bilitation costs of total knee arthroplasty by at least two-thirds,
unicompartmental knee arthroplasty was no longer cost-
effective for older patients. Rehabilitation costs have been a
target for cost containment over the past decade. Medicare
has taken several measures to reduce both inpatient and out-
patient rehabilitation costs, including the so-called “75% Rule”
that limited access to inpatient rehabilitation facilities and
more recently capping reimbursement for outpatient rehabil-
itation visits™. In addition, the proposed bundled payment for
total knee arthroplasty provides hospitals with a strong incentive
to discharge patients home”. These efforts should lower the re-
habilitation costs of total knee arthroplasty but may penalize many
patients who would otherwise benefit from institutionalized post-
acute rehabilitation. Alternatively, our results favor utilizing uni-
compartmental knee arthroplasty in appropriate older patients
who would not require post-acute rehabilitation.

Our base-case results favored total knee arthroplasty in
younger patients. Although the lifetime costs of total knee ar-
throplasty were higher, the incremental difference in QALYs
favored total knee arthroplasty (by 0.032 for the forty-five-year-
old age group and 0.027 for the fifty-five-year-old age group).
However, benefits of unicompartmental knee arthroplasty may
appeal to younger patients who are still active and in the work-
force, some of whom may feel that the immediate quality-of-life
benefits outweigh the increased risk of revision when they are
retired and less active. Very few studies have compared quality of
life between unicompartmental and total knee arthroplasty at the
time of follow-up, and the literature is divided between findings
of no difference™” and an advantage for unicompartmental knee
arthroplasty compared with total knee arthroplasty™.

Sensitivity analyses also suggest that only incremental
improvements in implant survivorship are needed for uni-
compartmental knee arthroplasty to become a favorable choice
for younger patients. If this survivorship improves slightly (an
average 1.5% drop in the ten-year absolute revision rate) in forty-
five-year-olds, unicompartmental knee arthroplasty would be-
come a favorable option. Evidence suggests that the gap in revision
rates between unicompartmental and total knee arthroplasty has

1,37

been narrowing in recent years and is subject to different factors"”.
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For example, unicompartmental knee arthroplasties performed
in high-volume centers or by high-volume surgeons have been
shown to have a six to eightfold decrease in revision rates™. Should
third-party payers adopt these findings, reimbursement policies
will have to be carefully devised to avoid unintended consequences
of unicompartmental knee arthroplasties being performed in low-
volume centers or by low-volume surgeons, which would increase
revision rates.

Our results are limited by the data available from the
Swedish Knee Arthroplasty Register, which provides follow-up
rates for twenty years. This follow-up period was not sufficient
for age groups in our model requiring more than twenty years
of follow-up data, which we had to extrapolate. In addition, the
observed difference in failure rates between total and uni-
compartmental knee arthroplasty may be associated with pa-
tient, clinical, and health-system factors that differ between
Sweden and the U.S. Both unicompartmental knee arthroplasty
and total knee arthroplasty are elective procedures, and in the
absence of clear appropriateness criteria for surgery, these factors
greatly affect surgical timing and subsequent outcomes”. Finally,
our model did not account for comorbidities, which may impact
perioperative and postoperative complications.

With the expected rise in utilization of knee arthroplasty,
the number of candidates for unicompartmental knee arthroplasty
will increase across the age spectrum. Our study shows that per-
forming unicompartmental knee arthroplasty in appropriate older
patients will have substantial economic benefits. Total knee ar-
throplasty remains cost-effective for younger patients who are
candidates for either procedure; however, we identified areas of

EFFECT OF AGE ON COST-EFFECTIVENESS OF UNICOMPARTMENTAL
Vs. TOTAL KNEE ARTHROPLASTY IN THE U.S.

improvement that would make unicompartmental knee ar-
throplasty the favorable treatment.

Appendix

@ Tables showing model parameters and threshold analyses
for unicompartmental compared with total knee arthro-

plasty in younger and older patients as well as graphs showing

model and Swedish Registry implant survival curves are

available with the online version of this article as a data sup-

plement at jbjs.org. ®
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