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ORIGINAL RESEARCH
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Seth J. Clancyd and David E. Bloome
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cRutgers Robert Wood Johnson Medical School, New Brunswick, NJ, USA; dEdwards Lifesciences, Irvine, CA, USA; eDepartment of Global
Health and Population, Harvard T. H. Chan School of Public Health, Boston, MA, USA

ABSTRACT
Aims: We evaluated the availability of transcatheter aortic valve replacement (TAVR) to determine its
value across all severe symptomatic aortic stenosis (SSAS) patients, especially those untreated because
of concerns regarding invasive surgical AVR (SAVR) and its impact on active aging.
Methods: We performed payer perspective cost-utility analysis (CUA) and societal perspective cost-
benefit analysis (CBA). The CBA’s benefit measure is active time: salaried labor, unpaid work, and active
leisure. The study population is a cohort of US elderly SSAS patients. We compared a “TAVR available”
scenario in which SSAS patients distribute themselves across TAVR, SAVR, and medical management
(MM); and a “TAVR not available” scenario with only SAVR and MM. We structured each scenario with
a decision-tree model of SSAS patient treatment allocation. We measured the association between
health and active time in the US Health and Retirement Study and used this association to impute
active time to SSAS patients given their health.
Results: The incremental cost-effectiveness ratio (ICER) and rate of return (RoR) of TAVR availability
were $8,533 and 395%, respectively. CUA net monetary benefits (NMB) were $212,199 per patient and
$43.4 billion population-wide. CBA NMB were $50,530 per patient and $10.3 billion population-wide.
Limitations: Among study limitations were scarcity of evidence regarding key parameters and the lack
of long-term survival, health utility, and treatment cost data. Our analysis did not account for TAVR
durability, retreatments, and valve-in-valve treatments.
Conclusion: Across risk-, age-, and treatment-eligibility groups, TAVR is the economically optimal treat-
ment choice. It represents strong value-for-money per patient and population-wide. The vast majority
of TAVR value involves raising treatment uptake among the untreated.

PLAIN LANGUAGE SUMMARY
Aortic stenosis (AS) is a common and lethal heart disease. Surgical treatment has long been available,
but its invasiveness limits uptake. More recently, transcatheter aortic valve replacement (TAVR) has
emerged as a treatment alternative. Its minimal invasiveness has significantly increased treatment
rates, but economic evaluations omit this benefit, risking undervaluation. We evaluated TAVR in elderly
US severe symptomatic AS patients, using payer perspective cost-utility analysis (CUA) and societal
perspective cost-benefit analysis (CBA). Both CUA and CBA incorporated TAVR’s impact on treatment
rates. Given patient preferences for treatment options promoting active aging, our CBA used the value
of active time as a benefit measure. We found that CUA/CBA net monetary benefits are $212,199/
$50,530 per patient. Across risk-, age-, and treatment-eligibility groups, TAVR is the economically opti-
mal treatment choice over surgery and medical management. It represents strong value-for-money
per patient and population-wide. Increased treatment uptake accounts for the vast share of
TAVR’s value.
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Introduction

Aortic stenosis (AS) is a common, lethal cardiovascular dis-
ease. It affects 2–7% of the global elderly population, and its
prevalence will grow with global aging1,2. If untreated, prog-
nosis is poor: about half of severe symptomatic AS (SSAS)
patients die within 2 years of symptom onset3,4. Aortic valve

replacement (AVR) is the only effective treatment option for

SSAS. For five decades, surgical AVR (SAVR) was the gold

standard for treatment5. SAVR requires a chest incision, a

heart–lung machine, and stopping the heart. Given its inva-

siveness, many patients were considered too high risk for

SAVR, were not referred, or refused treatment6,7.
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Transcatheter AVR (TAVR), a less invasive treatment,
involves a puncture in blood vessels in the leg and does not
require a heart–lung machine or stopping the heart. Based
on clinical studies, the US Food and Drug Administration
(FDA) approved TAVR for patients with prohibitive (previ-
ously called “inoperable”) risk in 2011, high risk in 2012,
intermediate risk in 2016, and low risk in 20195. There has
been a corresponding shift in treatment guidelines8. In 2020,
the American College of Cardiology/American Heart
Association (ACC/AHA) Joint Committee on Clinical Practice
Guidelines issued new guidelines reflecting the reduced role
of surgical risk in treatment choice and the increased role of
treatment eligibility and age9. TAVR’s availability has had a
profound impact on SSAS treatment, raising overall treat-
ment rates and shifting treatment toward less invasive-
ness10–12. Before TAVR, about 70,000 patients underwent
SAVR in 2010; in 2020, about 150,000 patients underwent
AVR (SAVR or TAVR) in the US12.

TAVR has been extensively economically evaluated, often
in connection with clinical trials13–15. The Placement of Aortic
Transcatheter Valves (PARTNER) trials found that TAVR
improves health relative to medical management (MM)
among prohibitive-risk patients (“prohibitive risks”)16 and
relative to SAVR among high-17, intermediate-18, and low-risk
patients3,19 (collectively, “non-prohibitive risks”). Cost-utility
analyses (CUAs) found TAVR cost-effective for prohibitive
risks14 and economically dominant for intermediate risks15.
US CUAs for low risks remain unpublished.

These evaluations are risk-group-specific. Within each
group, TAVR is compared to a fixed alternative: MM among
prohibitive risks14,16,20,21 and SAVR among non-prohibitive
risks3,13,15,17–20,22. However, such evaluations shed incom-
plete light on TAVR’s SSAS population-wide value, which is
realized across three patient groups:

1. Prohibitive risks who otherwise have no treat-
ment options,

2. Non-prohibitive risks who otherwise receive SAVR, and
3. Non-prohibitive risks who otherwise remain untreated,

in part because of invasiveness concerns.

Existing TAVR evaluations for prohibitive risks compare
TAVR to MM, while those for non-prohibitive risks compare
TAVR to SAVR, thus addressing (1) and (2), respectively.
However, few evaluations address (3), which is problematic.
Significant increases in US TAVR volumes over the past decade
suggest this may be the most important beneficiary group.

Capturing (3) requires comparing (i) a scenario where
TAVR is not available and non-prohibitive risks remain
untreated at empirically plausible rates with (ii) a scenario
where TAVR is available and otherwise untreated non-
prohibitive risks take up TAVR at empirically plausible rates.
Capturing (1)–(3) requires a scenario comparison spanning
the entire SSAS population regardless of risk level.

Existing evaluations use quality-adjusted life years (QALYs)
as the benefit metric. But other metrics may be useful, espe-
cially those reflecting active aging (AA). Patients and physi-
cians may forego treatment, believing it merely extends

sedentary morbidity-stricken lives, adding years to life but
not life to years. Preference studies show that AS patients
want active lives that let them be independent, contribute
productively to society and family by working or volunteer-
ing, reconnect with friends, fulfill obligations to friends and
family, perform daily activities, avoid being burdens to rela-
tives, and share active entertainments with loved ones23,24.
AA is increasingly considered an important health care
goal25 and contributes to morbidity compression26. In an
aging world, AA benefits not just patients but also broader
society by reducing the time, effort, and public and private
resource costs of elderly support.

Our TAVR evaluation has three distinctive features. First, it
reflects TAVR’s aggregate value across all three patient
groups above, especially the third. Second, it supplements
traditional CUA with a cost-benefit analysis (CBA) that uses
active time – i.e. hours doing salaried labor, unpaid work, or
active leisure, monetized at a wage reflecting the economic
value of such time – as a benefit measure to track TAVR’s
impact on AA. A CUA values every QALY equally, while a
CBA values every dollar of monetized benefit equally. These
constitute distinct analyses because QALYs map imperfectly
onto active time, as active time is a function of health and
age rather than health alone. Third, it explicitly models how
TAVR availability affects SSAS population-wide treatment pat-
terns and guidelines and, subsequently, health and eco-
nomic outcomes.

Methods

Overall design

We evaluated TAVR using both a health payer perspective
CUA and a societal perspective CBA. To capture impact
across all patient groups, our study population was a cohort
of elderly (aged �65 years) SSAS patients in the US. To cap-
ture TAVR’s impact on raising and shifting treatment pat-
terns, we evaluated TAVR availability (which allows decisions
to respond to such availability) rather than TAVR treatment
(which holds such decisions fixed). We compared health and
economic outcomes across a “TAVR available” scenario in
which SSAS patients distribute themselves across TAVR,
SAVR, and MM; and a “TAVR not available” scenario with
only SAVR and MM.

We standardized possible patient ages within risk groups
based on clinical trial populations and a treatment-guideline-
based decision tree structure. In the base year 2020, low-risk
SSAS patients could be 70, 73, or 85 years of age; intermedi-
ate-risk patients could be 70, 80, or 85 years; and high- and
prohibitive-risk patients were 80 years. We assumed a max-
imum lifespan of 100 years, so our modeling horizon was
100� 70¼ 30 years.

Decision trees

Structure
We structured each scenario with a decision tree model of
SSAS patient allocation across treatments. Decision trees are
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ideal for modeling such allocation because their various ele-
ments map well to the real-world patterns needing represen-
tation: terminal nodes represent the treatments themselves
(TAVR, SAVR, MM), upstream nodes represent the determi-
nants of those treatments (e.g. risk group, age, treatment eli-
gibility, futility, treatment choice), branches represent the
alternative values of those determinants (e.g. low, intermedi-
ate, high, and prohibitive risks), and branch probabilities rep-
resent real-world prevalence of those alternatives (e.g. risk
group prevalence).

Figure 1 shows our base case decision tree, called the
“state-of-the-art” or “SOTA” tree. We structured the “TAVR
available” branch of the SOTA tree according to 2020 ACC/
AHA treatment guidelines9, given their importance and likely
reflection of the current treatment pathways for SSAS
patients. These guidelines first distinguish between SSAS
patients with high or prohibitive risk and those with inter-
mediate or low risk. Among high or prohibitive risks, those
for whom treatment is medically futile because of low life
expectancy should receive MM, while those for whom treat-
ment is not futile should be recommended for TAVR if eli-
gible. Among low or intermediate risks, SAVR should be
recommended for TAVR ineligible patients. Among TAVR eli-
gible patients, both TAVR and SAVR are class 1 recommenda-
tions for those aged <80 years, while TAVR and SAVR are
class 1 and 2a recommendations, respectively, for those
aged �80 years.

We modeled the “TAVR not available” scenario on empir-
ical patterns observed prior to TAVR introduction. In this
scenario, SSAS patients were first sorted into risk groups,
then into SAVR or MM.

Across both scenarios, we allowed MM as an option for
AVR-eligible patients, reflecting the reality that such patients
may remain untreated, whether by choice or because treat-
ment is not offered. We did not model any other departures
from the guidelines given the scarcity of evidence that
would allow quantifying such departures with confidence.

Parametrization
Except for scenario branches emerging from the first node of
a decision tree, each branch is associated with a probability
conditional on its parent node being reached, equal to the
real-world prevalence of the patient characteristic or treat-
ment option represented by the branch. We derived these
probabilities from published literature and represent them
for the SOTA tree in Figure 1. See Supplementary Appendix
Section 1.2 for derivation and sources.

Terminal node state utilities

Each terminal node in the tree corresponds to a particular
patient group (with characteristics like risk group, age group,
treatment eligibility, and futility) receiving a particular treat-
ment (TAVR, SAVR, or MM). We associated each such node
with lifetime trajectories in survival probabilities, health util-
ities, treatment costs, and active time. (“State utilities” are

values associated with a terminal node and are distinct from
“health utilities” that enter QALY calculations.)

We constructed lifetime survival curves for treatment- and
risk group-specific SSAS patient cohorts from studies of mor-
tality in such cohorts (Supplementary Appendix Table A6).
We extrapolated beyond the time horizon of these studies
using general population mortality risks from US 2017 life
tables27. Following precedents in the literature (see
Supplementary Appendix Section 2.1.1 for details), in all but
low-risk patients, we scaled these general population risks
upwards to allow for excess SSAS-related mortality.

We obtained EQ-5D health utilities from the literature
(Supplementary Appendix Table A7). We age-adjusted these
utilities and extrapolated them beyond the study time hori-
zons assuming a 0.3% per year decline28. All sources14,17,19

provided health utilities at baseline, 1, 6, and 12months,
except for intermediate-risk SAVR and TAVR, which lack 6-
month values18,22 and which we set equal to their 12-month
values. Health utilities for patients receiving MM were only
available for the prohibitive-risk population. We therefore
estimated the health utility of non-prohibitive-risk MM
patients by assuming the ratio of their health utility relative
to TAVR patients from the same risk group equals the ratio
of the health utility of prohibitive-risk MM patients to the
health utility of prohibitive-risk TAVR patients. We linearly
interpolated monthly health utilities between 0 and
12months using reported 1 and 6month values.

We constructed lifetime cost curves based on observed
treatment costs (Supplementary Appendix Table A8). Where
treatment costs were available from these references for
12months, we took monthly costs beyond 12months to
equal average monthly costs from months 7 to 12. Where
treatment costs were available for 5 years, we took monthly
costs beyond 5 years to equal average monthly costs from
years 2 to 5.

We took active time to be hours spent on salaried labor,
unpaid work, and active leisure. To estimate active time of
SSAS patients, we estimated a relationship between health
utility and active time from Health and Retirement Study
(HRS)29 data, then used this relationship to impute SSAS
patients’ active time based on their lifetime health utility tra-
jectories. We valued active time using a median age-specific
hourly wage we computed from the HRS.

We used the above lifetime trajectories to compute a ter-
minal-node-specific vector of state utilities consisting of the
expected present discounted value (EPDV) of lifetime treat-
ment costs, QALYs, and active time.

See the Supplementary Appendix for complete details on
the above.

Value-for-money indicators

We computed the expected value of the above state utilities
across the terminal nodes within each scenario, where the
expectation is taken with respect to the probabilities of
those terminal nodes within the scenario. This computation
gave the expected value of lifetime QALYs, treatment costs,
and active time for the average SSAS patient when TAVR is
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available or when TAVR is not available. For our CUA, we
computed the incremental cost-effectiveness ratio (ICER)
associated with TAVR availability as the ratio of the

difference in expected lifetime treatment costs across scen-
arios to the difference in expected lifetime QALYs. For our
CBA, we computed a rate-of-return (RoR) given by

Figure 1. State-of-the-art decision tree. All lines indicate branches of the decision tree. The rectangular nodes name each branch, and the values in each associated
circle indicate the percentage of the previous branch that moves into subsequent nodes. Abbreviations: MM, medical management; SAVR, surgical aortic valve
replacement; TAVR, transcatheter aortic valve replacement.
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100�(BCR-1), where the benefit-cost ratio (BCR) equals the
ratio of the difference in the expected value of lifetime active
time across scenarios to the difference in expected lifetime
treatment costs.

We discounted health and economic outcomes at 3%30

and reported monetary quantities in 2018 USD (this choice
of year avoids non-representative COVID-induced price
dynamics). We computed aggregate benefit measures by
multiplying per person measures by the SSAS popula-
tion size.

Scenario and sensitivity analyses

We assessed sensitivity to our lifetime mortality, health util-
ity, cost, and active time estimates by raising and lowering
these values by 10%. We assessed sensitivity to discounting
using rates of 0% and 6%. We performed a scenario analysis
replacing the SOTA decision tree with one consistent with
historical patterns of SSAS treatment decisions, driven less by
age and treatment eligibility and more by risk group. We
investigated alternative SOTA tree node probabilities for risk
group proportions, TAVR eligibility, and medical futility. We
derived such alternatives from the literature where available
and from assumptions where not. We tested an alternate
wage for valuing active time and the removal of the 0.3%
annual health utility decline. These scenarios are detailed in
Table 3 and Supplementary Appendix Section 4.

Results

Terminal node state utilities

Our constructed lifetime trends in risk- and treatment-
specific survival, treatment costs, health utilities, and time
use are shown in Supplementary Appendix Figures A4–A7.
The corresponding state utilities and the EPDVs of their life-
time values are reported in Table 1. These state utilities
attach to the terminal nodes to the right of our decision tree
in Figure 1. For example, the top-right terminal node corre-
sponds to low-risk TAVR recipients aged 65–79. The EPDV of
lifetime costs, QALYs, and hours of paid work, unpaid work,
and active leisure corresponding to these patients were
$165,769; 10.54 QALYs; 1,315; 15,341; and 10,856 h, respect-
ively. For a treatment/risk group combination overall, the
state utility values are shown in the first row of each state
utility’s section. For example, among low-risk TAVR recipients,
regardless of age and life expectancy, the EPDV of lifetime
costs, QALYs, and hours of paid work, unpaid work, and
active leisure corresponding to these patients were $155,634;
9.39 QALYs; 803; 13,500; and 9,678 h respectively. Table 1
also reports patient proportions of the SSAS population.

Our survival curves (Supplementary Appendix Figure A4)
showed that across all risk groups, survival with AVR treat-
ment was much higher than survival without treatment.
Survival with TAVR was at least as high as survival with
SAVR, though they were very similar for low and intermedi-
ate risks, while for high risks, survival with TAVR was mark-
edly higher.

Table 1. Terminal state utilities.
Treatment TAVR SAVR MM

Risk Group Low Intermediate High Prohibitive Low Intermediate High Low Intermediate High Prohibitive

Proportions 0.181 0.202 0.025 0.013 0.060 0.068 0 0.096 0.108 0.162 0.084
Age 65–79 years 0.095 0.106 0.024 0.027 0.010 0.012
Age �80 years 0.086 0.096 0.010 0.011 0.008 0.009
LE �1 year 0.087 0.045
LE <1 year 0.075 0.039
Costs $155,634 $149,551 $176,043 $217,066 $185,052 $172,939 $185,702 $189,945 $73,672 $81,191 $115,509
Age 65–79 years $165,769 $200,805 $197,976 $230,854 $239,147 $159,659
Age �80 years $117,482 $127,133 $135,966 $147,387 $46,231 $43,136
LE �1 year $176,043 $217,066 $110,820 $154,805
LE <1 year $81,191 $51,723
QALYs 9.39 5.38 5.20 2.97 9.30 5.00 4.08 4.50 1.56 1.63 1.45
Age 65–79 years 10.54 8.92 10.46 8.40 5.74 3.59
Age �80 years 5.19 3.94 5.02 3.54 1.01 0.88
LE �1 year 5.20 2.97 2.25 1.99
LE <1 year 0.65 0.62
Salaried labor (h) 803 75 57 32 741 66 40 210 16 14 10
Age 65–79 years 1,315 565 1,225 521 396 189
Age �80 years 72 22 63 19 8 4
LE �1 year 17 13
LE <1 year 7 5
Unpaid Work (h) 13,500 7,338 7,284 4,283 13,296 6,961 5,712 6,826 2,280 2,474 2,260
Age 65–79 years 15,341 12,661 15,147 12,304 8,819 5,574
Age �80 years 7,055 5,183 6,780 4,789 1,435 1240
LE �1 year 3,413 3,081
LE <1 year 985 963
Active leisure (h) 9,678 4,879 4,709 2,615 9,469 4,585 3,580 4,345 1,336 1,406 1,230
Age 65–79 years 10,856 8,005 10,648 7,709 5,541 3,074
Age �80 years 5,358 3,545 5,112 3,244 965 753
LE �1 year 1,949 1,685
LE <1 year 555 519

This table summarizes an average patient’s terminal state utilities by treatment and risk group in the shaded rows. Non-shaded rows detail any adjustments to
utilities made when a patient has a differing age or life expectancy. Abbreviations. LE, life expectancy; MM, medical management; SAVR, surgical aortic valve
replacement; TAVR, transcatheter aortic valve replacement.
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Our health utilities (Supplementary Appendix Figure A5)
showed that, across all relevant risk groups, AVR raised
health utilities above their baseline values, peaking within
about a year of treatment, then declining to a long-term
level that is still above baseline. In the long run, health utility
with TAVR was about the same as or slightly higher than
with SAVR. Health utility with MM was uniformly lower than
with AVR. As with TAVR and SAVR, MM’s beneficial impact
on health utility peaked within a year of treatment. Beyond
the first year, health utility with MM was strictly lower than
baseline for low and intermediate risks, about the same as
baseline for high risks, and above baseline for prohibitive
risks. Health utilities also declined as risk levels increase.

Monthly costs (Supplementary Appendix Figure A6)
showed that, across all risk groups, monthly costs after initial
treatment were highest for MM and were often at least
$1,000 higher than those of AVRs. Among non-prohibitive
risks, monthly costs were similar between TAVR and SAVR,
though SAVR costs were slightly higher.

Active time use categories (Supplementary Appendix
Figure A7) showed that active time declined with age and
risk level across all categories and was highest with TAVR,
slightly lower with SAVR, and lowest with MM.

The patterns above helped explain patterns in Table 1.
Lifetime costs were highest among prohibitive-risk TAVR
recipients ($217,066) because TAVR recipients had higher sur-
vival than SAVR and MM recipients and because monthly
treatment costs among prohibitive risks were higher than
those among non-prohibitive risks. Both these rationales
more than counteracted the lower survival prospects of pro-
hibitive risks. Low-risk MM recipients had the second-highest
lifetime costs ($189,945) due to higher survival prospects of
low risks (relative to other risk level patients) and the high
monthly costs of MM. Otherwise, lifetime costs within a risk
group were lowest with MM because of their low survival
prospects and lack of index hospitalization for AVR. EPDV of
lifetime QALYs was highest among low-risk TAVR and SAVR
recipients because low risks had higher survival prospects
and health utilities, and lowest among non-low-risk MM
recipients because of their low health survival prospects and
health utilities. Active time also tended to be higher among
those at lower risk levels and among TAVR recipients,
second-highest among SAVR recipients, and lowest among
MM recipients. State utilities tended to be higher among the
younger elderly (those aged 65–79 years) and among those
with longer life expectancy (greater than 1 year) because of
longevity’s effect on these state utilities.

Optimality of TAVR as treatment choice

Across all risk groups, regardless of age or life expectancy,
the EPDV of lifetime costs was higher with SAVR than with
TAVR. Given greater TAVR longevity, this pattern resulted
from SAVR’s higher monthly costs. Except for low-risk
patients aged 65–79 years, the EPDV of lifetime costs was
lowest with MM. Across all risk groups and age categories,
the EPDV of lifetime QALYs was highest with TAVR, second-
highest with SAVR, and lowest with MM. These imply that

within every risk- and age-group, and across the CUA and
CBA, TAVR dominated SAVR with lower costs, higher QALYs,
and higher active time.

Among low-risk 65–79-year-olds, TAVR also dominated
MM. For other low- and intermediate-risk patients, TAVR was
more expensive than MM but produced sufficiently large
QALY gains that it was strongly cost-effective relative to MM.
For low risks aged �80 years, the ICER was (117,482–46,231)/
(5.19–1.01) ¼ $17,046. For intermediate-risks aged 65–79
years, the ICER was (200,805–159,659)/(8.92–3.59) ¼ $7,720.
For intermediate-risks aged �80 years, the ICER was
(127,133–43,136)/(3.94–0.88) ¼ $2,7450. Thus, across all treat-
ment choices faced by low- and intermediate-risk patients,
TAVR was either the dominating or cost-effective choice.

Among high- and prohibitive-risk patients, TAVR did not
dominate MM but was highly cost-effective, with
ICERs of (176,043–110,820)/(5.2–2.25) ¼ $22,109 and
(217,066–154,805)/2.97� 1.99) ¼ $20,961, respectively.

Thus, across all risk-, age-, and treatment-eligibility-
defined patient groups, TAVR was the optimal treatment
choice. Our CBA results yielded the same conclusions regard-
ing dominance, high value-for-money (VfM), and optimality
of TAVR across all risk and age groups.

Value-for-money of TAVR availability

The first two columns of Table 2 show the expected values
of lifetime outcomes across the terminal nodes of the “TAVR
available” and “TAVR not available” scenarios, respectively.
We found that the EPDV of lifetime costs, QALYs, and active
time for the average SSAS patient were $138,010, 4.86, and
$179,108 when TAVR was available and $125,202, 3.36, and
$115,769 when TAVR was not available. Thus, TAVR availabil-
ity raised costs by $12,808 but improved 1.5 QALYs and gen-
erated more value of active time ($63,338) per SSAS patient.
At a standard value of $150,000 per QALY2,31, the monetary
value of the QALY gain per patient was $225,000. Therefore,
our CUA yielded a net monetary benefit (NMB) per patient of
$225,000 – $12,808 ¼ $212,192. In our CBA, with benefits
measured solely in terms of active time, the NMB per patient
was $63,338 – $12,808 ¼ $50,530.

The ICER and RoR of TAVR availability (relative to non-
availability) were $8,533 and 395%, respectively, constituting
high VfM within CUA and CBA. Given an estimated 204,559
individuals newly-diagnosed with SSAS in the US in 2019
(Supplementary Appendix Section 6.6), the population-wide
health gain was 1.50�204,559¼ 306,839 QALYs, and NMB
was $212,192�204,559 ¼ $43.4 billion. The population-wide
value of active time gained was $63,338�204,559 ¼ $13.0B,
and corresponding NMB was $50,530�204,559 ¼ $10.3 billion
(see Figure 2).

Our CUA yielded larger monetized benefits than our CBA
because our CUA monetized QALYs at $150,000, which repre-
sented the total value of health to an individual and encom-
passes health’s interaction with not just active time, but also
passive leisure, consumption, and consumer surplus from
consumption and non-market time. In contrast, our CBA
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reflected only the active time aspect of health’s total value
and was, thus, conservative.

Scenario and sensitivity analyses

Scenario and sensitivity analyses are summarized in Table 3.
When we assumed treatment decisions are largely driven by
risk group – the “historical practice” case – the ICER rose by

over $11,500 but was still only $20,174. Raising prohibitive
risks to 30% of the SSAS population raised the ICER by only
about $1,000 to $9,519. Changing low risks to 50% of non-
prohibitive risks made the ICER fall by about $4,500 to under
$4,000. Using SAVR proportions considered independently
plausible by the surgeon among the coauthors reduced the
ICER by $611 to $7,922. Using clinical trial attrition rates to
estimate treatment uptake among treatment eligible patients
raised the ICER by $2,519 to $11,052. Adopting estimates of
medical futility among high- and prohibitive-risk patients of
1232, 20, and 60% yielded ICERs of $12,534, $11,490, and
$5,152. Projecting future TAVR risk distributions12, assuming
45% of SSAS patients are untreated, eliminating a 0.3% per
year background decline in health utility with age, and using
estimates of TAVR eligibility from literature32 and coauthor
consultation, all left the ICER virtually unchanged.

Our sensitivity analyses showed that our base case results
were not very sensitive to 10% variations in mortality, health
utility, treatment costs, active time, and discount rates. The
most impactful of these sensitivity analyses were variations
in mortality risk. Raising mortality risks by 10% raised the
ICER by $1,600 to $10,133. Lowering such risks by 10% low-
ered the ICER by $1,822 to $6,711. All other sensitivity analy-
ses caused ICER and RoR variations within that range.

Group analysis

Recall that TAVR recipients could be divided into (1) prohibi-
tive risks who would otherwise have remained untreated, (2)
non-prohibitive risks who would otherwise have received

Table 2. Cost-utility and cost-benefit analyses results.
Measure TAVR

available
TAVR not
available

Incremental
impact

CUA results: impact of TAVR availability on treatment costs and QALYs
Cost $138,010 $125,202 $12,808
QALY 4.86 3.36 1.50
Net benefit $590,990 $378,798 $212,192
ICER – – $8,533

CBA results: impact of TAVR availability on active time
Quantity of active time
Salaried labor (h) 287 146 141
Unpaid work (h) 6,970 4,935 2,035
Active leisure (h) 4,638 3,182 1,456
Total (h) 11,895 8,263 3,632

Value of active time
Salaried labor ($) $4,701 $2,095 $2,606
Unpaid work ($) $104,780 $69,048 $35,732
Active leisure ($) $69,626 $44,626 $25,000
Total ($) $179,108 $115,769 $63,338

Rate of return: incremental cost of TAVR availability vs. active time gained
394.52%

Net monetary benefit is reported assuming a value of $150,000 per quality-
adjusted life year. Abbreviations. CBA, cost-benefit analysis; CUA, cost-utility
analysis; ICER, incremental-cost effectiveness ratio; QALY, quality-adjusted life
year; TAVR, transcatheter aortic valve replacement.

Table 3. Scenario and sensitivity analyses results.
CUA CBA

ICER Cost
difference

QALY
difference

RoR (%) Salaried
labor (h)

Unpaid
work (h)

Active
leisure (h)

Value

Base case $8,533.37 $12,807.98 1.50 394.52 141 2,035 1,456 $63,338.19
Scenario analyses
“Historical practice” tree $20,173.73 $13,013.55 0.65 52.73 18 857 607 $19,876.01
30% of SSAS patients are prohibitive risk $9,518.80 $11,326.35 1.19 340.10 110 1,607 1,154 $49,847.35
Low-risks are 50% of non-prohibitive risks $3,964.04 $5,459.65 1.38 1,000.63 149 1,851 1,371 $60,090.47
Projection of low-risk TAVR proportion $8,533.37 $12,807.98 1.50 394.52 141 2,035 1,456 $63,338.19
Increased high risk among SAVR patients $7,922.09 $11,906.39 1.50 433.75 143 2,038 1,462 $63,550.21
SSAS population proportion of MM is 45% $7,040.61 $7,195.84 1.02 552.79 106 1,387 969 $46,973.58
Attrition rates from clinical trials $11,052.39 $25,154.45 2.28 253.62 184 3,076 2,229 $88,951.89
TAVR eligibility is 85.7% $8,213.17 $15,440.28 1.88 414.10 179 2,549 1,827 $79,377.85
TAVR eligibility is 97% $8,061.75 $17,210.81 2.13 423.89 204 2,894 2,077 $90,166.42
Medical futility is 12.1% $12,533.91 $20,847.33 1.66 228.18 142 2,273 1,600 $68,417.14
Medical futility is 20% $11,490.35 $18,587.16 1.62 260.41 142 2,206 1,559 $66,989.25
Medical futility is 60% $5,151.86 $7,143.25 1.39 736.59 140 1,867 1,355 $59,759.43
Average wage is federal minimum wage $8,533.37 $12,807.98 1.50 105.60 141 2,035 1,456 $26,333.44
Health utility discount 0% $8,518.34 $12,807.98 1.50 392.77 134 2,035 1,457 $63,113.37

Sensitivity analyses
Mortality increases by 10% $10,132.98 $15,089.59 1.49 315.90 141 2,030 1,443 $62,757.93
Mortality decreases by 10% $6,710.54 $10,140.14 1.51 529.90 141 2,036 1,468 $63,872.57
Health utility increases by 10% $7,757.61 $12,807.98 1.65 394.52 141 2,035 1,456 $63,338.19
Health utility decreases by 10% $9,481.52 $12,807.98 1.35 394.52 141 2,035 1,456 $63,338.19
Cost increases by 10% $9,386.70 $14,088.78 1.50 349.56 141 2,035 1,456 $63,338.19
Cost decreases by 10% $7,680.03 $11,527.18 1.50 449.47 141 2,035 1,456 $63,338.19
Predicted time increases by 10% $8,533.37 $12,807.98 1.50 443.97 155 2,238 1,602 $69,672.01
Predicted time decreases by 10% $8,533.37 $12,807.98 1.50 345.07 127 1,831 1,311 $57,004.37
Discount rate is 6% $10,073.26 $12,149.63 1.21 318.88 125 1,635 1,176 $50,891.99
Discount rate is 0% $7,275.78 $14,082.11 1.94 480.55 161 2,623 1,870 $81,753.29

Base case CUA, CBA, and RoR results are compared to the results of each scenario and sensitivity analysis. Abbreviations. CBA, cost-benefit analysis; CUA, cost-
utility analysis; ICER, incremental cost-effectiveness ratio; MM, medical management; QALY, quality-adjusted life year; RoR, rate of return; SAVR, surgical aortic
valve replacement; SSAS, severe symptomatic aortic stenosis; TAVR, transcatheter aortic valve replacement.
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SAVR, and (3) non-prohibitive risks who would otherwise
have remained untreated. We found that these groups
respectively constitute 1.31%, 6.29%, and 34.54% of the SSAS
population, and receive per-patient CUA NMB of $85,298,
$92,125, and $615,466, respectively (Table 4). Group (3) was
over four times larger than groups (1) and (2) combined.

At the SSAS population level, normalized by group size,
the CUA NMB of each group was 1.3%�$85,298 ¼ $1,114,
6.3%�$92,125 ¼ $5,792, and 34.5%�$615,466 ¼ $212,594,
respectively (Supplementary Appendix Section 6.5).
Aggregate benefits accruing to group (3) were, therefore,
over 30-times the sum of those in the latter two groups.
Recall that existing economic evaluations of TAVR focus on
groups (1) and (2) and ignore (3). These calculations suggest
the literature has ignored by far the most important group
for which TAVR yields value and so vastly understates TAVR’s
population-wide value.

Discussion

SSAS is a large and growing problem in the US and globally.
Surgical treatment has been long available and highly effect-
ive, but its invasiveness has limited its application. Since
2011, TAVR has become available as a less invasive treatment
option. Such availability has had a profound impact on SSAS

population-wide treatment uptake and guidelines, by our
estimate tripling overall treatment rate in the SSAS popula-
tion from 19% to 55%.

Findings

Raising treatment rates among non-prohibitive risks accounts
for the vast majority of TAVR’s benefits. At every treatment
decision point – across all risk groups and age groups,
absent concerns about TAVR durability – TAVR is the eco-
nomically optimal treatment choice for all TAVR eligible
patients over 65 years old. According to both the CUA and
CBA, TAVR represents a very strong VfM treatment option for
the average SSAS patient and produces large NMBs across
the whole SSAS population.

Limitations

Among study limitations are scarcity of evidence regarding
key parameters like the size of the SSAS population (account-
ing for both treated and untreated patients); the percentages
of SSAS patients eligible for AVR treatments; and the relative
size and age structure of low-, intermediate-, high-, and pro-
hibitive-risk patients or of patients with medical futility.

Figure 2. Incremental cost, incremental benefit, and net benefit of TAVR availability, both per-patient and aggregate. Abbreviations. B, billion; QALY, quality-
adjusted life year; SSAS, severe symptomatic aortic stenosis; TAVR, transcatheter aortic valve replacement.

Table 4. Breakdowns by SSAS patient group: Percentage of the SSAS population and net monetary benefits.
Group Percentage

of SSAS
population (%)

CUA NMB
per patient

Aggregated,
weighted
CUA NMB

CBA NMB
per patient

Aggregated,
weighted
CBA NMB

(1) Prohibitive-risk TAVR patients who would otherwise receive MM 1.3 $85,297.89 $1,114.23 –$33,748.6 –$440.85
(2) Non-prohibitive-risk TAVR patients who would otherwise receive SAVR 6.3 $92,125.26 $5,791.62 $36,518.84 $2,295.82
(3) Non-prohibitive-risk TAVR patients who otherwise get MM 34.5 $615,465.55 $212,594.26 $123,119.33 $42,527.91

The SSAS population contains three groups of patients who receive TAVR now that it is available, instead of receiving SAVR or MM. Each group’s percentage of
total SSAS patients is reported. Net monetary benefit is calculated for each group, both from a CUA and a CBA perspective. Net monetary benefit is reported
per-patient and aggregated across the patient group. Abbreviations. CBA, cost-benefit analysis; CUA, cost-utility analysis; MM, medical management; NMB, net
monetary benefit; SAVR, surgical aortic valve replacement; SSAS, severe symptomatic aortic stenosis; TAVR, transcatheter aortic valve replacement.
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Another shortcoming is the lack of long-term survival,
health utility, and treatment cost data. Our analysis also fails
to consider TAVR durability issues, retreatments, and valve-
in-valve treatments.

Although TAVR has nearly tripled treatment rates, almost
half of SSAS patients remain untreated, many of whom are
treatable. The risk of undertreatment of SSAS, while decreas-
ing, remains significant. One possible reason for persistent
undertreatment is that patients and physicians may simply
be unaware that undertreatment is a large risk and that
TAVR represents such a dominating or strong value-for-
money non-invasive treatment choice relative to MM. Patient
preference studies show that a central goal of AS patients is
to be able to live active lives. Such patients may simply be
unaware of the extent to which TAVR helps facilitate such
“active aging.” We hope that our analysis can show these
patients and their physicians the strong value proposition
TAVR represents over MM, including through its effects on
active aging. We hope our analysis also shows that patients
for whom this is a live issue are a significant share of the
SSAS population. Educational outreach towards AS patient
support groups and heart teams regarding these issues is
vital to reducing under-treatment.
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