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Abstract

Background: Women have been underrepresented in the literature; the effects of female sex on outcomes in
patients with acute myocardial infarction (AMI) remain unclear.

Objectives: This study compares the real-world outcomes of women and men with AMI who have undergone revas-
cularization via percutaneous coronary intervention (PCl) or coronary artery bypass graft surgery (CABG).

Methods: This is a retrospective cohort study utilizing data from the Taiwan National Health Insurance database.

We identified patients who were admitted for AMI and who underwent coronary revascularization during the index
admission period between January 1, 2001, and December 31, 2013. Patients were then categorized based on the
treatment received into PCl and CABG groups. In-hospital and long-term outcomes were compared between women
and men in each group. Interaction tests were then performed to determine whether the differences between sexes
were modified by the mode of revascularization. Analyses were repeated after propensity score matching between
women and men in each group to minimize possible confounders. We also conducted subgroup analyses, stratifying
by the presence of diabetes mellitus, congestive heart failure, and chronic kidney disease.

Results: We enrolled 67,534 patients who met the inclusion criteria in the analysis; 60,207 patients had undergone
PCl (13,514 female and 46,693 male), while 7327 patients had received CABG (1762 female and 5565 male). Prior to
matching, enrolled female patients were older on average, with more comorbidities. In-hospital and long-term out-
comes were worse in women, particularly in the PCl group. After matching, the incidence of hospitalization for heart
failure (HHF) was higher in women (10.4% vs 8.0%, OR 1.32, 95% Cl 1.22-1.43), with fewer repeat revascularizations
(28.1% vs 32.4%, OR 0.84, 95% Cl 0.81-0.88). Both observations were more pronounced in the PCl group (HHF: P for
interaction = 0.0496; repeat revascularization: P for interaction=0.021).

Conclusions: Women presenting with AMI exhibited worse in-hospital and long-term outcomes than men, espe-
cially among women who received PCl as the initial mode of revascularization. Women who underwent PCl were
more likely to be admitted for heart failure during follow-up. Possible socioeconomic inequalities or a distinct patho-
biology of cardiac ischemia between sexes may underlie these results; thus, further investigation is needed.

*Correspondence: b85401104@gmail.com; hsienli_kao@yahoo.com
2 Division of Cardiology, Department of Internal Medicine, National
Taiwan University Hospital, No. 7, Chung-Shan South Road, Taipei 100,
Taiwan

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-3790-484X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13293-022-00427-1&domain=pdf

Lin et al. Biology of Sex Differences (2022) 13:18

Highlights

Page 2 of 14

+ Among patients with acute myocardial infarction (AMI), women were older, had more comorbid conditions,
and were less likely to be discharged with optimal medical therapy than their male counterparts.

+ In-hospital and long-term outcomes were worse among women compared to men, particularly in those who
received percutaneous coronary intervention (PCI) as the mode of revascularization for AMI. Despite worse in-
hospital survival, women were less likely to receive mechanical cardiac support.

+ After propensity score matching between women and men for baseline characteristics, the incidence of hos-
pitalization for heart failure was higher among women during long-term follow-up, especially among patients
who had undergone PCI. Contrarily, the incidence of repeat revascularization procedures was lower in women

in the long term.

+ Mechanisms underlying cardiac ischemia likely differ between women and men, and socioeconomic inequalities
that influence treatment of female patients are also possible.

Keywords: Acute myocardial infarction, Percutaneous coronary intervention, Coronary artery bypass graft surgery,
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Introduction

Cardiovascular diseases (CVDs) are the leading causes
of mortality and morbidity worldwide. According to
WHO statistics, CVDs were responsible for approxi-
mately 17.9 million deaths globally in 2016. Despite the
conventionally reported protective effects of female sex,
35% of total deaths in women were attributable to CVD
in 2019, with ischemic heart disease being the primary
cause [1]. The traditional risk factors of coronary artery
disease (CAD)—namely, hypertension, dyslipidemia, dia-
betes, obesity, and smoking—have become more preva-
lent among modern women. Furthermore, women are at
risk for several sex-specific conditions such as gestational
hypertension or diabetes, premature menopause, contra-
ceptive use, and polycystic ovary syndrome, which are
related to CVD.

Despite its significance, CAD in women continues to
be underacknowledged due to social, economic, and cul-
tural factors, contributing to underdiagnosis and under-
treatment of CAD in women [1]. Likewise, women are
often underrepresented in clinical trials. The participa-
tion-to-prevalence ratios of women in clinical trials on
CAD, acute coronary syndrome (ACS), and heart failure
have reportedly ranged from 0.48 to 0.67 [2]. For exam-
ple, of the 1800 patients with complex CAD enrolled in
the SYNTAXES [3] study, only 22.3% were female. Simi-
lar proportions of female patients (23.1%) were seen in
the EXCEL [4] study, which compared the efficacy and
safety of percutaneous coronary intervention (PCI) with
a drug-eluting stent (DES) against coronary artery bypass
grafting surgery (CABG) for unprotected left main dis-
ease. In several recently published studies investigating
antiplatelet use after PCI, females constituted only 23.3—
30.3% of the enrolled participants [5-7]. The efficacy of

many treatments is thus insufficiently investigated in
female patients.

Outcomes among female patients were compared
to those among men in the post hoc analyses of the
aforementioned trials, each with distinct conclusions.
Although women had consistently worse outcomes in
general, the results from each study were variable after
adjustment for age and comorbidities. Similarly, revascu-
larization for CAD and AMI by PCI or CABG have been
compared between women and men in several real-world
cohort studies, also with conflicting results. Furthermore,
there is a paucity of data regarding how sex affects the
outcomes of CAD across various levels of disease sever-
ity and different modes of revascularization. Therefore,
additional evidence is needed to clarify sex differences in
the clinical outcomes of CAD patients.

This study compares the real-world outcomes of
women and men with AMI who underwent revasculari-
zation by PCI or CABG. Patients were enrolled through
a nationwide database that includes nearly 100% of the
population in Taiwan. Outcomes were assessed before
and after propensity score matching to account for the
effects of sex in general and for sex-specific physiologi-
cal differences. Interaction tests were utilized to evaluate
whether the effects of sex differed among patients who
received different types of revascularization.

Methods

Data source

The Taiwan National Health Insurance (NHI) program
is a single-payer system established in March 1995. Reg-
istration for the NHI program has been compulsory
in Taiwan since March 1995; it currently covers medi-
cal expenditures for over 99.8% of Taiwan’s population,
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which stands at 23.8 million people. The NHI provides
affordable, high-quality healthcare that meets global
standards. The National Health Insurance Research Data-
base (NHIRD) utilized in this study is maintained by the
National Health Research Institutes. As patient data were
de-identified upon collection, this study was waived from
informed consent and full review by the Ethics Insti-
tutional Review Board of Taiwan University Hospital.
Details regarding the NHI program and the NHIRD have
been reported in previous publications [8—10].

Study cohort

Patients who were admitted for AMI and who had under-
gone coronary revascularization (PCI or CABG) during
the index admission period between January 1, 2001, and
December 31, 2013, were identified using the Interna-
tional Classification of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM) codes of 410.x [11]. The first
admission for AMI was assigned as the index admission
if the patient suffered from 2 or more admissions for
AMI during the study period. PCI was identified via the
presence of Taiwan NHI reimbursement codes of 33,076
(one vessel), 33,077 (two vessels), or 33,078 (three ves-
sels) for PCI in a combination with the supply codes for
coronary stent. CABG was identified by the presence of
Taiwan NHI reimbursement codes of 68,023 for one ves-
sel, 68,024 for two vessels, and 68,025 for three vessels.
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A total of 78,639 patients were found. The exclusion
criteria include (1) missing demographic data (n=_8); (2)
a history of previous myocardial infarction (MI) between
1997 and 2000 (n=10,597); (3) age younger than 20 years
(n=38), or (4) receipt of both PCI and CABG during the
index admission (n=492). Patients were then catego-
rized into two groups according to the means of coro-
nary revascularization: the PCI group and the CABG
group. Each group was then further divided into two
subgroups by sex (Fig. 1). Patients were followed until the
occurrence of any study outcomes or until December 31,
2013—whichever came first.

Covariates

The covariates incorporated in this study are as fol-
lows: (1) age; (2) comorbid conditions (diabetes mellitus,
hypertension, dyslipidemia, a history of hospitalization
for heart failure [HHF], peripheral arterial disease [PAD],
chronic obstructive pulmonary disease [COPD], liver
cirrhosis, cancers, autoimmune diseases, prior hospi-
talization for stroke, chronic kidney disease [CKD], and
end-stage renal disease [ESRD] under dialysis); (3) the
Charlson Comorbidity Index (CCI) score; (4) a history of
significant bleeding; (5) the type of medical institute, and
6) antiplatelet agent or other medication use at discharge.
A history of significant bleeding was defined as hospitali-
zation due to bleeding (designated as “major bleeding”),

Patients admitted for acute myocardial
infarction with coronary revascularization
between January 1, 2001 and December

31,2013
(n=78,639)

A A

A

Excluded criteria
Previous Ml between 1997 and 2000: 10,597
Missing demographics: 8
<20 years: 8
Received both PCl and CABG at the admission: 492

Adult patients were eligible for analysis

(n=67,534)
Y Y
PCI CABG
(n=60,207) (n=7,327)
A Y A
Women Men Women Men
(n=13,514) (n =46,693) (n=1,762) (n=5,565)

Fig. 1 Flowchart for patient selection. M/ myocardial infarction, PC/ percutaneous coronary intervention, CABG coronary artery bypass grafting
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gastrointestinal bleeding, intracranial hemorrhage (ICH),
or anemia. All of these diseases (except heart failure [HF],
stroke, and bleeding events) were identified if they were
present at least twice in outpatient diagnoses or if they
appeared in any inpatient diagnoses over the previous
year. A history of HEF, stroke, and bleeding events (except
anemia) was defined as having any one of these inpatient
diagnoses preceding the index admission for AMI, which
can be tracked back to 1997.

The antiplatelets of interest are aspirin and P2Y12
receptor inhibitors (clopidogrel or ticlopidine); whether
the patient was discharged with a single or dual antiplate-
let regimen was also recorded. Other drug use examined
includes statins, beta-blockers, angiotensin-converting
enzyme inhibitors/angiotensin receptor blockers, anti-
diabetic agents, anticoagulants, proton pump inhibitors,
and non-steroidal anti-inflammatory drugs. Regard-
ing details of coronary revascularization, the number of
coronary arteries intervened or grafted was extracted.
In patients who had undergone PCI, the type of stents
deployed (bare metal stent [BMS] or drug-eluting stent
[DES]) and the number of stents used were also cap-
tured. For patients who received CABG, other covariates
regarding surgical details include the use of cardiopul-
monary bypass pumps (on-pump versus oft-pump), per-
formance of endarterectomy, concomitant valve surgery,
and the type of valvular surgery performed (if available).
Most of these covariates were identified using Taiwan
NHI reimbursement codes, while some were identified
using ICD-9-CM procedural codes, including the type
of valvular surgery. All ICD diagnostic, therapeutic, and
pharmacological codes of the included covariates are
provided in Additional file 1: Table S1.

Outcomes

The outcomes of interest in this study include in-hos-
pital and long-term outcomes. In-hospital outcomes
include in-hospital mortality, the use of intra-aortic bal-
loon pumps (IABPs), the use of extra-corporeal mem-
brane oxygenation (ECMO) support, ischemic stroke,
pneumonia, gastrointestinal bleeding, new-onset dialy-
sis, prolonged ventilation, length of hospital stay (LOS),
length of stay in the intensive care unit (ICU), and total
medical expenditure. Prolonged ventilation was defined
as dependence on mechanical ventilation for seven days
or longer. IABP and ECMO use were designated as sur-
rogate indicators for disease severity. Information on
IABP, ECMO, dialysis, ventilation, and ICU was captured
using the Taiwan NHI reimbursement codes. Pneumonia
and gastrointestinal bleeding were confirmed using the
ICD-9-CM codes of discharge diagnoses. Records on in-
hospital death, LOS, and length of stay in the ICU were
available from inpatient claims data.
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The primary long-term outcomes investigated are car-
diovascular death (CV death), AMI, ischemic stroke,
and a composite of these outcomes. The secondary long-
term outcomes studied are death from any cause, HHE,
and repeat coronary revascularization by either PCI
or CABG. Long-term safety outcomes include major
bleeding, gastrointestinal bleeding, and ICH. CV death
has been specified in line with the Standardized Defini-
tions for Cardiovascular and Stroke Endpoint Events
in Clinical Trials by the FDA in the United States. The
occurrence of AMI, ischemic stroke, heart failure, and
bleeding events is defined by subsequent hospitalization
for these causes; these occurrences were identified based
on the principal discharge diagnosis. Dates and causes of
death are available in the Registry for Beneficiaries sub-
database of the NHIRD. Revascularization via PCI or
CABG was detected through the inpatient claims data,
with reimbursement codes for the Taiwan NHI. Most of
these diagnostic codes have been validated in previous
National Health Insurance Research Database (NHIRD)
studies [11-16].

Statistical analysis
In-hospital outcomes were compared between female
and male patients in both the PCI and CABG groups
using logistic regression for the binary outcomes, or
using linear regression for the continuous outcomes. The
risks of fatal outcomes (i.e., in-hospital mortality, CV
death, or all-cause mortality) were compared between
the two sexes using the Cox proportional hazard model.
Other time-to-event outcomes were compared between
women and men using the Fine and Gray subdistribu-
tion hazard model, with death during the follow-up
period being considered a competing risk. The regres-
sion coefficients for females relative to males were fur-
ther compared between the PCI and CABG groups to
assess whether the differences between women and men
were consistent across different coronary treatments. A
formal interaction test was performed and a two-sided P
value <0.05 was considered to be statistically significant.
To evaluate the effect of sex on outcomes and to mini-
mize confounding and selection bias, propensity score
matching was conducted. The aforementioned analyses
of outcomes were performed in the matched cohorts
and termed as the primary analysis. The propensity
score, defined as the conditional probability of the back-
ground covariates listed in Table 1, was calculated using
a multivariable logistic regression model, in which the
study groups (1: female and 0: male) were regressed on
the selected covariates (listed in Table 1). Matching was
done using a greedy nearest neighbor algorithm, with a
caliper of 0.2 times the standard deviation of the logit
of the propensity score. A random matching order and
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Table 1 Demographics, clinical and surgical characteristics of the women versus men in the cohort before propensity score matching

Variable PCl with stent CABG
Women Men STD Women Men STD
(n=13,514) (n=46,693) (n=1762) (n=5565)
Age (years) 7124117 61.8+£134 0.75 69.3+£99 652+£11.7 0.38
Comorbid conditions
Diabetes mellitus 7374 (54.6%) 15,866 (34.0%) 042 1212 (68.8%) 2644 (47.5%) 0.44
Hypertension 10,448 (77.3%) 27,716 (59.4%) 039 1420 (80.6%) 3734 (67.1%) 0.31
Dyslipidemia 5901 (43.7%) 21,987 (47.1%) —0.07 681 (38.6%) 1942 (34.9%) 0.08
Heart failure hospitalization 1647 (12.2%) 2041 (4.4%) 0.29 265 (15.0%) 435 (7.8%) 023
Peripheral arterial disease 807 (6.0%) 1412 (3.0%) 0.14 137 (7.8%) 339 (6.1%) 0.07
Prior stroke hospitalization 2550 (18.9%) 4998 (10.7%) 0.23 353 (20.0%) 01 (16.2%) 0.10
COPD 945 (7.0%) 4203 (9.0%) — 007 1(6.3%) 678 (12.2%) —020
Liver cirrhosis 245 (1.8%) 905 (1.9%) —0.01 (H%) 122 (2.2%) —0.09
Malignancy 773 (5.7%) 1860 (4.0%) 0.08 0 (3.4%) 177 (3.2%) 0.01
Autoimmune disease 434 (3.2%) 552 (1.2%) 0.14 43 (2.4%) 65 (1.2%) 0.10
Chronic kidney disease 3689 (27.3%) 7024 (15.0%) 0.30 598 (33.9%) 1480 (26.6%) 0.16
Dialysis 980 (7.3%) 1371 (2.9%) 0.20 115 (6.5%) 240 (4.3%) 0.10
Charlson’s Comorbidity Index score 34421 25+138 047 38420 31420 032
Bleeding history
Major bleeding 964 (7.1%) 2180 (4.7%) 0.10 94 (5.3%) 247 (4.4%) 0.04
Gl bleeding 2758 (20.4%) 5721 (12.3%) 022 305 (17.3%) 734 (13.2%) 0.11
ICH 200 (1.5%) 548 (1.2%) 003 22 (1.2%) 56 (1.0%) 0.02
Anemia 506 (3.7%) 608 (1.3%) 0.16 49 (2.8%) 73 (1.3%) 0.10
Hospital level
Medical center (teaching hospital) 6454 (47.8%) 23,883 (51.1%) —0.07 1185 (67.3%) 3762 (67.6%) —0.01
Regional/district hospital 7060 (52.2%) 22,810 (48.9%) 0.07 577 (32.7%) 1803 (32.4%) 0.01
Type of CABG
On pump - - - 1447 (82.1%) 4577 (82.2%) <0.01
Off pump - - - 315 (17.9%) 988 (17.8%) <0.01
Endarterectomy 79 (4.5%) 274 (4.9%) —0.02
Concomitant valve surgery - - - 136 (7.7%) 316 (5.7%) 0.08
Valve location and type
Aortic valve replacement - - - 48 (2.7%) 131 (2.4%) 0.02
Mitral valve repair - - - 30 (1.7%) 80 (1.4%) 0.02
Mitral valve replacement - - - 60 (3.4%) 123 (2.2%) 0.07
Details of coronary stenting
Type of stent
BMS 10,076 (74.6%) 34,400 (73.7%) 0.02 - - -
DES 3438 (25.4%) 12,293 (26.3%) — 002 - - -
Number of stenting 1.03+£0.17 1.03+0.16 0.03 - - -
Number of intervened/grafted vessels
1 10,118 (74.9%) 37,482 (80.3%) —0.13 134 (7.6%) 298 (5.4%) 0.09
2 2984 (22.1%) 8201 (17.6%) 0.11 339 (19.2%) 911 (16.4%) 0.08
3 412 (3.0%) 1010 (2.2%) 0.06 1289 (73.2%) 4356 (78.3%) —0.12
Antiplatelet therapy at discharge
Aspirin 9675 (71.6%) 38,780 (83.1%) —028 665 (37.7%) 2597 (46.7%) —0.18
Clopidogrel/ticlopidine 11,027 (81.6%) 41,574 (89.0%) — 021 425 (24.1%) 1496 (26.9%) —0.06
Antiplatelet therapy
Single 4089 (30.3%) 8675 (18.6%) 027 1686 (95.7%) 5204 (93.5%) 0.10

Dual 9425 (69.7%) 38,018 (81.4%) — 027 76 (4.3%) 361 (6.5%) —-0.10
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Table 1 (continued)
Variable PCl with stent CABG
Women Men STD Women Men STD
(n=13,514) (n=46,693) (n=1762) (n=5565)
Other medications at discharge
Statin 6357 (47.0%) 26,159 (56.0%) —-0.18 431 (24.5%) 1447 (26.0%) —0.04
Beta-blocker 6909 (51.1%) 26,955 (57.7%) —0.13 563 (32.0%) 1934 (34.8%) —0.06
ACEI/ARB 7683 (56.9%) 28,702 (61.5%) —0.09 528 (30.0%) 1492 (26.8%) 0.07
OAC drugs 203 (1.5%) 792 (1.7%) —002 59 (3.3%) 251 (4.5%) —0.06
OHA drugs 4457 (33.0%) 10,819 (23.2%) 0.22 604 (34.3%) 1557 (28.0%) 0.14
Insulin 1333 (9.9%) 1753 (3.8%) 0.24 283 (16.1%) 437 (7.9%) 0.26
PPI 901 (6.7%) 2233 (4.8%) 0.08 111 (6.3%) 299 (5.4%) 0.04
NSAID 2763 (20.4%) 9253 (19.8%) 0.02 284 (16.1%) 1029 (18.5%) —0.06
Follow-up (years) 28427 34428 —021 32434 38436 —0.16

Data were given as frequency (percentage) or mean =+ standard deviation

PCl percutaneous coronary intervention, CABG coronary artery bypass grafting, STD standardized difference, COPD chronic obstructive pulmonary disease, G/
gastrointestinal, ICH intracranial haemorrhage, BMS bare metal stent, DES drug-eluting stent, ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin receptor
blocker, OAC oral anticoagulants, OHA oral hypoglycemic agent, PPl proton pump inhibitor

replacement were not allowed. Female and male patients
were matched in a 1:1 ratio in either the PCI or CABG
treatment groups. The quality of matching was assessed
by the absolute value of standardized difference (STD)
between the groups after propensity score matching,
where a value of less than 0.1 was considered negligible.

Post hoc subgroup analyses were further completed to
examine whether the male—female differences between
PCI and CABG persisted in various patient groups. The
outcomes of interest include AMI, HHF, and repeat
revascularization. Subgroup variables of interest include
the presence of diabetes, HF, and CKD. All of the statisti-
cal analyses were performed using SAS version 9.4 (SAS
Institute, Cary, NC, USA).

Results

The inclusion of study patients

We identified a total of 67,534 patients who met the
inclusion criteria. 60,207 patients had undergone PCI,
of whom 13,514 were female and 46,693 were male;
7327 patients had received CABG: 1762 women and
5565 men (Fig. 1). Prior to matching, women and men
who had received PCI were followed for a mean length
of 2.8 years (standard deviation [SD] 2.7 years) and
3.4 years (SD 2.8 years), respectively. Women and men
who had undergone CABG were followed for a corre-
sponding mean length of 3.2 years (SD 3.4 years) and
3.8 years (SD 3.6 years), respectively (Table 1). After
matching, 13,058 women and 13,058 men remained
in the PCI group, and 1716 women and 1716 men
remained in the CABG group. The matched PCI
group was followed for a mean length of 2.9 years (SD

2.7 years), whereas the matched CABG group was fol-
lowed for a mean length of 3.2 years (SD 3.4 years)
(Additional file 1: Table S2).

Baseline characteristics of the PCl and CABG groups
Baseline characteristics of the entire cohorts before
propensity score matching are listed in Table 1. Before
matching, women were older and had a higher preva-
lence of most comorbidities (i.e., diabetes, hyperten-
sion, HF, PAD, cancers, autoimmune diseases, prior
stroke, CKD, and ESRD), except for COPD, which was
more prevalent in men. Higher proportions of women
than men had a history of major bleeding and gas-
trointestinal bleeding. CCI scores were also higher
in women in both the PCI (3.4 vs. 2.5, STD 0.47) and
CABG (3.8 vs. 3.1, STD 0.32) groups.

Compared to men, greater proportions of women
were discharged with a single antiplatelet agent after
PCI (30.3% vs. 18.6%, STD 0.27), as opposed to dual
antiplatelet (DAPT) regimens (69.7% vs. 81.4%, STD
— 0.27). These differences were greatly attenuated in
the CABG group, in which most patients were dis-
charged with a single antiplatelet agent, regardless
of sex (women 95.7% vs. men 93.5%, STD 0.10). Fur-
thermore, there were proportionally fewer women
discharged with statins, beta-blockers, or angiotensin-
converting enzyme inhibitors/angiotensin receptor
blockers compared to men in both the PCI and CABG
groups. Baseline characteristics were well-balanced
between sexes after matching in both the PCI or CABG
groups, as confirmed by most STD values being<0.1
(Additional file 1: Table S2).
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In-hospital outcomes of female versus male patients
before and after matching

Prior to matching, the incidence of in-hospital death,
ischemic stroke, pneumonia, gastrointestinal bleed-
ing, new-onset dialysis, and prolonged ventilation were
all significantly higher in women who underwent PCI,
compared to men in the PCI group (Additional file 1:
Table S3). Notably, in-hospital mortality, new-onset dial-
ysis, and prolonged ventilation were higher in women
by approximately twofold. Similar findings were present
in the CABG group, except that pneumonia and gastro-
intestinal bleeding occurred at similar frequencies in
women and men. The use of IABP support was similar
across sexes in both the PCI and CABG groups, whereas
ECMO was utilized more often in men (PCI: 0.7% vs.
1.2%, OR 0.62, 95% CI 0.50—0.77; CABG: 6.1% vs. 7.8%,
OR 0.76, 95% CI 0.61-0.95). Women were hospitalized
and stayed in the ICU for longer periods and accrued
higher medical expenses than men in both groups. The
adverse outcomes related to female sex were more prom-
inent among patients who had received PCI, with sig-
nificant interaction with the type of revascularization
regarding in-hospital mortality, pneumonia, gastrointes-
tinal bleeding, new-onset dialysis, and prolonged ventila-
tion. Increases in LOS, length of ICU stay, and medical
expenditures in female patients were more significant
among those who had undergone CABG.

After propensity score matching, in-hospital mortal-
ity was higher in women than in men in the PCI group,
albeit at nominal significance (9.8% vs. 9.1%, OR 1.09,
95% CI 1.001-1.19) (Table 2). On the contrary, the inci-
dences of TABP use (11.0% vs. 12.9%, OR 0.83, 95% CI
0.77-0.90), ECMO support (0.7% vs. 1.1%, OR 0.64, 95%
CI 0.49-0.83), and pneumonia were significantly lower
in women than in men in the PCI group. The lengths of
hospital stay and ICU stay were longer in women regard-
less of the type of revascularization. The medical expen-
ditures for women who had undergone CABG were
significantly higher than for men in the CABG group,
but were similar between women and men who had
received PCI. There were no differences across sexes in
other in-hospital outcomes in either the PCI or CABG
groups. The relationships between female sex and LOS
(P for interaction<0.001), length of ICU stay (P for
interaction=0.007), and medical costs (P for interac-
tion=0.001) were significantly impacted by the treat-
ment group, with greater increases in those who had
undergone CABG.

Long-term outcomes of female versus male patients
before and after matching

Among patients who received PCI, the occurrence
of CV death, ischemic stroke, the primary composite
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outcome, death from any cause, and HHF were signifi-
cantly higher for women than for men before matching
(Additional file 1: Table S4). Major bleeding and gastro-
intestinal bleeding were also more frequent in women
than men in the PCI group. In contrast, female sex was
protective against repeat revascularization (27.9% vs.
34.7%, OR 0.76, 95% CI 0.74—0.79). In the CABG group,
the incidences of CV death, AMI, the primary compos-
ite outcome, all-cause mortality, HHF, and gastrointes-
tinal bleeding were significantly higher among women
than men prior to matching. There were no differences
in repeat revascularization between sexes. The detrimen-
tal effects of female sex on CV death, ischemic stroke,
the primary composite outcome, all-cause death, HHF,
and gastrointestinal bleeding were more pronounced in
the PCI group (all P for interaction<0.05), whereas the
increase in AMI among women was more evident in the
CABG group. The reduction of revascularization events
in women was seen only among those who had received
PCI, with significant modification based on the treatment
group (P for interaction =0.002).

After matching, there were no differences between
women and men in the primary outcomes and safety
outcomes in either the PCI or CABG groups (Table 3;
Fig. 2A, C). In the PCI group, the incidence of HHF was
significantly higher in women than in men (10.4% vs.
8.0%, OR 1.32, 95% CI 1.22-1.43), while the occurrence
of repeat revascularization was significantly lower (28.1%
vs. 32.4%, OR 0.84, 95% CI 0.81-0.88). All-cause mortal-
ity and safety outcomes were similar across sexes among
those who had received PCI. There were no differences
between sexes in terms of secondary and safety outcomes
in the CABG group. There was significant interaction
between the mode of revascularization and the effects
of female sex on the incidences of HHF (P for interac-
tion=10.0496) and repeat revascularization (P for inter-
action=0.021), with these significant results seen in the
PCI group but not the CABG group (Fig. 2B).

Post hoc subgroup analyses of long-term secondary
outcomes

The aforementioned primary analysis based on matched
cohorts reveals significant interaction effects between sex
and the treatment groups on long-term secondary out-
comes, including HHF and revascularization. Therefore,
the following subgroup analysis was performed on the
secondary outcomes, stratified by three clinically relevant
comorbidities: diabetes, HF, and CKD. In patients with
and without diabetes, the risk of HHF was higher, and the
risk of repeat revascularization was lower among women
than men in the PCI group (Additional file 1: Table S5).
However, these differences in risk between the sexes
among those who had received PCI were not significantly
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Table 2 In-hospital outcomes of the women versus men in the propensity score-matched cohorts

Outcome/subgroup Women Men OR/B of women (95% Cl) P for interaction

In-hospital mortality 0.188
PCl 1277 (9.8%) 1184 (9.1%) 1.09 (1.001-1.19)
CABG 360 (21.0%) 371 (21.6%) 0.96 (0.82-1.14)

IABP support 0.070
PCl 1435 (11.0%) 1691 (12.9%) 0.83 (0.77-0.90)
CABG 660 (38.5%) 677 (39.5%) 0.96 (0.84-1.10)

ECMO support 0.236
PCl 95 (0.7%) 147 (1.1%) 0.64 (0.49-0.83)
CABG 105 (6.1%) 129 (7.5%) 0.80 (0.62-1.05)

New onset ischemic stroke 0.758
PCl 235 (1.8%) 197 (1.5%) 1.20 (0.99-1.45)
CABG 72 (4.2%) 57 (3.3%) 1.28 (0.90-1.82)

Pneumonia 0.694
PCl 995 (7.6%) 1118 (8.6%) 0.88(0.81-0.96)
CABG 162 (9.4%) 190 (11.1%) 0.84 (0.67-1.05)

Gl bleeding 0.825
PCl 799 (6.1%) 796 (6.1%) 1.00 (0.91-1.11)
CABG 74 (4.3%) 71 (4.1%) 1.04 (0.75-1.46)

New onset dialysis 0.223
PCl 784 (6.0%) 740 (5.7%) 1.07 (0.96-1.18)
CABG 301 (17.5%) 317 (18.5%) 0.94 (0.79-1.12)

Prolonged ventilation® 0.880
PCl 1265 (9.7%) 1242 (9.5%) 1.02 (0.94-1.11)
CABG 587 (34.2%) 574 (33.4%) 1.03 (0.90-1.19)

Hospital stays (days) <0.001
PCl 10,6121 100+£11.8 0.69 (0.40, 0.98)
CABG 283+£20.1 258+188 25(12,3.8)

ICU duration (days) 0.007
PCl 49465 48+64 0.17(0.02,0.33)
CABG 13.0£11.1 121+£108 0.87 (0.14, 1.60)

Medical expenditure (USD x 10°) 0.001
PCl 78456 78+57 0.04 (= 0.10,0.17)
CABG 20.1£99 1934+9.7 0.78(0.12, 1.44)

Data were given as frequency (percentage%) or mean =+ standard deviation

IABP intra-aortic balloon pumping, ECMO extra-corporeal membrane oxygenation, USD US dollars, OR odds ratio, B regression coefficient, Cl confidence interval, ICU

intensive care unit, USD US dollar
?The dependence on mechanical ventilation for seven days or longer

different from the results among those who had under-
gone CABG, except for the risk of HHF, which was more
clearly elevated among women in the PCI group than in
the CABG group.

There were no differences between women and men
regarding the risks of specified long-term outcomes in
either treatment groups for patients with HF at baseline
(Additional file 1: Table S6; Fig. 3A). For those with no
history of HF, the incidence of HHF was significantly
higher—while that of repeat revascularization was sig-
nificantly lower—among women compared to men in the

PCI group (Fig. 3B). These findings were present only in
the PCI group, with significant interaction between the
effects of female sex and the mode of treatment.

For patients with and without CKD in the PCI group,
women were more likely than men to be admitted for
heart failure, but less likely than men to require repeat
revascularization (Additional file 1: Table S7). The
reduced risk of repeat revascularization in women was
accentuated in the PCI group compared to the CABG
group among those with CKD, whereas the increased
risk of HHF for women was more pronounced in the PCI
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Table 3 Long-term outcomes of the women versus men in the propensity score-matched cohorts

Outcome/subgroup Women Men HR/SHR of women (95% P for interaction
Cl)
Primary outcome
Cardiovascular death 0450
PCl 1868 (14.3%) 1899 (14.5%) 0.99 (0.93-1.05)
CABG 343 (20.0%) 320 (18.6%) 1.05 (0.90-1.23)
Acute myocardial infarction (AMI) 0.080
PCl 1044 (8.0%) 1091 (8.4%) 0.96 (0.88-1.04)
CABG 94 (5.5%) 75 (4.4%) 1.27 (0.94-1.71)
Ischemic stroke 0.157
PCl 774 (5.9%) 793 (6.1%) 0.98 (0.89-1.08)
CABG 112 (6.5%) 137 (8.0%) 0.81 (0.63-1.04)
Primary composite outcome® 0.582
PCl 3069 (23.5%) 3168 (24.3%) 0.97 (0.92-1.02)
CABG 457 (26.6%) 445 (25.9%) 1.01 (0.88-1.15)
Secondary outcome
All-cause mortality 0.723
PCl 4752 (36.4%) 4826 (37.0%) 0.99 (0.95-1.02)
CABG 956 (55.7%) 968 (56.4%) 0.97 (0.89-1.06)
Admission for heart failure 0.0496
PCl 1360 (10.4%) 1048 (8.0%) 1.32(1.22-1.43)
CABG 244 (14.2%) 227 (13.2%) 1.09 (0.91-1.30)
Revascularization (PCl or CABG) 0.021
PCl 3674 (28.1%) 4232 (32.4%) 0.84(0.81-0.88)
CABG 151 (8.8%) 138 (8.0%) 1.11 (0.88-1.39)
Safety outcome
Major bleeding 0.296
PCl 350 (2.7%) 382 (2.9%) 0.92 (0.79-1.06)
CABG 56 (3.3%) 49 (2.9%) 1.14(0.78-1.68)
Gl bleeding 0.351
PCl 1944 (14.9%) 2034 (15.6%) 0.95 (0.90-1.01)
CABG 263 (15.3%) 255 (14.9%) 1.04 (0.88-1.23)
Intracranial hemorrhage 0.738
PCl 85 (0.7%) 104 (0.8%) 0.82 (0.62-1.09)
CABG 13(0.8%) 18 (1.0%) 0.72(0.35-147)

Data were given as frequency (percentage)

PCl percutaneous coronary intervention, CABG coronary artery bypass grafting, HR hazard ratio, SHR subdistribution hazard ratio, C/ confidence interval, G/

gastrointestinal

2 Including cardiovascular death, acute myocardial infarction and ischemic stroke

group than in the CABG group among those without
CKD.

Discussion

In this study, we investigated the differences in clinical
outcomes of women and men who were first admitted
for AMI and who underwent coronary revasculariza-
tion by PCI or CABG. Prior to matching, enrolled female
patients were older, had more comorbid conditions, were
more likely to have a significant bleeding history, and

were less likely to be discharged with DAPT and optimal
medical therapy (OMT) than their male counterparts. In-
hospital and long-term outcomes were generally worse
among women before matching, particularly for those
who had received PCI. After matching, hospital and ICU
stay were longer for women in both groups, although
this was most pronounced in the CABG group. In the
PCI group, IABP and ECMO were more often utilized
for men. The incidence of HHF was higher—while that
of repeat revascularization was lower—among women,
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A. Primary outcome
Favor Women Favor Men No. of event n (%) HR or SHR (95% Cl) P value for
Women Men of Women interaction
Cardiovascular death 0.450
PCI o 1,868 (14.3) 1,899 (14.5) 0.99 (0.93-1.05)
CABG —1— 343 (20.0) 320(18.6) 1.05 (0.90-1.23)
Acute myocardial infarction 0.080
PCI — 1,044 (8.0) 1,091(8.4) 0.96(0.88-1.04)
CABG ' * i 94 (5.5) 75 (4.4) 1.27 (0.94-1.71)
Ischemic stroke 0.157
PCI —— 774 (5.9) 793 (6.1) 0.98 (0.89-1.08)
CABG —— 112 (6.5) 137 (8.0) 0.81 (0.63-1.04)
Primary composite outcome 0.582
PCI ol 3,069 (23.5) 3,168 (24.3) 0.97 (0.92-1.02)
CABG ——i 457 (26.6) 445 (25.9) 1.01 (0.88-1.15)

06 08 10 12 14 16 18
HR or SHR (95% Cl)

B. Secondary outcome
Favor Women Favor Men No. of event n (%) HR or SHR (95% Cl) P value for
Women Men of Women interaction
All-cause mortality 0.723
PCI o 4,752 (36.4) 4,826 (37.0) 0.99 (0.95-1.02)
CABG —— 956 (55.7) 968 (56.4) 0.97 (0.89-1.06)
Admission for heart failure 0.0496
PCI —— 1,360 (10.4) 1,048 (8.0) 1.32(1.22-1.43)
CABG — 244 (14.2) 227(13.2)  1.09 (0.91-1.30)
Revascularization (PCl or CABG) 0.021
PCI - 3,674 (28.1) 4,232 (32.4) 0.84(0.81-0.88)
CABG —_—1 151 (8.8) 138 (8.0) 1.11(0.88-1.39)

0.6 0.8 1.0 1.2 1.4
HR or SHR (95% Cl)

C. Safety outcome
Favor Women | Favor Men No. of event n (%) SHR (95% Cl) P value for
Women Men of Women interaction
Major bleeding 0.296
PCl —— 350(2.7) 382(2.9) 0.92(0.79-1.06)
CABG * 56 (3.3) 49(2.9) 1.14(0.78-1.68)
Gl bleeding 0.351
PClI o 1,944 (14.9) 2,034 (15.6) 0.95 (0.90-1.01)
CABG —— 263 (15.3) 255 (14.9) 1.04(0.88-1.23)
Intracranial hemorrhage 0.738
PCl ——— 85 (0.7) 104 (0.8) 0.82 (0.62—1.09)
CABG ' * 13(0.8) 18 (1.0)  0.72 (0.35-1.47)

0.2 0.6 1.0 14 1.8

Subdistribution hazard ratio (95%

Fig. 2 Forest plot comparing the risks of long-term primary outcomes (A), secondary outcomes (B), and safety outcomes (C) between women and
men receiving PCl and CABG in the propensity score-matched cohorts

with both effects accentuated among patients who had regarding HHF and repeat revascularization was most

undergone PCI. Furthermore, this interaction between prominent in patients without HF at baseline.

the influence of female sex and the mode of treatment The risk of CAD in women increases substantially after
menopause, once the protective effects of estrogen have
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A. HF cohort
Favor Women Favor Men No. of event n (%) SHR (95% Cl) P value for
Women Men of Women interaction
Acute myocardial 0.449
PCl i 145 (10.1) 149 (11.1) 0.89 (0.70-1.11)
CABG * 14 (5.8) 11 (4.8) 1.22(0.55-2.68)
Admission for heart failure 0.324
PCl —— 254 (17.6) 236 (17.6) 0.99 (0.83-1.18)
CABG ——— 53(21.9) 42(18.3) 1.23(0.83-1.83)
Revascularization 0.623
PCl oM 341 (23.7) 338(25.2) 0.91 (0.79-1.06)
CABG e 20 (8.3) 18(7.8) 1.07 (0.58-2.00)
00 05 10 15 20 25 30
Subdistribution hazard ratio(95%
B. Non-HF cohort
Favor Women Favor Men No. of event n (%) SHR (95% CI) P value for
Women Men of Women interaction
Acute myocardial 0.106
PCI —— 899 (7.7) 942 (8.0) 0.97 (0.88-1.06)
CABG + 80 (5.4) 64 (4.3) 1.27(0.92-1.76)
Admission for heart failure 0.009
PCl —— 1,106 (9.5) 812 (6.9) 1.40(1.28-1.54)
CABG — 191 (13.0) 185 (12.4) 1.05 (0.86-1.28)
Revascularization 0.025
PCI b g 3,333 (28.7) 3,894 (33.2) 0.84 (0.80-0.88)
CABG e C— 131 (8.9) 120(8.1) 1.11(0.87-1.42)
0.8 1.0 1.2 1.4 1.6 1.8
Subdistribution hazard ratio(95%
Fig. 3 Forest plot comparing the risks of long-term secondary outcomes between women and men receiving PCl and CABG with (A) and without
(B) a history of heart failure hospitalization in the propensity score-matched cohorts

diminished. Hence, women presenting with CAD are
often older than men, with multiple comorbidities that
accompany aging. Inferior outcomes in women may thus
stem from differences in baseline characteristics that
should, theoretically, be ameliorated after adjustment for
possible confounders or propensity score matching. This
was demonstrated in the post hoc analyses of several ran-
domized controlled trials (RCTs), in which the greater
hazards of major adverse cardiac events (MACE) or other
primary endpoints among women became non-signifi-
cant after multivariate adjustment [6, 7, 17]. In our study,
the incidences of most in-hospital and long-term out-
comes were higher in women before matching, but were
similar between the two sexes after matching. Thus, it is
difficult to delineate the extent to which hormonal differ-
ences in females and males contribute to their differing
prognoses, or to determine whether or not their underly-
ing medical conditions play much greater roles.

In addition to the effects of comorbidities, the out-
comes of CVD among women are also heavily influenced
by social, economic, and cultural factors [1]. Women are

more likely to receive more conservative treatment than
men in similar clinical scenarios. As demonstrated in a
retrospective cohort study of patients with AMI, fewer
women had undergone revascularization of any type,
even after matching for age and type of AMI with men
(18). Likewise, in patients with ACS and concomitant
high bleeding risk and high ischemic risk, guideline-
recommended therapy (including revascularization and
DAPT) was given less often to women than men with
similar risk profiles [19]. In another report on patients
with AMI, a higher proportion of men than women
received mechanical circulatory support, despite a higher
percentage of women presenting with cardiogenic shock
[20]. In our cohort, the use of IABP and ECMO support
was significantly higher in men, while in-hospital mortal-
ity was nominally higher in women in the PCI group after
matching. Although it is difficult to identify the source of
these discrepancies, our findings suggest that the treat-
ment of AMI in women may be influenced by sex-specific
stereotypes or cultural norms in the real world, and these
decisions may be associated with inferior outcomes.
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In the present study, women who had undergone PCI
were more likely than men to be readmitted for heart
failure during long-term follow-up. Sex differences in
the susceptibility to heart failure have been extensively
described in literature. In a recent report on a large Cana-
dian cohort of patients first admitted for MI, the risks of
developing heart failure during admission and long-term
follow-up were higher among women after adjustment
for underlying conditions, regardless of the type of MI
[21]. Similarly, in our cohort, the increase in the risk of
heart failure among women remained significant after
matching. A higher risk of heart failure among females
is observed not only for those with AMI, but also for
those with stable CAD. This was demonstrated by Nuiez
et al. in a study on 5899 individuals with known or sus-
pected CAD who underwent vasodilator stress cardiac
magnetic resonance (CMR): women exhibited increased
risk of new-onset heart failure at all levels of ischemic or
necrosis burden, as shown on CMR[22]. Thus, female sex
in itself possibly contributes to the development of heart
failure via mechanisms yet to be elucidated, but likely
beyond the effects of mere myocardial ischemia.

Interestingly, the higher incidence of HHF in women
was not observed in the CABG group. In addition, men
who had undergone PCI were more likely to repeat revas-
cularization than women in the same group. These find-
ings suggest fundamental differences in the pathobiology
of cardiac ischemia in women and men. As observed in a
Swedish registry of 106,881 coronary angiographies per-
formed for ACS, women were more likely to have nor-
mal coronary arteries or milder CAD[23]. The prevalence
of myocardial infarction with non-obstructive coronary
arteries is reportedly higher among women than men
for those presenting with ACS[24]. Coronary microvas-
cular dysfunction is hypothesized to be responsible for
ischemia with non-obstructive coronary arteries (INOCA)
in women. Because patients with less extensive CAD are
more likely to receive PCI as opposed to CABG, there is
possibly a higher prevalence of INOCA in the PCI group
than in the CABG group. Despite seemingly milder dis-
ease on angiography, patients with INOCA have an ele-
vated risk for adverse events, particularly the development
of heart failure with preserved ejection fraction (HFpEF)
[25, 26]. Furthermore, microvascular disease is not treata-
ble by revascularization, and the lower incidence of repeat
procedures during follow-up possibly reflects the futility
of such treatment. Nonetheless, as mentioned previously,
women are likely to receive more conservative treatment,
with fewer revascularization procedures. Additional stud-
ies are needed to validate these hypotheses.

The results of our subgroup analysis suggest that the
discrepancies in the risks of HHF and revascularization
in women and men in the PCI group arise primarily from
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patients without a history of HF. A diagnosis of heart fail-
ure, in itself, portends a markedly worsened prognosis. In
patients with heart failure, 2- and 5-year mortality have
been reported to be 27% and 43%, respectively[27]. Read-
mission for heart failure within 5 years of HHF report-
edly ranges from 40 to 48% across various levels of left
ventricular ejection fraction (LVEF) [28]. The hazards
accompanying existing HF possibly outweigh the influ-
ence of sex on the risks of HHF, while also limiting the
possibility for further revascularization procedures, lead-
ing to non-significant results in the subgroup of patients
with pre-existing HE. On the other hand, as demon-
strated by Nufiez et al. in their aforementioned study, an
increased risk of new-onset heart failure in women was
evident only among patients with a baseline LVEF of
greater than 55%(22]. In our cohort, data on the LVEF of
patients with a diagnosis of HF (or of those admitted for
heart failure) are lacking; nonetheless, it is reasonable to
believe that those not coded with a diagnosis of HF have
a preserved LVEF at baseline. These findings again sug-
gest distinct mechanisms of cardiac ischemia between
the sexes, with a possible propensity for microvascular
disease and HFpEF in women. Further investigations are
necessary to illuminate this subject.

Perspectives and significance

Woman exhibit greater propensity to heart failure after
PCI for AMI compared to men. Women are also less
likely to receive mechanical cardiac support in those who
underwent PCI despite worse in-hospital survival. Mech-
anisms underlying cardiac ischemia likely differ between
women and men, with greater roles of non-obstructive
coronaries and microvascular disease in the female sex.
Furthermore, socioeconomic inequalities that influence
treatment of female patients are possible. These discrep-
ancies should be considered in the management of CVD
in women, and much remains to be explored. Additional
investigation is needed to identify sex-specific treatment
targets to prevent the development or progression of
heart failure in these patients. The choice between PCI
and CABG should be guided by evidence and influence
from socioeconomic issues should be prevented.

Limitations

This study has several limitations. First, the study cohort
was selected from the NHIRD through ICD-9-CM codes,
which provide information on diagnoses, drug use, and
procedures. Details such as the severity or risk of the
AMI event upon presentation (evaluated by Killip class,
TIMI scores or GRACE scores), LVEF in patients coded
with HF, or eGFR of patients coded with CKD are lack-
ing. However, we have attempted to account for all pos-
sible confounders that may be extracted from the NHIRD
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data, including the number of arteries intervened, the
number of stents placed (in the PCI group), and the
details of the surgery (in the CABG group).

Second, only drugs, devices, and services that are
fully or partially paid for by the NHI are recorded in the
NHIRD. Thus, for the very rare cases where treatments
do not fulfill NHI reimbursement criteria, their use
would not be identified in our dataset. It should be noted,
however, that the NHI reimbursement regulations are
set in accordance with global guidelines. Incidents where
coinsurance is not possible and a patient must pay com-
pletely out-of-pocket are proportionally rare.

Finally, health disparities between the sexes are com-
plex, involving both physiological and socioeconomic
differences in women and men. Socioeconomic inferior-
ity may also result in delayed presentation at a later dis-
ease stage with more comorbidities. In our study, we seek
to describe outcomes for women in general while also
exploring physiological responses to the different modes
of revascularization in women and men. Although pro-
pensity score matching was performed to mitigate dif-
ferences between the sexes at the time of enrollment, it
remains impossible to completely distinguish the physi-
ological and socioeconomic influences of female sex.

Conclusion

Women presenting with AMI exhibited worse in-hospi-
tal and long-term outcomes compared to men, with this
disadvantage accentuated among those receiving PCI for
revascularization. After matching for underlying charac-
teristics, the incidence of subsequent HHF remained sig-
nificantly higher in women than in men in the PCI group,
while repeat revascularization occurred less often among
women. Possible socioeconomic inequalities or distinct
pathobiologies of cardiac ischemia between the sexes
may underlie these results.
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