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Cost-Effectiveness of Coronary Artery 
Bypass Grafting and Percutaneous 
Coronary Intervention in Patients With 
Chronic Kidney Disease and Acute 
Coronary Syndromes in the US Medicare 
Program
Matthew R. Reynolds , MD, MSc; Tingting Gong, MS; Shuling Li, PhD; Charles A. Herzog , MD; 
David M. Charytan, MD, MSc

BACKGROUND: Coronary revascularization provides important long-term clinical benefits to patients with high-risk presentations 
of coronary artery disease, including those with chronic kidney disease. The cost-effectiveness of coronary interventions in 
this setting is not known.

METHODS AND RESULTS: We developed a Markov cohort simulation model to assess the cost-effectiveness of percutane-
ous coronary intervention (PCI) and coronary artery bypass grafting (CABG) in patients with chronic kidney disease who 
were hospitalized with acute myocardial infarction or unstable angina. Model inputs were primarily drawn from a sample of 
14 300 patients identified using the Medicare 20% sample. Survival, quality-adjusted life-years, costs, and cost-effectiveness 
were projected over a 20-year time horizon. Multivariable models indicated higher 30-day mortality and end-stage renal 
disease with both PCI and CABG, and higher stroke with CABG, relative to medical therapy. However, the model projected 
long-term gains of 0.72 quality-adjusted life-years (0.97 life-years) for PCI compared with medical therapy, and 0.93 quality-
adjusted life-years (1.32 life-years) for CABG compared with PCI. Incorporation of long-term costs resulted in incremental 
cost-effectiveness ratios of $65 326 per quality-adjusted life-year gained for PCI versus medical therapy, and $101 565 for 
CABG versus PCI. Results were robust to changes in input parameters but strongly influenced by the background costs of 
the population, and the time horizon.

CONCLUSIONS: For patients with chronic kidney disease and high-risk coronary artery disease presentations, PCI and CABG 
were both associated with markedly increased costs as well as gains in quality-adjusted life expectancy, with incremental 
cost-effectiveness ratios indicating intermediate value in health economic terms.

Key Words: acute coronary syndrome ■ chronic kidney disease ■ coronary artery bypass grafting ■ cost-effectiveness 
■ percutaneous coronary intervention

Chronic kidney disease (CKD) is known to increase 
the risk of death and other poor outcomes for 
patients with cardiovascular disease.1–3 Although 

this could imply that patients with CKD have more to 
gain from coronary revascularization and other inter-
ventions than patients without CKD, strong evidence of 
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this is lacking. At the same time, aggressive manage-
ment of coronary artery disease (CAD) in patients with 
CKD definitely increases the risk of acute kidney in-
jury and other complications, including stroke. Fear of 
acute kidney injury and the precipitation of end-stage 
renal disease (ESRD) have led to possibly overcautious 
management of patients with CKD, an approach re-
ferred to as “renalism.”4

Several major clinical trials have found that coronary 
revascularization does not improve survival or reduce 
myocardial infarction (MI) relative to medical therapy 
in patients with stable coronary disease.5,6 This also 
holds true in patients with CKD and stable coronary 
disease with demonstrable ischemia, a group in whom 
an early invasive strategy was also associated with 

increased risk of stroke and dialysis.7 Nonetheless, 
the role of coronary revascularization in patients 
with unstable coronary syndromes remains relatively 
unquestioned.8,9

In a recent analysis of >34 000 Medicare patients, 
neither coronary artery bypass grafting (CABG) nor 
percutaneous coronary intervention (PCI) was found 
to improve survival in patients with CKD and low or 
medium clinical risk CAD relative to medical therapy,10 
a finding consistent with the clinical trial literature. 
However, in high-risk patients, defined by admission 
for acute MI (AMI) or unstable angina, both CABG 
and PCI significantly improved survival compared with 
medical therapy. The current analysis sought to extend 
those findings by evaluating the cost-effectiveness of 
PCI and CABG versus medical therapy in patients with 
CKD and unstable CAD.

METHODS
Portions of the data, analytic methods, and study 
materials that support the findings of this study are 
available to other researchers from the corresponding 
author on reasonable request, but may be subject to 
data use agreements with the Centers for Medicare 
and Medicaid Services.

Overview
We conducted a Markov cohort analysis to compare 
the costs, life expectancy, quality-adjusted life ex-
pectancy, and cost-effectiveness of medical therapy, 
PCI, and CABG for patients with CKD and CAD. The 
principal source for inputs into this model was an 
analysis of Medicare claims data used for a recent 
clinical report.10 As previously described, International 
Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD-9-CM), diagnosis and procedure 
codes or Current Procedural Terminology codes 
were used to define the study cohort from the 20% 
Medicare sample from years 2007 to 2012. The 
Medicare sample was acquired and analyzed by the 
Chronic Disease Research Group at the Hennepin 
Healthcare Research Institute. The Medicare claims 
analysis was approved by the Human Subjects 
Research Committee at Hennepin County Medical 
Center/Hennepin Healthcare System, with a waiver 
of informed consent. CKD was defined using ICD-
9-CM code 585.X. Patients with a history of dialysis 
treatment before the index hospital admission were 
excluded.

Within this cohort, qualifying CAD events were 
categorized as low, medium, and high risk. Low- and 
medium-risk events were defined as the performance 
of a stress test or coronary angiogram in patients with-
out (low risk) or with (medium risk) a preceding history 

CLINICAL PERSPECTIVE

What Is New?
•	 In a large sample of Medicare patients with 

chronic kidney disease hospitalized with high-
risk presentations of coronary artery disease, 
coronary revascularization was associated with 
increased adverse events at 30 days, including 
end-stage kidney disease and death.

•	 Within a year, revascularization, both percutane-
ous coronary intervention and coronary artery 
bypass grafting, was associated with improved 
outcomes relative to medical therapy, leading to 
improved survival and quality-adjusted survival 
in long-term cohort projections.

•	 Economic analysis of these cohorts predicts 
coronary revascularization to be of intermediate 
value, with incremental cost-effectiveness ra-
tios of $65 000 to $85 000 per quality-adjusted 
life-year gained for percutaneous coronary in-
tervention and coronary artery bypass grafting 
relative to medical therapy.

What Are the Clinical Implications?
•	 Time horizon and patient preferences for 

achievement or avoidance of specific outcomes 
(dialysis, stroke, or death) should influence the 
choice of treatment strategy for patients in 
these scenarios.

•	 Given improved long-term outcomes and ac-
ceptable cost-effectiveness, the presence of 
chronic kidney disease in older patients should 
not preclude use of coronary revascularization 
on either clinical or economic grounds.

Nonstandard Abbreviations and Acronyms

ICER	 incremental cost-effectiveness ratio
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of cardiovascular disease. Patients with hospital ad-
mission for unstable angina or AMI were designated 
as high risk. As the initial clinical outcomes assess-
ment showed no evidence of improved survival with 
revascularization in the low- or medium-risk patients, 
we elected to confine the cost-effectiveness analysis 
to the high-risk group (N=14 300).

As originally constructed, the high-risk study co-
hort was defined by a qualifying event (admission for 
AMI or unstable angina) and a qualifying therapy (PCI, 
CABG, or intensified medical therapy, as evidenced by 
prescription of a new class of cardiovascular drug in 
part D claims) within 60 days of that qualifying event.10 
The qualifying events and qualifying therapies usually 
occurred during the same index hospitalization, but 
not always. For clinical outcomes, we followed the 
same convention as in the prior analysis, which was 
to make the start time of the analysis the date of the 
qualifying therapy. However, to ensure consistency 
between groups, the costs of the index hospitalization 
encompassing the qualifying event were included for 
all patients.

Markov Details
Our base case analysis was a Markov cohort simula-
tion11 with a cycle length of 1 month and a time hori-
zon of 20  years. The starting age of the cohort was 
set at 75 years based on the mean cohort age of 78 
years (Table 1). A 20-year time horizon is therefore tan-
tamount to lifetime. As cost inputs were derived from 
Medicare payment data, the analysis took the perspec-
tive of the Medicare program. An annual discount rate 
of 3% was applied to all future costs and benefits.12 
The model was programmed using TreeAge Pro 2019 
software (Williamstown, MA).

The model consisted of 5 health states representing 
the outcomes most likely to be affected by the man-
agement decision under study, on the basis of clini-
cal judgment. Those health states and the permitted 
transitions between them are depicted in Figure 1. 
Although theoretically more transitions between states 
could have been considered (eg, between ESRD and 
stroke), some were not included to reduce model 
complexity. These states were characterized by high 
mortality and markedly reduced quality of life; thus, the 
impact of omitting transitions between them was be-
lieved to be negligible.

The first 1-month cycle of the model began the date 
of the qualifying therapy (as defined above), extending 
through 30 days, and was represented analytically as a 
decision tree. The proportion of each treatment cohort 
that experienced death, recurrent MI, stroke, or ESRD 
during the first 30  days then entered those respec-
tive health states in the Markov model. The remain-
ing proportion of the cohort entered the “well” state. 

Each health state was associated with specific costs 
and utility (reflecting quality of life) values, as shown in 
Table 2, which were the same for each of the 3 treat-
ment cohorts.13–21 Over subsequent monthly Markov 
cycles, portions of each cohort could move between 
the health states, according to group-specific transi-
tion probabilities, as described below.

Clinical Outcomes
Clinical outcomes depicted in the model were derived 
from the Medicare claims analysis wherever pos-
sible and based on ICD-9-CM codes, as previously 
described,10 or on death dates obtained from the 
Medicare Master Beneficiary Summary File. A limited 
number of event probabilities were not easily calcula-
ble with the claims data and were derived from external 
literature, as cited in Table 2. Given the differential and 
shifting nature of risks with the 3 different treatment 
options, the assessment of outcomes was partitioned 
into 3 time periods: 0 to 30 days, 31 days to 1 year, 
and beyond 1 year. Surviving patients (N=7828) had 
a median follow-up observation period of 22 months 
(interquartile range, 9–40 months).

For the medical therapy arm of the model, observed 
and unadjusted 30-day event rates for death, stroke, 
MI, and ESRD were used (Table 2). Corresponding 
rates for these events in the PCI and CABG groups 
were calculated as relative risks, referent to medical 
therapy, using logistic regression models, adjusted for 
age, sex, race, CKD stage, ST-segment–elevation MI 
versus non–ST-segment–elevation MI presentation, 
and comorbidities (as shown in Table 1). The resulting 
relative risks used in the model are shown in Table 3.

Long-term survival in the medical therapy group 
was projected using a combination of both observed 
mortality rates following key clinical events in conjunc-
tion with a life-table approach. First, 1-, 2-, and 3-year 
mortality rates in patients experiencing ESRD, stroke, 
and MI were calculated from the observed data and 
programmed as the mortality risks for the associated 
health states in the model. The mortality rates from 
year 2 to year 3 were then carried forward over the 20-
year model time horizon.

Mortality rates from US life tables22 were then ap-
plied to the “well” health state to calibrate the overall 
mortality rate predicted by the model for the medi-
cal therapy group. As patients in the medical therapy 
group were significantly older (mean age, 80.3 years) 
than those in the PCI and CABG groups (Table 1), 
we age adjusted observed mortality from 31 days to 
4 years using the hazard ratio for age derived from 
a multivariable Cox proportional hazards model that 
included all 30-day survivors. Plots of observed and 
age-adjusted mortality for the medical therapy group 
are shown in Figure S1. Life table mortality rates were 
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then adjusted with multiplicative factors until the 
annual total mortality rates from the model closely 
matched the age-adjusted rates (as also shown 
in Figure S1). Long-term risks for other key clinical 
events in the medical therapy group were taken di-
rectly from the claims analysis (see Table 2 for 31-day 
to 12-month risks, among patients surviving the first 
30 days without events).

For the CABG and PCI groups, relative risks for 
all clinical events, including death, were calculated 

relative to medical therapy using Cox proportional 
hazards models, one for the 31-day to 12-month in-
terval, and a second for beyond 12 months. Each of 
the Cox models was run on patients who had sur-
vived the preceding interval without experiencing 
the event of interest. The relative risks derived from 
these Cox models (Table 3) were multiplied by the 
baseline event rates in the medical therapy group to 
project outcomes for the PCI and CABG groups in 
the Markov model.

Table 1.  Baseline Characteristics of the Study Population

PCI CABG MedRx Total

P Value(N=4608; 32.2%) (N=1330; 9.3%) (N=8362; 58.5%) (N=14 300; 100%)

Age, mean±SD, y 75.1±10.5 72.2±8.9 80.3±11.4 77.9±11.3 <0.0001

Age <0.0001

<65 y 591 (12.8) 170 (12.8) 689 (8.2) 1450 (10.1)

65–74 y 1441 (31.3) 616 (46.3) 1561 (18.7) 3618 (25.3)

75–84 y 1703 (37.0) 465 (35.0) 2585 (30.9) 4753 (33.2)

≥85 y 873 (18.9) 79 (5.9) 3527 (42.2) 4479 (31.3)

Sex <0.0001

Men 2310 (50.1) 854 (64.2) 3195 (38.2) 6359 (44.5)

Women 2298 (49.9) 476 (35.8) 5167 (61.8) 7941 (55.5)

Race/ethnicity <0.0001

White 3747 (81.3) 1076 (80.9) 6409 (76.6) 11 232 (78.5)

Black 526 (11.4) 138 (10.4) 1354 (16.2) 2018 (14.1)

Asian 102 (2.2) 40 (3.0) 202 (2.4) 344 (2.4)

Hispanic 122 (2.6) 35 (2.6) 248 (3.0) 405 (2.8)

Other/unknown 111 (2.4) 41 (3.1) 149 (1.8) 301 (2.1)

Heart failure 735 (16.0) 125 (9.4) 2131 (25.5) 2991 (20.9) <0.0001

Diabetes mellitus 2072 (45.0) 677 (50.9) 3476 (41.6) 6225 (43.5) <0.0001

Cerebrovascular 
accident/TIA

354 (7.7) 77 (5.8) 1039 (12.4) 1470 (10.3) <0.0001

Peripheral artery disease 554 (12.0) 155 (11.7) 1569 (18.8) 2278 (15.9) <0.0001

Other cardiac disease 251 (5.4) 44 (3.3) 691 (8.3) 986 (6.9) <0.0001

Chronic lung disease 775 (16.8) 134 (10.1) 1878 (22.5) 2787 (19.5) <0.0001

Gastrointestinal bleeding, 
PUD, and reflux

82 (1.8) 14 (1.1) 308 (3.7) 404 (2.8) <0.0001

Liver disease 51 (1.1) 11 (0.8) 83 (1.0) 145 (1.0) 0.639

Dysrhythmia 575 (12.5) 112 (8.4) 1625 (19.4) 2312 (16.2) <0.0001

Anemia 925 (20.1) 211 (15.9) 2667 (31.9) 3803 (26.6) <0.0001

Cancer 294 (6.4) 64 (4.8) 574 (6.9) 932 (6.5) 0.017

Presentation <0.0001

STEMI 1671 (36.3) 251 (18.9) 1198 (14.3) 3120 (21.8)

NSTEMI 2294 (49.8) 812 (61.1) 5967 (71.4) 9073 (63.4)

Unspecified 643 (14.0) 267 (20.1) 1197 (14.3) 2107 (14.7)

CKD stage <0.0001

Stage 1–3 1927 (41.8) 579 (43.5) 3038 (36.3) 5544 (38.8)

Stage 4–5 881 (19.1) 263 (19.8) 1979 (23.7) 3123 (21.8)

Unspecified 1800 (39.1) 488 (36.7) 3345 (40.0) 5633 (39.4)

Values are number (percentage) unless otherwise noted. CABG indicates coronary artery bypass grafting; CKD, chronic kidney disease; MedRx, medical 
therapy; NSTEMI, non–ST-segment–elevation myocardial infarction; PCI, percutaneous coronary intervention; PUD, peptic ulcer disease; STEMI, ST-segment–
elevation myocardial infarction; and TIA, transient ischemic attack.
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Costs
Most of the cost inputs for the model were also derived 
from the Medicare claims analysis (Table 2). Medicare 
reimbursement rates from parts A, B, and D were in-
cluded and accepted as proxy for actual costs. We in-
flated costs from all years to 2015 US dollars using the 
Centers for Medicare and Medicaid Services market 
basket index.

For the index hospital admissions, costs were ad-
justed for baseline differences among the 3 treatment 
groups using a linear regression model. Covariates in 
that model included the same demographic and clini-
cal variables used in the assessment of 30-day clinical 
event rates. The adjusted mean costs for each treat-
ment group were used for the index admission costs 
in the Markov model. The Markov model also included 
post–acute care costs following the index admis-
sion, which were more likely to be observed following 
CABG. Post–acute care costs included all reimburse-
ments for skilled nursing, inpatient rehabilitation, home 
health, or hospice within 30 days of discharge from the 
index hospital admission, and were also adjusted with 
linear regression.

Monthly background medical care costs were es-
timated from 5023 patients who survived 18 months 
from the date of their qualifying event and experienced 
none of ESRD, AMI, PCI, CABG, or stroke. The first 
90  days of follow-up were excluded from the calcu-
lation of background costs to avoid the inclusion of 
costs related to the qualifying events and treatments. 
Unadjusted mean costs for all of these patients were 
applied as background costs for all patients in the 
“well” health state.

Costs for the ESRD health state were estimated 
from 736 patients who developed ESRD at the time 

of the qualifying therapy and survived to 12  months 
without additional clinical events. As the distribution 
of costs in this group was extremely skewed, we se-
lected the median monthly cost from this group for the 
Markov model. The Medicare claims were also used 
to derive event costs for MI, PCI, and CABG that oc-
curred during follow-up.

Health State Utilities
Health state utilities are summary measures of qual-
ity of life, taking values from 0 to 1, that are applied to 
life expectancy to calculate quality-adjusted life-years 
(QALYs). Each health state other than death was as-
signed a utility obtained from previously published 
literature (Table 2). Transient utility decrements (or 
“disutilities)” for follow-up CABG and PCI events were 
applied in the model as tolls.

Cost-Effectiveness Analysis
Our base case analysis calculated incremental cost-
effectiveness ratios (ICERs), expressed as dollars per 
QALY gained. The 3 therapies were sorted in ascending 
order of total 20-year costs, which corresponded with 
ascending QALYs. ICERs were then calculated compar-
ing each therapy with its next-best alternative. ICERs 
were also calculated as dollars per life-year gained.

Model uncertainty was explored with both 1-way 
sensitivity analysis and probabilistic sensitivity anal-
ysis. For 1-way sensitivity analysis, individual model 
parameters were varied across the range of plausible 
values (as shown in Tables 2 and 3, in most cases 
95% CIs). Results were compiled and presented as 
tornado diagrams. Probabilistic sensitivity analysis 
was performed by replacing each model input with 
a probability distribution. For clinical events, β dis-
tributions were used on the basis of observed event 
rates (Table S1). Log-normal distributions were used 
for costs, and β distributions were used for literature-
based probabilities. Second-order Monte Carlo simu-
lation was then performed, in which each probability 
distribution was independently resampled over 1000 
model iterations. The resulting ICERs from each model 
iteration were then plotted on the cost-effectiveness 
plane. Cost-effectiveness acceptability curves were 
then constructed, plotting the probability that each 
clinical strategy would be cost-effective across a range 
of willingness-to-pay thresholds.

RESULTS
The clinical characteristics of the patients with CKD 
with hospital admission for AMI or unstable angina are 
shown in Table 1. Of the 14 300 patients in this sample, 
58% were treated medically. The patients treated with 
medical therapy were significantly older, more often 

Figure 1.  State-transition diagram.
Circles denote discrete health states within the Markov model. 
Arrows indicate possible transitions between health states. 
ESRD indicates end-stage renal disease; and MI, myocardial 
infarction.
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women, less often White race, and more likely to have 
several comorbid conditions, including heart failure, 
chronic lung disease, prior stroke/transient ischemic 
attack, and peripheral artery disease, than the patients 
in the other groups. The medical therapy patients were 

also more likely to have non–ST-segment–elevation MI 
and stage 4 to 5 (or unclassified) CKD than the patients 
who underwent revascularization.

The Markov model projected both highest long-
term survival (Figure S2) and costs (Figure S3) with 

Table 2.  Model Inputs

Transition Probabilities Base Case Plausible Range Source

Medical therapy, %

30-d Mortality 6.8 6.2 to 7.3 Claims analysis

30-d ESRD 1.6 1.3 to 1.9 Claims analysis

30-d Stroke 0.7 0.5 to 0.9 Claims analysis

30-d MI 2.8 2.4 to 3.2 Claims analysis

31-d to 12-mo Mortality* 27.7 26.7 to 28.7 Claims analysis

31-d to 12-mo ESRD 2.2 1.9 to 2.6 Claims analysis

31-d to 12-mo Stroke 2.7 2.4 to 3.1 Claims analysis

31-d to 12-mo MI 10.6 9.9 to 11.3 Claims analysis

31-d to 12-mo PCI 1.7 1.4 to 2.0 Claims analysis

31-d to 12-mo CABG 1.3 1.0 to 1.5 Claims analysis

All groups, %

CABG mortality (30 d) 4.8 3.3 to 6.8 3

PCI mortality (30 d) 1.5 1.38 to 1.52 13

MI mortality (30 d) 12.5 10.1 to 14.9 14

Stroke mortality (30 d) 8.2 8.2 to 10.1 15

Costs, $

Initial hospitalization, MedRx 20 769 18 589 to 22 948 Claims analysis

Initial hospitalization, CABG 64 666 61 978 to 67 354 Claims analysis

Initial hospitalization, PCI 30 198 27 901 to 32 494 Claims analysis

Post–acute care, MedRx† 2070 1826 to 2313 Claims analysis

Post–acute care, CABG† 2635 2332 to 2938 Claims analysis

Post–acute care, PCI† 1377 1118 to 1635 Claims analysis

Event costs, $

Stroke (initial event) 15 180 15 000 to 15 400 16

CABG (follow-up event) 56 694 39 262 to 65 441 Claims analysis

PCI (follow-up event) 22 955 13 885 to 26 237 Claims analysis

Acute MI 19 621 18 510 to 20 732 Claims analysis

Follow-up costs, $

Background monthly 2101 2025 to 2176 Claims analysis

Post-stroke monthly 12 584 5470 to 39 087 Claims analysis

ESRD monthly 8054 5326 to 14 364 Claims analysis

Utilities

Well (CKD) 0.79 0.7 to 0.89 17

ESRD 0.51 0.2 to 0.82 18

Disutility post-MI −0.134 −0.174 to −0.094 19

Post-stroke 0.64 0.31 to 0.99 20

Disutility CABG −0.02 0 to 0.04 27

Disutility PCI −0.005 0 to 0.02 21

Binomial calculation used to generate 95% CI for proportions. Transition probabilities for the MedRx arm, as well as costs and utilities for all groups, are 
shown. Transition probabilities for the CABG and PCI arms were calculated using relative risks (as shown in Table 3) referent to the values for the MedRx group 
shown here. CABG indicates coronary artery bypass grafting; CKD, chronic kidney disease; ESRD, end-stage renal disease; MedRx, medical therapy; MI, 
myocardial infarction; and PCI, percutaneous coronary intervention.

*Observed. See text for mortality calculations.
†Per patient-month, applied to first 30 days following index event.
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CABG, and lowest with medical therapy. The results of 
our base case cost-effectiveness analysis are shown 
in Table 4. PCI was projected to add 0.72 QALYs rel-
ative to medical therapy, with an ICER of $65 326 per 
QALY gained. CABG was projected to add an ad-
ditional 0.93 QALYs relative to PCI, with an ICER of 
$101 565 per QALY gained. If CABG were compared 
directly with medical therapy (eg, for patients suitable 
for CABG but not PCI), then the gain in QALYs would 
be 1.65 and the ICER $85 678 per QALY gained.

One-way sensitivity analyses indicated that the 
model results were not highly influenced by changes 

in any single model parameter (Figure S4A and B). The 
ICER of PCI versus medical therapy was most sensitive 
to changes in the discount rate, the assumed utility of 
the “well” health state (representing patients with CKD), 
and the longitudinal cost of the ESRD health state, but 
in no case exceeded $75 000 per QALY gained. The 
ICER for CABG versus medical therapy was most sen-
sitive to the longitudinal costs of the ESRD and stroke 
health states, and the starting age of the cohort. The 
results were also influenced by the high (~$2100/
month) background medical care costs for patients in 
the “well” health state. When such costs were omit-
ted, the ICERs decreased to $32 345 and $79 459 per 
QALY gained for PCI versus medical therapy and for 
CABG versus PCI, respectively.

Figure 2A and B show ICER scatterplots from the 
probabilistic sensitivity analysis, reflecting overall model 
uncertainty. The results indicate that PCI was highly 
likely to be both more effective and more costly than 
medical therapy, and that CABG was highly likely to be 
both more effective and more costly than PCI. In both 
cases, most model replications produced an ICER be-
tween $50 000 and $150 000 per QALY gained. The 
ICERs for PCI (relative to medical therapy) and CABG 
(relative to PCI) were <$150 000 per QALY gained in 
94% and 78% of model replications, respectively. The 
cost-effectiveness acceptability curve (Figure 3) indi-
cates that medical therapy, PCI, and CABG would be 
preferred at low (<$50 000 per QALY), medium (roughly 
$50 000 to $80 000 per QALY), and high (>$80 000 
per QALY) willingness to pay thresholds, respectively.

The base case results were found to be highly sen-
sitive to the model time horizon. Through 2 years, a 
slight survival advantage emerged for CABG (Figure 
S2), but because CABG was associated with higher 
early rates of stroke and ESRD, cumulative QALYs at 
2 years showed smaller differences (Figure S5), with 
just a 0.04 increase for CABG relative to both PCI 
and medical therapy. The ICERs fall below $150 000 
per QALY gained at time horizons >5  years (Figure 
S6).

DISCUSSION
Using Medicare claims data to inform a Markov 
cohort simulation, we assessed the long-term 

Table 3.  Relative Risks for Clinical Event Probabilities

Variable

0–30 d, 30 d–1 y, >1 y,

OR (95% CI)* HR (95% CI)* HR (95% CI)*

CABG vs MedRx

Death 1.41 (1.09–1.83) 0.55 
(0.46–0.66)

0.43 
(0.36–0.52)

Stroke 2.02 
(1.04–3.90)

0.77 (0.49–1.20) 0.52 
(0.33–0.81)

ESRD 1.95 (1.37–2.78) 1.81 (1.33–2.46) 1.05 (0.74–1.48)

AMI 0.97 
(0.65–1.46)

0.45 
(0.34–0.59)

0.40 
(0.30–0.53)

PCI 2.66 
(1.10–6.46)

1.27 (0.86–1.87) 1.32 (0.94–1.84)

CABG … … …

PCI vs MedRx

Death 1.69 (1.46–1.96) 0.58 
(0.53–0.65)

0.55 
(0.50–0.61)

Stroke 1.13 (0.70–1.84) 0.73 
(0.55–0.96)

0.83 
(0.65–1.06)

ESRD 1.85 (1.42–2.41) 0.91 (0.70–1.18) 0.80 (0.61–1.05)

AMI 1.30 (1.04–1.64) 0.80 
(0.69–0.91)

0.70 
(0.60–0.81)

Repeated 
PCI

19.52 
(11.16–34.15)

4.85 
(3.92–5.99)

2.32 (1.84–2.91)

CABG 5.05 
(1.79–14.21)

0.77 (0.55–1.08) 0.85 (0.52–1.40)

AMI indicates acute myocardial infarction; CABG, coronary artery bypass 
grafting; ESRD, end-stage renal disease; HR, hazard ratio; MedRx, medical 
therapy; OR, odds ratio; and PCI, percutaneous coronary intervention.

*ORs and HRs shown were derived from logistic regression and Cox 
proportional hazard models, respectively, adjusting for the following 
variables: age, sex, race, chronic kidney disease stage, ST-segment–
elevation myocardial infarction vs non–ST-segment–elevation myocardial 
infarction presentation, and comorbidities, as listed in Table 1.

Table 4.  Base Case Results With 20-Year Time Horizon

Strategy Total Cost, $ LYs QALYs
Incremental 

Cost, $ LYs Gained QALYs Gained
ICER, $/QALYs 

Gained
ICER, $/LYs 

Gained

MedRx 180 681 4.38 3.32

PCI 227 834 5.36 4.04 47 153 0.97 0.72 65 326 48 498

CABG 321 750 6.67 4.96 93 916 1.32 0.93 101 565 71 289

By convention, treatments are ordered from the top row down in the table according to increasing cumulative cost. Incremental costs, benefits, and 
ICERs are then shown for each treatment compared with its next best alternative. CABG indicates coronary artery bypass grafting; ICER, incremental cost-
effectiveness ratio; LY, life-year; MedRx, medical therapy; PCI, percutaneous coronary intervention; and QALY, quality-adjusted LY.
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cost-effectiveness of coronary revascularization in 
75-year-old patients with CKD and high-risk presenta-
tions of CAD. Although healthcare costs and mortality 

were high in all groups, our model projected gains of 
~1 to 2.3 life-years and ~0.7 to 1.6 QALYs over time 
with PCI and CABG compared with medical therapy. 

Figure 2.  Probabilistic sensitivity analysis scatterplot.
Incremental quality-adjusted life-years (QALYs) (x-axis) and incremental costs (y-axis) are shown for 
1000 model replications (open circles). For each model replication, individual input parameters were 
drawn separately at random from probability distributions. The “x” represents the base case result. A, 
Comparison of percutaneous coronary intervention (PCI) vs medical therapy (MedRx). B, Comparison of 
coronary artery bypass grafting (CABG) vs PCI. The dashed lines represent willingness-to-pay thresholds 
of $50 000 and $150 000 per QALY gained. Points below and rightward to those lines indicate cost-
effective results at those thresholds.
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High incremental costs with revascularization resulted 
in ICERs of roughly $65  000 per QALY gained for 
PCI compared with medical therapy and $101  000 
per QALY gained for CABG compared with PCI, both 
within the range indicating intermediate health eco-
nomic value, as defined by US cardiovascular pro-
fessional societies.23 These results were relatively 
insensitive to variation of the model inputs, but were 
clearly impacted by the high observed background 
healthcare costs of the study population, as well as 
time horizon.

The comparative effectiveness of medical therapy, 
PCI, and CABG for CAD has been studied in several 
randomized trials6,24–26 and large-scale observational 
studies.27 Our current analysis is not directly compara-
ble with any of those studies, which focused exclusively 
on stable patients with CAD6,24 or enrolled a minority of 
patients with unstable angina or recent acute coronary 
syndrome.25,26 In addition, patients with CKD were ei-
ther excluded or generally underrepresented in those 
trials.

Despite those differences, a few of our findings 
were consistent with previous studies. In multiple stud-
ies comparing alternative revascularization strategies, 
long-term results favored CABG over PCI, particularly 
for patients with diabetes mellitus and for patients with 

more advanced/complex CAD, although CABG was 
associated with a higher risk of stroke.25–27 Health 
economic evaluation of each of those studies found 
CABG to be economically attractive long-term, relative 
to PCI.28–30

Our study provides unique perspective on the out-
comes of patients with CKD and high-risk presen-
tations of CAD, including a large group of patients 
managed only with medical therapy, for whom clinical 
trial enrollment would likely be infeasible. Often in clin-
ical practice, a desire to avoid short-term harm leads 
to conservative management decisions. Indeed, we 
observed that at 30 days, both PCI and CABG nearly 
doubled the risk of ESRD, and CABG doubled the risk 
of stroke (Table 3). The absolute rates of these adverse 
events were relatively low in our directly observed data 
(<5% for ESRD and <1% for stroke at 30 days) such that 
with moderate to long time horizons, the clinical ben-
efits of revascularization far outweighed the early risks 
at the group level. Nonetheless, treatment decisions 
for these high-risk patients involve difficult trade-offs. 
If patients strongly weight short-term outcomes over 
long-term outcomes, or value the avoidance of certain 
adverse events (eg, stroke or ESRD) more highly than 
longevity, then more conservative initial treatment ap-
proaches may be appropriate.

Figure 3.  Cost-effectiveness acceptability curve.
The probability (y-axis) that each of the 3 assessed therapies was cost-effective across a range of 
willingness-to-pay thresholds (x-axis) is shown. These probabilities are derived from the probabilistic 
sensitivity analysis. On health economic grounds, medical therapy (MedRx) would be preferred at low 
willingness-to-pay thresholds (<$50 000 per quality-adjusted life-year [QALY] gained) and coronary artery 
bypass grafting (CABG) would be preferred at higher thresholds (>$75 000). PCI indicates percutaneous 
coronary intervention.
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The incremental costs associated with PCI and 
CABG in our study were high, resulting in ICERs above 
the outdated31 but often cited $50  000 per QALY 
threshold adopted to indicate high economic value.23 
This may in part have resulted from our inclusion of all 
Medicare part A, B, and D claims in our estimation of 
background medical costs, which were >$20 000 per 
year in the patients with no adverse clinical events. This 
reflects an economic reality of extending life in an older 
population of patients with chronic health conditions. 
As such, we believe it is appropriate to include these 
background costs, as we have done in the assessment 
of other health technologies primarily used in elderly 
patients.32 Nonetheless, the ICERs we calculated fall 
well below the $150  000 per QALY threshold sug-
gested as indicating poor economic value.23

Our study has several noteworthy limitations. Most 
important, our analysis is anchored by observational 
data derived solely from Medicare claims. The treat-
ment decisions studied in our analysis are obviously 
not made randomly, and the medical therapy patients 
in our sample, in particular, differed from the other pa-
tients in several important ways. Although we adjusted 
both the clinical outcomes and costs for measured 
confounders, the potential for residual unmeasured 
confounding is high, and would remain so even if al-
ternative analytic techniques were used. For example, 
the claims data lack information on the results of lab-
oratory and other clinical testing, such that the sever-
ity of CKD, the presence or absence of left ventricular 
systolic dysfunction, and the severity and complexity 
of the CAD were not known. It should not therefore be 
assumed that all patients were equally suitable for both 
PCI and CABG.

The reliance on diagnostic codes from claims data 
to define the cohorts and their outcomes can intro-
duce further problems. In particular, definitions of MI in 
clinical practice as well as in the context of clinical trials 
vary. With the availability of highly sensitive biomark-
ers, there is the potential for myocardial injury attrib-
utable to various causes to be misclassified as MI, in 
addition to conflating type 2 MI with unstable coronary 
syndromes.33

We believe the impact of these limitations would 
most likely be to overstate the poor prognosis of the 
medically treated patients, leading to an overestima-
tion of the benefits of revascularization in this pop-
ulation. Unfortunately, patients with CKD have been 
adequately represented in few clinical trials of coro-
nary revascularization. Furthermore, it would likely be 
infeasible to use randomized methods to study the 
high-risk patients involved in our study, which would 
be the only way to estimate these treatment effects 
with true precision. As a result, the limitations inher-
ent in observational research methods were to a large 
degree unavoidable.

CONCLUSIONS
Using clinical and economic outcomes data from a 
moderately large Medicare sample, we projected the 
long-term cost-effectiveness of coronary revasculari-
zation in patients with CKD and high-risk CAD pres-
entations. We found that PCI and CABG were both 
associated with up-front risks and markedly increased 
costs but produced eventual gains in quality-adjusted 
life expectancy, with ICERs indicating intermediate 
value in health economic terms. The magnitude of the 
modeled health benefits, although uncertain, suggests 
that revascularization should not be withheld on either 
clinical or economic grounds when safely feasible.
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Table S1. Observed (unadjusted) event rates through one year. 

 
0-30 Days 31 Days – 1 Year 

Medical Rx 

(n=8,362) 

CABG 

(n=1,330) 

PCI 

(n=4,608) 

Medical Rx 

(n=7,638) 

CABG 

(n=1,239) 

PCI 

(n=4,113) 

Mortality  6.7% 5.9% 9.2% 27.7% 11.0% 13.7% 

Stroke  0.7% 1.0% 0.7% 2.7% 1.9% 1.9% 

ESRD 1.6% 4.0% 2.9% 2.2% 5.1% 2.4% 

AMI  2.8% 2.3% 3.3% 10.6% 4.4% 8.1% 

PCI  0.2% -- 4.0% 1.7% 2.7% 9.2% 

CABG  -- -- 0.4% 0.1% -- 1.7% 

 
CABG=coronary artery bypass graft surgery; PCI = percutaneous coronary intervention; 
ESRD = end-stage renal disease; AMI = acute myocardial infarction 
 



 

 

Figure S1. Medical therapy group mortality.   

 

 

Observed, age-adjusted and modeled total mortality are plotted from baseline 

through 48 months. The observed results (blue line with closed circles) were first 

age-adjusted to an assumed starting age of 75 (from 80). The model was then 

calibrated to match the age-adjusted values. See text for details. 
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Figure S2. Model-predicted mortality by treatment group.  

 

 

 

The curves begin after the initial 30-day treatment period (the initial stage of the 

Markov model). From one year onward mortality was highest in the medical 

therapy group and lowest in the CABG group. Inlay shows detail for the first 2 years.  



Figure S3. Cumulative costs by treatment group.  

 

 

The curves begin after the initial 30-day treatment period, in all cases including the 

index hospitalization. Costs begin highest in the CABG group and lowest with 

medical therapy and continue to diverge over time. 
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Figure S4A. 1-way sensitivity analysis “tornado” plot, PCI vs. Medical therapy. 

Model parameters were individually varied across their plausible intervals.  

 

 

 

The range of resulting ICERs for the parameters with the most variation in the ICER 

were plotted on the x-axis. The vertical line at ~$65,000 per QALY gained 

represents the base case result. See text for details.  



Figure S4B. 1-way sensitivity analysis “tornado” plot, CABG vs. PCI.  

 

 

Computations and display as described for Figure S4A. The vertical line at 

~$101,000 per QALY gained represents the base case result.  



Figure S5. Cumulative QALYs through 2 years.  

 

 

 

Model-predicted cumulative QALYs through 2 years for the 3 treatment groups are 

plotted. Although mortality (Figure S2) diverged more quickly, the occurrence of 

more frequent adverse events with CABG resulted in only a small (<0.05) difference 

in QALYs at 2 years. 
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Figure S6. Model result with varying time horizon.  

 

 

The ICERs for PCI vs. medical therapy and CABG vs. PCI are plotted according to the 

assumed time horizon of the model. At very short time horizons, the ICERs cannot be 

calculated but can be assumed to be more unfavorable. 
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