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Introduction: Relative impacts of coronary artery bypass grafting (CABG) and percutaneous coronary

intervention (PCI) on mortality and end-stage kidney disease (ESKD) in chronic kidney disease (CKD) are

uncertain.

Methods: Data from Massachusetts residents with CKD undergoing CABG or PCI from 2003 to 2012 were

linked to the United States Renal Data System. Associations with death, ESKD, and combined death and

ESKD were analyzed in propensity score�matched multivariable survival models.

Results: We identified 6805 CABG and 17,494 PCI patients. Among 3775 matched-pairs, multi-vessel dis-

ease was present in 97%, and stage 4 CKD was present in 11.9% of CABG and 12.2% of PCI patients. One-

year mortality (CABG 7.7%, PCI 11.0%) was more frequent than ESKD (CABG 1.4%, PCI 1.7%). Overall

survival was improved and ESKD risk decreased with CABG compared to PCI, but effects differed in the

presence of left main disease and prior myocardial infarction (MI). Survival was worse following PCI than

following CABG among patients with left main disease and without MI (hazard ratio ¼ 3.7, 95% confidence

interval ¼ 1.3�10.5). ESKD risk was higher with PCI for individuals with left main disease and prior

infarction (hazard ratio ¼ 8.1, 95% confidence interval ¼ 1.7�39.2).

Conclusion: Risks following CABG and PCI were modified by left main disease and prior MI. In individuals

with CKD, survival was greater after CABG than after PCI in patients with left main disease but without MI,

whereas ESKD risk was lower with CABG in those with left main and MI. Absolute risks of ESKD were

markedly lower than for mortality, suggesting prioritizing mortality over ESKD in clinical decision making.
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A
therosclerotic heart disease is a major cause of
morbidity and mortality in individuals with

chronic kidney disease (CKD).1,2 Although percuta-
neous coronary intervention (PCI) and coronary artery
bypass grafting (CABG) are widely used and have the
potential to improve survival and to reduce the inci-
dence of myocardial infarction or cardiovascular death,
the relative merits of PCI compared with CABG in the
setting of CKD remains uncertain in the absence of
randomized data specific to this population.
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Extrapolation from trials conducted in the general
population may not be appropriate given important
differences in coronary plaque distribution and
morphology, the underlying physiology of cardiovas-
cular disease, and the risk of peri-procedural compli-
cations such as contrast nephropathy in the setting of
CKD compared with preserved kidney function.3�5

Furthermore, consistent with the overall pattern of
exclusion of individuals with CKD from cardiovascular
trials,6 the number of patients with CKD included in
randomized trials comparing CABG and PCI is small. A
recent meta-analysis of 10 trials identified only 526
included subjects with stage 3 CKD or higher, and
many fewer (only 137) with stage 3b CKD or higher.7

Furthermore, although the risk of acute kidney
injury following CABG and PCI is well described,5,8 the
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Figure 1. Study flow chart for sample imputed data set. CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; ESKD,
end-stage kidney disease; PCI, percutaneous coronary intervention.
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risks of progression to end-stage kidney disease (ESKD)
following CABG and PCI are not.

As avoiding dialysis-dependent ESKD and its pro-
found effects on quality of life are of primary impor-
tance for many patients, the paucity of information on
this outcome represents an important knowledge gap.
Conversely, although retrospective data have been used
to analyze the comparative efficacy of CABG and PCI on
overall survival, these analyses have typically lacked
detail on coronary anatomy and other clinical factors
likely to drive clinical decision making regarding the
choice between CABG and PCI. To better define the
relative risks of both all-cause mortality and ESKD
following CABG compared with PCI in the setting of
CKD, we used data from the Massachusetts statewide
cardiac catheterization and cardiac surgery databases
linked to the United States Renal Data System (USRDS).

MATERIALS AND METHODS

Study Population

Study flow is shown in Figure 1. We used data on
Massachusetts residents undergoing PCI or isolated
CABG (CABG without concurrent valve surgery) be-
tween 1 April 1, 2003 and 30 September, 2012 from all
non-federal hospitals in Massachusetts performing
coronary revascularization. Only individuals with
non�dialysis-dependent stage 3 CKD or higher were
included in this analysis. During the study period,
prospective collection of procedural and outcomes data
and reporting to the Massachusetts Data Analysis
Center were legally mandated. Staff were trained in the
use of the National Cardiovascular Data Registry
(NCDR) and Society for Thoracic Surgeons (STS) data
collection instruments, which were used for collection
of data on PCI and CABG procedures, respectively.
Audits of designated fields were used to verify
Kidney International Reports (2021) 6, 1580–1591
accuracy of key parameters. Procedural characteristics
and comorbidities were derived from the relevant field
codes in the NCDR and STS instrument. The study was
approved by the Partners Healthcare and Harvard
Medical School Institutional Review Boards with a
waiver of informed consent. Only the first procedure
was used for each patient during the study period.
Definition of CKD and Comorbid Conditions

For CABG patients, we defined CKD on the basis of the
pre-procedure serum creatinine recorded on the STS
instrument. The procedure for identifying PCI patients
differed based on the year and data instrument used to
capture information. For patients undergoing PCI from
October 2009 onward, the pre-procedure creatinine
was used to calculate estimated glomerular filtration
rate (eGFR). Between January 2005 and September
2009, the pre-procedure creatinine was utilized where
available. If the pre-procedure creatinine was missing,
the “renal failure�previous history” variable (defined
as pre-procedure creatinine >2.0 mg/dl) was used to
identify the presence of CKD. Individuals undergoing
PCI prior to January 2005 were identified on the basis a
variable confirming documented history of kidney
failure diagnosed and treated with medication or a low
protein diet by a physician. For these subjects with
“renal failure�previous history” (2005�2009) or his-
tory of diagnosed kidney failure (2003�2004), serum
creatinine was imputed to be 2.1 mg/dl, the minimum
value above the threshold, in order to subsequently
calculate the theoretical maximum potential eGFR. For
both the CABG and PCI cohorts, patients identified as
being on dialysis using the dialysis field in the STS or
NCDR instrument, respectively, were excluded. The
eGFR was calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation.9
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Chronic kidney disease was classified as stage 4 to 5
(eGFR < 30 ml/min per 1.73 m2), stage 3b (eGFR 30
to <45 ml/min per 1.73 m2), or stage 3a (eGFR 45
to <60 ml/min per 1.73 m2).

Comorbid conditions were extracted from the
MASS-DAC (Massachusetts Data Analysis Center) data
using the data recorded at the time of hospitalization in
the PCI and CABG instruments.

Linkage to the USRDS

We determined progression to and date of onset of
ESKD by cross-matching CABG and PCI patients with
CKD in the Massachusetts Data to the USRDS10 using
full name, date of birth, and last known alive date.
Social security numbers were not used for linking to
the USRDS because of Massachusetts Departments of
Health data privacy regulations that precluded sharing
these data outside the state. Individuals with ESKD
defined by receipt of either outpatient dialysis or kid-
ney transplantation prior to the procedure were
excluded from further analysis.

Outcomes

Outcomes of interest included all-cause mortality and
ESKD, with the date of ESKD defined by the date of the
first kidney transplantation or dialysis treatment as
recorded in the USRDS. We did not distinguish be-
tween transplantations performed pre-emptively from
those done after the onset of symptoms. In-hospital
mortality (for PCI) and 30-day mortality (for CABG)
are reported directly to Mass-DAC. Linkage to the
Massachusetts Registry of Vital Records and Statistics
allows confirmation of both short-term and post-
discharge mortality for the initial hospitalization as
well as for long-term mortality. The Social Security
Death Index is used where necessary for additional
clarification. End-stage kidney disease was defined on
the basis of the linked USRDS renal data. To quantify
the balanced risks of these 2 key outcomes, we also
examinedacombined endpoint of ESKD and all-cause
mortality. Other outcomes included repeat revascular-
ization, which is reported directly to the MASS-DAC,
and myocardial infarction. Infarction occurring dur-
ing the index hospitalization is identified directly from
MASS-DAC data on the basis of mandatory reporting of
in-hospital complications. Postdischarge events were
identified from hospital administrative data and
defined as the presence of an International Classification
of Diseases, 9th Revision (ICD-9) principal diagnosis of
410.x1.

Statistical Analysis

Baseline data are reported as mean � SD, median
(interquartile range [IQR]), or n (%), according to the
1582
distribution. We used a full conditional specification
model to impute 5 completed data sets for missing data.
Where necessary, eGFR was calculated using imputed
race or age.

The imputed data were next used to calculate a
propensity score for PCI versus CABG. Subjects were
matched 1:1 on the propensity score using a greedy
algorithm a caliper of 0.6 SDs11 of the estimated pro-
pensity score logits using a logistic model of treatment
that included all of the baseline factors in Table 1. We
did not include discharge medication use
(Supplementary Table S1) in the propensity score
model, as these variables are on the causal pathway and
should not be adjusted for when assessing the
comparative effectiveness of the 2 procedures. Specif-
ically: (i) decisions to use discharge medications may be
a consequence of procedural choice, with postdischarge
use of optimal medical therapy more likely in patients
with postprocedural care dictated by cardiologists
compared with surgeons; (ii) postdischarge medical
therapy may be influenced by complications of or
guidelines regarding the index procedure: for example,
aspirin and anti-platelet are mandatory in individuals
receiving stents and may be contraindicated by post-
surgical bleeding; conversely, anti-hypertensive choice
may be influenced by post-CABG arrhythmias and
hypotension; and (iii) discharge medications were not
available at the time of the index procedure and may be
frequently started days or weeks after the index pro-
cedure, with an anticipated differential start time in
PCI and CABG patients as well as differential avail-
ability in those with in-hospital death. Inclusion in the
propensity score would therefore be inappropriate.

Standardized differences (reported as percentages)
were calculated before and after matching to assess
covariate balance. Differences #10% were considered
negligible.12 Baseline, postmatch characteristics, and
standardized differences are presented for 1 of 5
imputed data sets for illustrative purposes.

The cumulative incidence of each outcome during
follow-up was estimated; for ESKD and secondary
outcomes, death was considered a competing event.
The hazard ratio (HR) for ESKD or the combined
outcome of death or ESKD were calculated using Cox
proportional hazards. Competing risks models were
used to assess the risk of ESKD according to the
methods of Fine and Gray13,14 to handle competing
risk. All analyses used the 5 multiply imputed data
sets, and estimates were combined according to stan-
dard (Rubin) rules.15 Because of imbalance in the dis-
tribution of left main disease and myocardial infarction
(MI) following propensity score matching, outcomes
were determined individually for each of the 4 strata of
left main and MI. We tested for interactions of
Kidney International Reports (2021) 6, 1580–1591



Table 1. Baseline characteristics of the study population

Variable
Overall CABG
(n [ 6805)

Overall PCI
(n [ 17,494)

Standardized
difference

Matched CABG
(n [ 3775)

Matched PCI
(n [ 3775) Standardizeda difference (%)

Demographics

Age, yr 72.9 73.9 –0.11 73.0 72.9 0.0

Male sex 4483 (65.9) 9962 (56.9) 18.4 2419 (64.1) 2385 (63.2) 1.9

White race 6205 (91.3) 15,786 (90.3) 3.1 3414 (90.5) 3415 (90.7) –0.4

Government insurance 4737 (69.6) 11,803 (67.5) 4.6 2609 (69.1) 2576 (68.2) 1.9

Private insurance 1971 (29.1) 5435 (31.2) –4.6 1110 (29.5) 1150 (30.5) –2.1

Other insurance 91 (1.3) 238 (1.4) –0.2 50 (1.3) 49 (1.3) 0.3

Medical history

CKD stage

Stage 4 732 (10.8) 2616 (15.0) –12.6 449 (11.9) 460 (12.2) –1.0

Stage 3b 1964 (28.9) 5269 (30.2) –2.8 1095 (29.0) 1057 (28.1) 2.1

Stage 3a 4109 (60.4) 9587 (54.9) 11.2 2231 (59.1) 2250 (59.7) –1.3

Ejection fraction

<30% 636 (9.3) 993 (5.7) 14.0 352 (9.3) 331 (8.8) 1.9

30–45% 1927 (28.3) 2738 (15.7) 30.9 1018 (27.0) 952 (25.2) 4.0

>45% 4005 (58.9) 6328 (36.2) 46.6 2190 (58.0) 2273 (60.2) –4.5

Not measured 237 (3.5) 7435 (42.5) –104.7 215 (5.7) 219 (5.8) –0.5

NYHA classification

NYHA 1 67 (0.0) 175 (1.0) –10.0 41 (1.1) 42 (1.1) –0.3

NYHA 2 350 (5.1) 676 (3.9) 6.2 186 (4.9) 172 (4.6) 1.7

NYHA 3 758 (11.1) 1433 (8.2) 10.0 411 (10.9) 392 (10.4) 1.6

NYHA 4 730 (10.7) 1979 (11.3) –1.9 382 (10.1) 368 (9.7) 1.2

Acute coronary syndrome 3783 (55.6) 12,847 (73.4) –37.9 2238 (59.3) 2162 (57.3) 4.1

Arrhythmia 1003 (14.7) 1294 (8.3) 20.4 421 (11.2) 330 (10.0) 3.7

Coronary disease 1961 (28.8) 4033 (23.1) 13.2 1038 (27.5) 1002 (26.5) 2.1

Cerebrovascular disease 1441 (21.2) 2857 (16.3) 12.4 755 (20.0) 751 (19.9) 0.3

Diabetes 3257 (47.9) 6915 (39.5) 16.9 1801 (47.7) 1748 (46.3) 2.8

Hyperlipidemia 5997 (88.1) 14,439 (82.5) 15.8 3332 (88.3) 3325 (88.1) 0.5

Hypertension 6213 (91.3) 15,253 (87.2) 13.3 3424 (90.7) 3448 (91.3) –2.2

Peripheral vascular disease 1688 (24.8) 3430 (19.6) 12.5 879 (23.3) 880 (23.3) –0.1

Prior myocardial infarction 3916 (57.5) 5075 (29.0) 60.1 1939 (51.4) 1738 (46.0) 10.7

Prior CABG 139 (2.0) 2901 (16.6) –51.7 135 (3.6) 204 (5.4) –8.8

Prior PCI 838 (12.3) 2883 (16.5) –11.9 544 (14.4) 582 (15.4) –2.8

Cancer 182 (2.7) 557 (3.2) –3.0 101 (2.7) 92 (2.4) 1.5

Current smoker 832 (12.2) 2108 (12.1) 0.5 452 (12.0) 432 (11.4) 1.6

Chronic lung disease 1225 (18.0) 3121 (17.8) 0.4 711 (18.8) 700 (18.5) 0.7

Aspirin use 5472 (80.4) 16,980 (97.1) –54.6 3512 (93.0) 3567 (94.5) –6.0

Procedural and angiographic characteristics

Elective 2184 (32.1) 4268 (24.4) 17.2 1266 (33.5) 1368 (36.2) –5.7

Emergency or salvage
Procedure

201 (3.0) 4180 (23.9) –64.5 163 (4.3) 162 (4.3) 0.1

Urgent procedure 4420 (65.0) 9046 (51.7) 27.1 2346 (62.1) 2245 (59.5) 5.5

Done in a teaching hospital 5753 (84.5) 13,626 (77.9) 17.1 3129 (82.9) 3135 (83.0) –0.4

Shock 85 (1.2) 766 (4.4) –19.0 61 (1.6) 64 (1.7) –0.6

Left main disease 2756 (40.5) 1288 (7.5) 83.7 629 (16.7) 462 (12.5) 11.8

Multi-vessel disease 6690 (98.3) 12,002 (70.4) 83.3 3662 (97.0) 3575 (97.1) –0.4

Left main and MI stratum

Left main disease (þ), prior MI (þ) 1604 (23.6) 673 (3.9) 59.5 264 (7.0) 281 (7.6) –2.4

Left main disease (þ), prior MI (–) 1152 (16.9) 615 (3.6) 45.1 365 (9.7) 181 (4.9) 18.4

Left main disease (–), prior MI (þ) 2312 (34.0) 4264 (24.9) 20.0 1675 (44.4) 1410 (38.2) 12.6

Left main disease (–), prior MI (–) 1737 (25.5) 11,579 (67.6) –93.0 1471 (39.0) 1821 (49.3) –20.9

Data are n (%) unless otherwise indicated. Data are shown for 1 of 5 imputed data sets. NYHA class, acute coronary syndrome, coronary artery disease, hyperlipidemia, insurance, race,
smoking, and estimated glomerular filtration rate were missing in <1% of the overall data of the matched data set. History of arrhythmia was missing in 12.7%, multi-vessel disease in
2.4%, and left main in 2.2% of matched pairs. Matched data are shown for illustrative purposes from 1 of the 5 imputed data sets. CABG, coronary artery bypass surgery; CKD, chronic
kidney disease; MI, myocardial infarction; NYHA, New York Heart Association; PCI, percutaneous coronary intervention.
aFor categorical variables, standardized differences were compared for each level of a categorical variable between the 2 treatment groups.
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treatment with these strata in regression models using
absence of left main and absence of prior MI as the
reference category. Analyses were performed using
Kidney International Reports (2021) 6, 1580–1591
SAS version 9.4 (SAS Institute Inc, Cary, NC), with
P < 0.05 considered significant. No multiplicity
adjustment was applied.
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RESULTS

Cohort and Baseline Characteristics

We identified a total of 32,583 CABG patients and
108,331 PCI patients between 1 April 2003 and 30
September 2012 (Figure 1). After excluding patients
with a history of dialysis, imputing missing values
(including missing race) to define the final values for
GFR, there were 7036 CABG patients and 19,416 PCI
patients with GFR values <60 ml/min per 1.73 m2 at
the time of the procedure. Linkage to the USRDS and
exclusion of individuals not linking to the state case-
mix data or with ESKD onset date prior to the index
cardiovascular procedure yielded 6805 CABG and
17,494 PCI patients. Following 1:1 matching, there
were a maximum of 3775 pairs available, although the
exact number varied slightly across the 5 imputed data
sets (n ¼ 3768�3775). Median follow-up time for the
matched pairs was 1985 day (IQR ¼ 1153�2617) with a
maximum follow-up time of 3471 days. The distribu-
tion of propensity scores was qualitatively similar
across the sets with an area under the receiver oper-
ating characteristic curve of 0.934 in each set
(Supplementary Figure S1).

As shown in Table 1, in the overall population, age
was advanced (CABG 73 years, PCI 74 years); the ma-
jority of individuals were male (CABG 66%, PCI 57%);
and the majority had stage 3a (CABG 60%, PCI 55%) or
3b (CABG 29%, PCI 30%) CKD rather than stage 4 to 5
CKD (CABG 11%, PCI 15%). Among PCI procedures,
3616 (96%) involved use of 1 or more stents. The ma-
jority of procedures (2504 of 3775 [66%]) included the
use of a drug-eluting stent.

There were considerable differences between the
CABG and PCI patients, with CABG patients more
likely to be male and to have a history of arrhythmia,
MI, cerebrovascular disease, or diabetes. Conversely,
CABG patients were less likely than PCI patients to
have acute coronary syndrome, prior PCI, or prior
CABG. In addition, CABG patients were more likely to
have left main disease or multi-vessel disease and less
likely to have an emergency or salvage procedure.
Following matching (Table 1), differences between the
CABG and PCI patients were markedly reduced.
However, small residual differences remained for left
main disease (left main�CABG 17%, PCI 13%, stan-
dardized difference 11.8; and MI�CABG 51%, PCI
46%, standardized difference 10.7). The distribution of
eGFR was similar in the PCI and CABG groups
(Supplementary Table S2), with a distribution of CKD
stages among the matched pairs that was no different
from the distribution in overall population: stage 3a
(CABG 59%, PCI 60%), stage 3b (CABG 29%, PCI
28%), and stages 4 and 5 CKD (CABG 12%, PCI 12%).
1584
Binary Outcomes

In crude analyses (Supplementary Table S3), the 30-
day mortality (overall: CABG 3%, PCI 5%; matched:
CABG 3%, PCI 3%) and 1-year all-cause mortality
(overall: CABG 8%, PCI 13%; matched: CABG 8%,
PCI 11.0%) tended to be higher in the overall popu-
lation than in the matched patients. In contrast, ESKD
incidence at 1 year was not different from the overall
population (overall: CABG 2%, PCI 2%; matched:
CABG 1%, PCI 2%).

Further analyses of the matched population were
stratified according to the presence of left main disease
and MI given the inability to match successfully on
these characteristics. There were between 2262 and
2297 deaths across the imputed data sets (CABG
1049�1059, PCI 1210�1238) with median onset of 864
days (IQR ¼ 272�1617). The range of ESKD cases was
312 to 320 (CABG 172�175, PCI 137�146), with median
time to ESKD of 669 days (IQR ¼ 143�1362). In crude
analyses (Table 2), there was no significant evidence of
effect modification between patients admitted with left
main disease and MI for either 30-day or 1-year mor-
tality with PCI compared to CABG. However, in in-
dividuals with left main disease without prior MI,
1-year mortality was numerically higher with PCI
(27%) compared with CABG (8%, P ¼ 0.10). One-year
mortality was also numerically higher with PCI (12.0%)
compared to CABG (8% P ¼ 0.14) among patients
without left main disease and with prior MI. Rates of
ESKD were low at 1-year but appeared to be higher
among patients with left main disease treated with PCI
compared to those treated with CABG (odds ratio
[OR] ¼ 6.7, 95% confidence interval [CI] ¼ 1.0�45.5).

Survival Models

For the primary outcome model, there was evidence of
significant effect modification by left main disease and
MI status (Table 3). PCI was associated with a higher
risk of all-cause death in those with left main disease
without MI (hazard ratio [HR] ¼ 3.7, 95% CI ¼
1.3�10.5, P ¼ 0.02). However, the interaction was
quantitative rather than qualitative, and risk of death
was higher with PCI in each of the 4 subgroups. Results
for the combined outcome of death and ESKD were
essentially similar to those for death alone, with higher
risk of the combined outcome with PCI compared with
CABG in all subgroups, and a quantitative interaction
demonstrating a magnified risk for patients with left
main disease without MI (HR ¼ 3.3, 95% CI ¼ 1.4�8.1,
P ¼ 0.01). For both outcomes, differences in survival
appeared early and were maintained throughout
follow-up (Figures 2 and 3 and Supplementary
Figure S2). In contrast, there was evidence of qualita-
tive effect modification for the ESKD outcome. Risk of
Kidney International Reports (2021) 6, 1580–1591



Table 2. All-cause death and ESKD at 30 days and 1 year according to procedure type, left main disease, and history of myocardial infarction

Group

30-Day mortality 1-Year mortality

CABG (n [ 3747) PCI (n [ 3747) OR (95% CI) P interaction CABG (N [ 3747) PCI (N [ 3747) OR (95% CI) P interaction

All 95 (2.5) 115 (3.1) –– –– 251 (7.7) 360 (11.0) –– ––

Left main disease (þ), prior MI (þ) 19 (7.2) 21 (7.1) 0.9 (0.3–3.1) 0.84 43 (19.6) 59 (22.4) 1.4 (0.4–4.2) 0.56

Left main disease (þ), prior MI (–) <11 (<3.0) 15 (8.2) 3.6 (0.6–22.8) 0.17 25 (7.9) 45 (27.4) 6.0 (1.6–22.4) 0.01

Left main disease (–), prior MI (þ) 48 (2.9) 49 (3.4) 1.3 (0.6–2.8) 0.43 120 (8.4) 148 (12.0) 1.5 (0.9–2.7) 0.14

Left main disease (–), prior MI (–) 21 (1.4) 30 (1.6) 1.3 (0.7–2.5) 0.43 63 (4.9) (6.7) 1.5 (0.9–2.6) 0.14

1-Year ESKD 1-Year ESKD and mortality

CABG (N [ 3261) PCI (N [ 3261) OR (95% CI) P interaction CABG (N [ 3261) PCI (N [ 3261) OR (95% CI) P interaction

All 47 (1.4) 55 (1.7) –– –– 292 (9.0) 405 (12.4) –– ––

Left main disease (þ), prior MI (þ)a <11 (<4.8) <11 (<4.1) 6.7 (1.0–45.5) 0.05 44 (20.1) 63 (24.0) 1.5 (0.5–4.4) 0.48

Left main disease (þ), prior MI (–)a <11 (3.3) <11 (6.3) a a 25 (7.9) 45 (27.4) 5.5 (1.4–21.1) 0.02

Left main disease (–), prior MI (þ) 31 (2.2) 24 (1.9) 0.8 (0.4–1.8) 0.59 147 (10.3) 170 (13.8) 1.4 (0.8–2.3) 0.18

Left main disease (–), prior MI (–) 14 (1.1) 22 (1.4) 1.3 (0.5–3.6) 0.56 76 (5.9) 127 (7.9) 1.5 (0.9–2.5) 0.13

Binary outcome data and odds ratios for comparison of PCI versus CABG. ORs are for PCI versus CABG within the strata. P values are for the interaction of PCI with the category with a
reference category of left main disease (–), MI (–). Data privacy concerns prevent reporting cell sizes $11.
CABG, coronary artery bypass grafting; CI, confidence interval; ESKD, end-stage kidney disease; LM, left main disease; MI, myocardial infarction; OR, odds ratio; PCI, percutaneous
coronary intervention; Ref, reference.
aBecause of small cell sizes for this outcome, LM (þ) cells were combined for estimating applicable ORs.
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ESKD was not lower with PCI for patients without left
main disease (with or without MI) and those with left
main disease without MI. Although the overall inci-
dence of ESKD was low, for individuals without prior
MI, it was higher with PCI compared with CABG
during early follow-up and modestly lower with longer
duration of follow-up (Figure 4). In contrast, the risk of
ESKD was greater with PCI compared to CABG among
individuals with concomitant left main disease and MI
(HR ¼ 8.1; 95% CI ¼ 1.7�39.2, P ¼ 0.01), although the
confidence intervals around this estimate were wide.
This differential effect on ESKD risk was not obviously
attributable to differential effects on acute kidney
injury, as risk of acute kidney injury was lower with
PCI than with CABG (Supplementary Table S4).

Given the small sample size overall and in cells of
several imputations, we were unable to estimate stage 4
CKD�specific effects. Similar issues affected estimates of
stage 3 CKD�specific associations of PCI with risk of
ESKD, although data from available imputations were
consistent with attenuated but directionally similar ef-
fect estimates in stage 3 CKD patients and the overall
population. Associations with mortality were
Table 3. Survival analyses for all-cause mortality, ESKD, and combined d

History of MI Outcome

Left mai

HR (95% CI)

No history of prior MI Mortality 1.2 (0.9–1.7)

ESKD 0.8 (0.4–1.5)

Death or ESKD 1.2 (0.9–1.6) 0.16

Positive history of prior MI Mortality 1.6 (1.3–2.0)

ESKD 0.7 (0.4–1.4)

Death or ESKD 1.4 (1.2–1.8) 0.002

Binary outcome data and hazard ratios for comparison of PCI versus HRs are for PCI versus
reference category of left main disease (–), MI (–).
CABG, coronary artery bypass grafting, CI, confidence interval; ESKD, end-stage kidney
intervention.
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qualitatively similar overall and within the subgroup
with stage 3 CKD (data not shown).

DISCUSSION

In this study, we analyzed demographic, procedural,
and clinical data from patients undergoing CABG and
PCI in Massachusetts between 2003 and 2012, to
compare the effects of surgical with percutaneous
intervention on overall survival and progression to
ESKD in the setting of CKD. Although point estimates
were consistent with better survival following CABG
compared with PCI across the board, the effects
differed markedly according to the presence of signif-
icant left main disease and history of prior MI, with
robust and independent survival benefits observed for
CABG compared to PCI in individuals with left main
disease but without a prior MI. Conversely, the benefits
of surgical revascularization were not significant in
adjusted models and were less robust in individuals
with neither left main disease nor MI or with both
conditions. In contrast to all-cause mortality, the
overall incidence of ESKD (<2% at 1 year) was several-
fold lower than the incidence of mortality. Risk of
eath and ESKD
n disease absent Left main disease present

P value HR (95% CI) P value

0.19 3.7 (1.3–10.5) 0.02

0.40 0.6 (0.1–4.0) 0.56

3.3 (1.4–8.1) 0.01

<0.001 1.5 (0.6–3.4) 0.33

0.31 8.1 (1.7–39.2) 0.01

1.6 (0.7–3.5) 0.22

CABG within the strata. P value is for the interaction of PCI with the category with a

disease; HR, hazard ratio; MI, myocardial infarction; PCI, percutaneous coronary
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Figure 2. All-cause mortality according to treatment presence of left main disease and prior myocardial infarction (MI). (a) Left main negative,
prior MI negative. (b) Left main positive, prior MI positive. (c) Left main positive, prior MI negative. (d) Left main negative, prior MI positive. Data
are shown for a single imputed set. CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention.
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ESKD was not different with PCI compared with CABG,
except in individuals with both left main disease and a
prior MI, in whom long-term ESKD risk was higher
with CABG. However, the confidence intervals around
the latter estimate were broad.

Our findings contrast with some reports comparing
CABG and PCI in the setting of CKD, which suggested
that survival is dramatically better with CABG than
PCI.16–18 However, these studies generally lacked
detailed access to angiographic or clinical data, limiting
ability to fully adjust for angiographic and clinical risk.
In contrast, a study of individuals undergoing CABG or
PCI between 1993 and 1995 suggested that there was no
survival benefit to CABG when creatinine was $2.5
mg/dl.19 Conversely, several studies have had more
nuanced findings in which the relative benefits of
various therapies were dependent on baseline risk
strata. Although not explicitly compared to each other,
CABG appeared to be superior to PCI in CKD patients
admitted with acute coronary syndromes but not in
1586
lower-risk patients in a recent analysis of Medicare
data, although the underlying data were insufficiently
granular to adjust for angiographic risk.20 Similarly, in
a meta-analysis of randomized trials comparing CABG
and PCI including few patients with left main disease,
no difference in survival was apparent.7 These latter
results are consistent with data from studies performed
in the general population that have suggested no or
only minimal survival advantages to CABG compared
with PCI or medical therapies, except when left main
disease is present or when there is multi-vessel disease
with reduced ejection fraction.21–23

Our analysis is consistent with these data in
demonstrating that early analyses suggesting a uni-
versal benefit to CABG compared with PCI were
insufficiently nuanced and may have missed marked
differences in the benefits according to baseline
anatomic and clinical risk. They confirm, in a cohort
not restricted to elderly individuals or those with
Medicare coverage and in individuals undergoing
Kidney International Reports (2021) 6, 1580–1591



Figure 3. All-cause mortality or end-stage kidney disease (ESKD) according to treatment presence of left main disease and prior myocardial
infarction (MI). (a) Left main negative, prior MI negative. (b) Left main positive, prior MI positive. (c) Left main positive, prior MI negative. (d) Left
main negative, prior MI positive. Data are shown for a single imputed set. CABG, coronary artery bypass grafting; PCI, percutaneous coronary
intervention.
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revascularization with contemporary technologies, that
the survival benefits of CABG compared with PCI in the
setting of CKD are, as in the general population, largely
dependent upon the background anatomic and clinical
risk—with the greatest benefits in patients with left
main disease. Our analysis extends upon prior research
by demonstrating these findings within a data
set allowing for direct eGFR calculation (rather than
identification of CKD upon the basis of diagnostic
codes), with availability of angiographic and anatomic
characteristics and standardized, prospective collection
of procedural, comorbidity, and demographic data. In
addition, our analysis is among the first to compare the
impact of both revascularization procedures on pro-
gression to ESKD.

Although risks of AKI following PCI and CABG are
well recognized, relatively few studies have assessed
associations with CKD progression. We previously
analyzed postprocedural risk of ESKD using Medicare
data. In that study of elderly patients, we found that
Kidney International Reports (2021) 6, 1580–1591
the risk of ESKD was higher in the first few months
after CABG compared with PCI, but that overall risks
thereafter were similar with a minimal difference of
only 1.4% in ESKD incidence at 3 years.17 In a more
recent analysis, the risk of ESKD with CABG and PCI
were not compared directly. However, point estimates
and confidence intervals suggested a higher risk of
EKSD with CABG compared to PCI in individuals un-
dergoing revascularization following an admission with
acute coronary syndrome.20

Our data are consistent with these prior studies in
demonstrating that the incidence of ESKD (ESKD inci-
dence at 1 year: CABG 1.4%, PCI 1.7%) after coronary
revascularization is markedly lower than the incidence
of death (CABG 7.7%, PCI 11.0%). We similarly found
that in the overall population, there were lower
adjusted risks of ESKD with PCI compared to CABG.
We did identify effect modification such that the risk
of ESKD was increased with PCI in individuals with
concomitant left main disease and a history of prior MI.
1587



Figure 4. Cumulative incidence of end-stage kidney disease (ESKD) according to treatment presence of left main disease and prior myocardial
infarction (MI). (a) Left main negative, prior MI negative. (b) Left main positive, prior MI positive. (c) Left main positive, prior MI negative. (d) Left
main negative, prior MI positive. Data are shown for a single imputed set. CABG, coronary artery bypass grafting; PCI, percutaneous coronary
intervention.
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The nature of the divergent effects on ESKD risk in this
group are uncertain, and these results should be
interpreted cautiously given the wide confidence in-
tervals around the estimate. Although 1 possibility is
that individuals with this combination of risk factors
have complex anatomy leading to complicated percu-
taneous procedures with outsized exposure to choles-
terol embolism and high contrast loads and resultant
kidney injury, we did not detect an increase in acute
kidney injury. Alternatively, initial PCI has been
shown to provide less robust relief of angina in this
setting of left main disease than CABG,24 and any initial
benefits in terms of acute kidney injury may be offset
by a greater need for additional, downstream revas-
cularization procedures. Despite a good balance of
observable baseline characteristics in our matched
cohort, the possibility of indication bias and residual
confounding must be acknowledged. Furthermore, the
absolute number of cases of ESKD in this subgroup was
1588
small, and confidence intervals around effect estimates
were wide. Additional study of this issue is clearly
warranted.

What are the clinical implications of our findings?
First, our analysis suggests that there is no universally
preferable revascularization procedure for individuals
with moderate to advanced CKD, and that standards
used in the general population apply to individuals
with CKD. Use of PCI appears to be a reasonable
strategy when background cardiovascular risk is low
and high-risk anatomy is absent. Conversely, high-risk
anatomic features, particularly left main disease,
magnify the potential survival benefits of CABG
compared with PCI, and suggest that surgical revas-
cularization is preferable when left main disease is
present, particularly if risks are otherwise low—for
example, in individuals without prior MI. Second,
although the risk of ESKD is of the utmost importance
to many patients, our data contribute additional
Kidney International Reports (2021) 6, 1580–1591
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evidence that absolute rates of ESKD are low and that
the choice between PCI and CABG is unlikely to have a
substantial impact on the long-term risks of progres-
sion to ESKD, with the possible exception of patients in
whom left main disease is present in the absence of
prior MI. Any increase in the relative ESKD risk in this
setting is likely to translate into marginal differences in
absolute ESKD risk, and, except for patients with very
strong preferences for avoiding ESKD, it would be
reasonable to frame decisions primarily in terms of the
impact on all-cause mortality. Whether the results
would differ according to severity of CKD is an
important question. Unfortunately, the sample size was
insufficient, particularly after stratification by left main
and MI status for reliable estimation of CKD stage
4�specific effects, particularly for ESKD. Given the
high rate of cardiovascular death in individuals with
advanced CKD and inevitability of ESKD in those with
very advanced pre-procedural CKD stages, it is possible
that potential mortality benefits of CABG should still
dominate. However, well-powered analyses specific to
individuals with advanced CKD are clearly needed for
definitive conclusions.

Strengths of our analysis include the estimation of
eGFR rather than the use of diagnostic codes to define
CKD; the availability of data on coronary anatomy; the
prospective capture of procedural details and clinical
history using standardized information; and the cap-
ture of data on patients across a spectrum of ages. In
addition, our ability to link outcomes to the United
States Renal Disease System allowed for definitive
identification of incident ESKD.

Our results should also be interpreted within the
context of the study design. In particular, angiographic
and coronary anatomic risk factors such as lesion loca-
tion, lesion complexity, and touchdown sites that may
play important roles in the likelihood of procedural
success25 were not available. In general, we could match
only for those clinical and procedural characteristics
collected in the databases, and confirmation in ran-
domized trials not susceptible to confounding would be
of great interest. Specifically, data on albumin excretion
and cause of CKD would have allowed finer discrimi-
nation of ESKD risk but were not available. In addition,
our cohorts were assembled using data from a single
northeastern state in the United States on procedures
performed from 2003 to 2012. Our findings should be
generalized cautiously to other settings, given the po-
tential for temporal or regional differences in practice
patterns. Despite a large overall sample size, the number
of clinical endpoints, particularly ESKD events, in some
of the strata was low, which limited the precision of
some effect estimates. Type 2 error is possible, particu-
larly for several subgroups that were small and thus
Kidney International Reports (2021) 6, 1580–1591
inadequately powered to detect meaningful differences.
Confirmation of our findings, particularly negative
findings in a larger cohort, is desirable.

In addition, our analysis cannot distinguish be-
tween the direct impact of procedural choice and
downstream impacts of procedural choice on use of
medical therapies. However, mortality benefits with
CABG were observed despite rates of guideline-based
cardiovascular therapies, with the exception of b-
blockers, that were equivalent or higher with PCI
compared to CABG. Finally, use of propensity score
matching facilitated simultaneous adjustment for a
large number of covariates and is a semi-parametric
approach that does not require specification of the
relationship between confounding variables and out-
comes. However, we were unable to propensity score
match nearly half of CABG patients to corresponding
PCI patients because of lack of baseline comparability
as measured by the propensity score. Our analysis
informs only on outcomes of coronary revasculariza-
tion in individuals who are likely to be considered in
standard clinical practice for both CABG and PCI. We
considered a complete case approach with full-
covariate adjustment, but we believe that such an
approach would not have adequately accounted for
confounding and indication bias inherent to use of
CABG or PCI in individuals at the extremes of the
propensity score distribution.

In conclusion, we found that associations of CABG
and PCI with all-cause mortality and progression to
ESKD were modified by the presence of left main dis-
ease and prior MI. Improvement in survival with CABG
compared with PCI was greatest in individuals with left
main disease but without prior MI, whereas risk of
ESKD was less with CABG when left main and prior MI
were both present. Moreover, absolute risks of ESKD
were several-fold lower than those for mortality, sug-
gesting that if patient preferences are equally weighted
between these outcomes, mortality effects should be
prioritized in decision making.
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