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Abstract

Background

The COVID-19 pandemic has severely impacted healthcare delivery and patient outcomes

globally.

Aims

We aimed to evaluate the influence of the COVID-19 pandemic on the temporal trends and

outcomes of patients undergoing percutaneous coronary intervention (PCI) in Michigan.

Methods

We compared all patients undergoing PCI in the BMC2 Registry between March and

December 2020 (“pandemic cohort”) with those undergoing PCI between March and

December 2019 (“pre-pandemic cohort”). A risk-adjusted analysis of in-hospital outcomes

was performed between the pre-pandemic and pandemic cohort. A subgroup analysis was

performed comparing COVID-19 positive vs. negative patients during the pandemic.

Results

There was a 15.2% reduction in overall PCI volume from the pre-pandemic (n = 25,737) to

the pandemic cohort (n = 21,822), which was more pronounced for stable angina and non-

ST-elevation acute coronary syndromes (ACS) presentations, and between February and

May 2020. Patients in the two cohorts had similar clinical and procedural characteristics.

Monthly mortality rates for primary PCI were generally higher in the pandemic period. There

were no significant system delays in care between the cohorts. Risk-adjusted mortality was
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higher in the pandemic cohort (aOR 1.26, 95% CI 1.07–1.47, p = 0.005), a finding that was

only partially explained by worse outcomes in COVID-19 patients and was more pro-

nounced in subjects with ACS. During the pandemic, COVID-19 positive patients suffered

higher risk-adjusted mortality (aOR 5.69, 95% CI 2.54–12.74, p<0.001) compared with

COVID negative patients.

Conclusions

During the COVID-19 pandemic, we observed a reduction in PCI volumes and higher risk-

adjusted mortality. COVID-19 positive patients experienced significantly worse outcomes.

Introduction

The COVID-19 pandemic represents the most important public health crisis of the century.

Besides its direct impact on COVID-19-related hospitalizations, morbidity and mortality, the

pandemic has also dramatically impacted health care delivery for non-COVID-19 conditions

around the world [1]. Systems of care for acute myocardial infarction had to be redesigned [2–

5], ST-elevation myocardial infarction (STEMI) metrics and outcomes (including mortality)

worsened [6–10], complications of late-presentation acute myocardial infarction increased

[11], and lower hospitalization rates for acute coronary syndromes (ACS) [9, 12] paralleled an

increase in the rates of out-of-hospital cardiac arrest (particularly among patients infected

with COVID-19) [13].

While preliminary reports from small cohorts focused on STEMI [14–16] or ACS [10, 17]

care at selected sites, systematic reporting from national or statewide registries of all-comers

undergoing percutaneous coronary intervention (PCI) is scant [18]. Moreover, such reports

only focused on the early phases of the pandemic (“first wave”) and might have missed tempo-

ral changes occurring during later phases of this public health crisis. As such, a rigorous assess-

ment of the impact of the COVID-19 pandemic on the delivery and outcomes of PCI in the

general population is warranted.

The aim of the present study was to evaluate the temporal trends and outcomes of patients

undergoing PCI in Michigan during the COVID-19 pandemic and to compare them with

those of the pre-pandemic era, by using data from the Blue Cross Blue Shield of Michigan Car-

diovascular Consortium (BMC2) PCI registry.

Methods

Study population

All patient data points were derived from a HIPAA-compliant database. The University of

Michigan IRB has waived the need for ongoing IRB approval on all analysis that are performed

using BMC2 data. Consent was not obtained as all data were analyzed anonymously. The

study population consisted of consecutive patients who underwent PCI at all 48 non-federal

hospitals in Michigan participating in the BMC2 registry between March 1, 2020 and Decem-

ber 31, 2020 (pandemic cohort). This population was compared with all patients who under-

went PCI between March 1, 2019 and December 31, 2019 (pre-pandemic cohort). The

inception date of the pandemic cohort was chosen based on the date when the first COVID-19

case was diagnosed in Michigan (March 11, 2020). Details of the BMC2 registry have been pre-

viously described [19–21]. Data, collected by on-site registered nurse coordinators, included
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external agencies. However, the analysis code and

metadata to support the study is available on

request from Annemarie Forrest, Program

Manager BMC2. (avassalo@med.umich.edu). The

BMC2 registry is a collaborative of all non federal

hospitals in Michigan. There are standing data use

agreement with each hospital and the data use

agreements limit sharing of raw data. The registry

participants and collaborators can request analysis

from the registry but the raw data are not shared

outside (or even internally with the physician

leaders/participants). Mr Seth as the statistician

has access to all data, none of the other authors

have access to raw data. Researchers from the

participating hospitals (with external collaborators)

can request analysis but such requests are not
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demographic and clinical characteristics, procedural details, and in-hospital outcomes of

patients undergoing PCI procedures. Data quality and the inclusion of consecutive procedures

were ensured by ad hoc queries, random chart reviews, detailed site audits by an experienced

nurse auditor, and a series of diagnostic routines included in the database [22]. The registry

was approved or the need for approval waived by the Institutional Review Board of each partic-

ipating hospital. All relevant data necessary to replicate the study findings are within the

paper. The authors are unable to share the raw data, due to contractual agreements between

participating institutions and the BMC2 registry that prohibit data sharing with external agen-

cies. However, the analysis code and metadata to support the study figures is available on

request.

Data definitions and clinical endpoints

The estimated glomerular filtration rate (eGFR) was calculated with the Chronic Kidney Dis-

ease Epidemiology Collaboration (CKD-EPI) equation [23]. Acute heart failure symptoms

were defined as difficulty breathing, leg or feet swelling, pulmonary edema on chest X-ray or

jugular venous distension. Cardiovascular instability was defined as a combination of cardio-

genic shock, hemodynamic instability, persistent ischemic symptoms, acute heart failure

symptoms, ventricular arrhythmia, and refractory shock. Cardiogenic shock was defined as a

sustained (>30 min) episode of systolic blood pressure <90 mm Hg and/or cardiac index

<2.2 l/min/m2 determined to be secondary to cardiac dysfunction, and/or the requirement for

intravenous inotropic or vasopressor agents or mechanical support to maintain blood pressure

and cardiac index above those specified levels. These definitions were based on the NCDR

CathPCI Registry v. 5.0 data dictionary.

The primary endpoint of this study was in-hospital death. Secondary endpoints included:

acute kidney injury (AKI, defined as a�0.5 mg/dl absolute increase in serum creatinine from

baseline [24, 25]); transfusion (at any time point between PCI and discharge); and major

bleeding (defined as bleeding associated with a hemoglobin drop�5.0 g/dl from baseline).

Statistical analysis

Continuous variables are reported as mean ± standard deviation (or as median and interquar-

tile range, as appropriate), and categorical variables as number and percentage. The indepen-

dent-samples Student’s t-test was used to compare continuous variables with normal

distribution, and the Wilcoxon signed rank test was used to compare continuous variables

with a non-normal distribution. Chi-square test was used to compare differences between cat-

egorical variables. Standardized mean differences (SMDs) for each variable are also reported,

since our large sample size might have led to statistically significant but clinically unimportant

differences as assessed by the aforementioned tests. Traditionally, SMDs<10% have been con-

sidered to indicate a negligible difference in the mean or prevalence of a covariate between

treatment groups, and thus would be unlikely to confound an analysis of clinical endpoints

[26].

Temporal trends in PCI volumes (primary PCI for STEMI vs. all other PCI indications)

were compared between the pre-pandemic and pandemic periods. A subgroup analysis was

conducted, within the pandemic cohort, between patients with a positive vs. negative COVID-

19 test.

Risk-adjusted comparisons of in-hospital outcomes (death, AKI, transfusion, and major

bleeding) were performed between the pre-pandemic and pandemic periods, using logistic

regression models adjusting for baseline patient predicted risk, estimated from a recently

updated version of our random forest model [27]. In addition, we performed a sensitivity
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analysis using patient risk estimates based on the recently published NCDR CathPCI Registry

mortality risk model [28]. The results of these analyses are presented as odds ratios (OR) and

95% confidence intervals (CI).

A 2-tailed p-value <0.05 was considered statistically significant. All analyses were per-

formed with R version 3.6.3 (R Core Team, Vienna, Austria).

Results

Overall patient population

During the pre-pandemic period, a total of 25,737 patients underwent PCI at facilities partici-

pating in the BMC2 Registry, which decreased to 21,822 subjects in the pandemic period, a

15.2% relative decrease. Fig 1 demonstrates the decrease in PCI volumes across all indications

between the pre-pandemic and pandemic periods (-11.7% for stable coronary artery disease

[CAD], -19.7% for non-ST-elevation ACS [NSTE-ACS], -12.6% for STEMI). Table 1 shows

the baseline and procedural characteristics of the two cohorts. There were minimal differences

between groups for the studied variables, with SMDs <10% in all cases. Notably, presentation

with non-ST-elevation ACS, STEMI, and cardiovascular instability remained stable at ~41%,

~16%, and ~23%, respectively. Similarly, there were no differences in the prevalence of multi-

vessel disease, left main PCI, type C lesions and need for mechanical circulatory support.

Table 2 shows the unadjusted rates of in-hospital outcomes of the two cohorts. There were

no significant differences for most outcomes. However, the in-hospital death rate was margin-

ally higher in the pandemic period (2.0% vs. 1.7%; SMD 2.5%), while the incidence of heart

Fig 1. Percutaneous coronary intervention (PCI) volumes for various indications in the pre-pandemic vs. pandemic period. Abbreviations: CAD,

coronary artery disease; NSTE-ACS, non-ST-elevation acute coronary syndrome; STEMI, ST-elevation myocardial infarction.

https://doi.org/10.1371/journal.pone.0273638.g001
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failure (2.2% vs. 1.8%; SMD 2.6%) and myocardial infarction (0.6% vs. 0.4%; SMD 2.1%) was

marginally higher in the pre-pandemic cohort.

Temporal trends in PCI for STEMI vs. all other indications and primary

PCI mortality

Fig 2 shows monthly volumes for primary PCI and PCI for all other indications during 2019

and 2020, in relation to COVID-19 case count in the State of Michigan (which was

Table 1. Clinical and procedural characteristics in the overall population.

Overall

(n = 47,559)

March-December 2019 Pre-pandemic

(n = 25,737)

March-December 2020 Pandemic

(n = 21,822)

p SMD (%)

Age (years) 66.6±11.7 66.7±11.8 66.5±11.7 0.135 1.4

Body mass index (kg/m2) 30.7±7.2 30.7±7.4 30.7±7.1 1 <0.001

Sex (male) 32,239 (67.8%) 17,417 (67.7%) 14,822 (67.9%) 0.569 0.5

Race (black) 4,829 (10.2%) 2,570 (10.0%) 2,259 (10.4%) 0.193 1.2

Diabetes mellitus 19,556 (41.1%) 10,587 (41.1%) 8,969 (41.1%) 0.009 <0.001

Hypertension 41,098 (86.4%) 22,229 (86.4%) 18,869 (86.5%) 0.939 0.3

Dyslipidemia 39,218 (82.5%) 21,007 (81.6%) 18,211 (83.5%) <0.001 4.9

Current smoker 11,135 (23.4%) 6,036 (23.5%) 5,099 (23.4%) 0.833 0.2

Prior myocardial infarction 15,359 (32.3%) 8,329 (32.4%) 7,030 (32.2%) 0.750 0.3

Prior PCI 21,378 (45.0%) 11,578 (45.0%) 9,800 (44.9%) 0.851 0.2

Prior CABG 7,605 (16.0%) 4,157 (16.2%) 3,448 (15.8%) 0.303 1.0

Peripheral arterial disease 6,627 (13.9%) 3,623 (14.1%) 3,004 (13.8%) 0.338 0.9

Cerebrovascular disease 7,739 (16.3%) 4,155 (16.1%) 3,584 (16.4%) 0.414 0.8

Chronic lung disease 9,260 (19.5%) 5,011 (19.5%) 4,249 (19.5%) 0.717 <0.001

Chronic heart failure 14,737 (31.0%) 7,978 (31.0%) 6,759 (31.0%) 0.947 0.1

Dialysis 1,472 (3.1%) 781 (3.0%) 691 (3.2%) 0.421 0.8

Atrial fibrillation 7,890 (16.6%) 4,268 (16.6%) 3,622 (16.6%) 0.975 <0.001

eGFR (ml/min/1.73 m2) 70.7±24.0 70.9±23.9 70.6±24.0 0.203 1.2

Hemoglobin (g/dl) 13.4±2.0 13.4±2.0 13.4±2.1 <0.001 3.6

LVEF (%) 51.2±14.0 51.3±14.0 51.1±14.1 0.131 1.8

LVEF�35% 4,979 (10.5%) 2,640 (10.3%) 2,339 (10.7%) 0.105 1.5

Presentation with

NSTE-ACS

19,585 (41.2%) 10,865 (42.2%) 8,720 (40.0%) <0.001 4.6

Presentation with STEMI 7,662 (16.1%) 4,088 (15.9%) 3,574 (16.4%) 0.148 1.3

Cardiovascular instability 10,752 (22.6%) 5,840 (22.7%) 4,912 (22.5%) 0.645 0.4

Cardiac arrest 581 (1.2%) 337 (1.3%) 244 (1.1%) 0.007 1.8

Radial access 26,280 (55.3%) 13,913 (54.1%) 12,367 (56.7%) <0.001 5.3

Multivessel disease 21,578 (45.4%) 11,682 (45.4%) 9,896 (45.4%) 0.943 0.1

Left main PCI 1,079 (2.7%) 590 (2.7%) 489 (2.7%) 0.678 0.4

Mechanical circulatory

support

1,731 (3.6%) 930 (3.6%) 801 (3.7%) 0.759 0.3

Type C lesion 32,100 (67.5%) 17,164 (66.7%) 14,936 (68.4%) <0.001 3.7

Dose-area product (Gy�cm2) 104±176 107±167 101±185 <0.001 3.5

Air Kerma (Gy) 1.4±1.4 1.5±1.4 1.4±1.4 <0.001 7.2

Contrast volume (ml) 141±60 144±61 139±60 <0.001 8.5

Values are expressed as mean ± standard deviation, or n (%). Abbreviations: CABG, coronary artery bypass graft; eGFR, estimated glomerular filtration rate; LVEF, left

ventricular ejection fraction; NSTE-ACS, non-ST-elevation acute coronary syndrome; PCI, percutaneous intervention; SMD, standardized mean difference; STEMI, ST-

elevation myocardial infarction.

https://doi.org/10.1371/journal.pone.0273638.t001
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downloaded from: https://data.cdc.gov/Case-Surveillance/United-States-COVID-19-Cases-

and-Deaths-by-State-o/9mfq-cb36). Overall, primary PCI volumes were lower for almost any

given month in 2020, compared with 2019. There was a sharp decline in primary PCI between

February and May 2020, which began slightly before the first diagnosed COVID-19 case in

Michigan on March 11, 2020. Subsequent months saw a partial recovery in procedural vol-

umes. A similar, although much more pronounced, pattern was observed with regard to PCI

volume for all other indications. In particular, in April 2020 PCI volume was less than half of

what had been in April 2019.

Fig 3 displays monthly mortality rates for primary PCI in the pre-pandemic and pandemic

periods. Except for June and July, mortality rates were higher in 2020 compared with 2019. As

shown in S1 Fig, there were clinically negligible differences in the door-to-balloon times for

both cases with (pre-pandemic 113 (94–145) vs. pandemic 115.5 (95–146) min, p = 0.582) and

without (pre-pandemic 68 (53–84) vs. pandemic 69 (55–86) min, p = 0.002) transfer from

another facility. The overall symptoms-to-balloon time slightly increased from the pre-pan-

demic to the pandemic period: 158 (121–228.5) min vs. 166 (123–245.5) min (p = 0.007).

Subgroup analysis of COVID-19 positive vs. negative patients in the

pandemic cohort

S2 Fig presents COVID-19 status of the patients in the pandemic cohort. The chart highlights

how COVID-19 testing slowly became more widespread throughout 2020, so that by the end

of the year approximately two-thirds of patients undergoing PCI underwent testing. Table 3

shows a comparison of the clinical and procedural characteristics of patients who underwent

PCI in the pandemic period and had a positive (n = 93) vs. negative (n = 9,935) COVID-19

test. There were important differences between the two groups. COVID-19 patients had a

higher prevalence of black race (24.7% vs. 11.5%, SMD 34.9%), diabetes mellitus (51.6% vs.

41.9%, SMD 19.5%), presentation with STEMI (35.5% vs. 12.8%, SMD 55.1%), cardiac arrest

(4.3% vs. 0.9%, SMD 21.9%), multivessel disease (55.9% vs. 46.5%, SMD 19.0%), and need for

mechanical circulatory support (8.6% vs. 3.9%, SMD 19.5%).

Table 4 shows the in-hospital outcomes according to COVID-19 status. There were impor-

tant differences between groups for most outcomes. In particular, patients with COVID-19

suffered higher rates of death (12.9% vs. 2.0%, p<0.001, SMD 42.3%), AKI (8.8% vs. 3.9%,

Table 2. In-hospital outcomes in the overall population.

Overall

(n = 47,559)

March-December 2019 Pre-pandemic

(n = 25,737)

March-December 2020 Pandemic

(n = 21,822)

p SMD (%)

Heart failure 938 (2.0%) 549 (2.2%) 389 (1.8%) 0.005 2.6

Myocardial infarction 246 (0.5%) 151 (0.6%) 95 (0.4%) 0.025 2.1

Cardiogenic shock 804 (1.7%) 432 (1.7%) 372 (1.7%) 0.869 0.2

Acute kidney injury 1,177 (3.2%) 623 (3.1%) 554 (3.4%) 0.056 2.0

New requirement for

dialysis

195 (0.4%) 97 (0.4%) 98 (0.4%) 0.251 1.1

Major bleeding 461 (1.0%) 255 (1.0%) 206 (0.9%) 0.637 0.5

Transfusion 1,238 (2.6%) 671 (2.6%) 567 (2.6%) 0.975 0.1

Tamponade 71 (0.1%) 37 (0.1%) 34 (0.2%) 0.830 0.3

Stroke 209 (0.4%) 104 (0.4%) 105 (0.5%) 0.231 1.2

Death 879 (1.8%) 435 (1.7%) 444 (2.0%) 0.006 2.5

Values are expressed as n (%)

https://doi.org/10.1371/journal.pone.0273638.t002
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Fig 2. Monthly primary and non-primary PCI volume in the pre-pandemic (black) vs. pandemic (red) period. Monthly

COVID-19 case counts (blue) are also displayed. The first COVID-19 case in Michigan was diagnosed on March 11, 2020.

https://doi.org/10.1371/journal.pone.0273638.g002
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p = 0.050, SMD 20.3%), new requirement for dialysis (3.2% vs. 0.4%, p = 0.002, SMD 20.8%),

and transfusion (8.6% vs. 2.9%, p = 0.003, SMD 24.8%).

Adjusted comparisons of in-hospital outcomes

Fig 4 presents the risk-adjusted in-hospital outcome comparisons between the pre-pandemic

and pandemic period, as well as between subjects with a positive vs. negative COVID-19 test

in the 2020 cohort. Patients in the pandemic cohort suffered a higher adjusted risk of all-cause

death (BMC2 model: OR 1.26, 95% CI 1.07–1.47, p = 0.005; new NCDR model: OR 1.22, 95%

CI 1.05–1.41, p = 0.011), while differences in AKI, transfusion and major bleeding were non-

significant. On the other hand, COVID-19 patients in 2020 had higher adjusted risk of all-

cause death (BMC2 model: OR 5.69, 95% CI 2.54–12.74, p<0.001; new NCDR model: OR

5.28, 95% CI 2.42–11.53, p<0.001) and transfusion (OR 3.32, 95% CI 1.52–7.26, p = 0.003),

Fig 3. Primary PCI in-hospital mortality by month in the pre-pandemic (black) vs. pandemic (red) period.

https://doi.org/10.1371/journal.pone.0273638.g003
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compared with subjects with a negative COVID-19 test. To ascertain whether the higher

adjusted risk of mortality in the pandemic cohort was driven by inferior outcomes in COVID-

19 patients, we performed a sensitivity analysis excluding patients with a positive COVID-19

test in the pandemic cohort. As reported in S3 Fig, there remained an increase in the adjusted

risk of death in the pandemic cohort (OR 1.23, 95% CI 1.05–1.44, p = 0.012), thus indicating

that the observed higher mortality risk in the pandemic cohort was associated with worse out-

comes in both COVID-19 positive and negative patients. S4 Fig presents a risk-adjusted

Table 3. Clinical and procedural characteristics in patients with a positive vs. negative COVID-19 test in the pandemic period.

Overall (n = 10,028) COVID-19 negative (n = 9,935) COVID-19 positive (n = 93) p SMD (%)

Age (years) 66.9±11.7 67.0±11.7 66.0±13.1 0.446 7.5

Body mass index (kg/m2) 30.6±6.9 30.6±6.9 30.9±6.5 0.719 3.9

Sex (male) 6,681 (66.6%) 6,615 (66.6%) 66 (71.0%) 0.434 9.5

Race (black) 1,164 (11.6%) 1,141 (11.5%) 23 (24.7%) <0.001 34.9

Diabetes mellitus 4,212 (42.0%) 4,164 (41.9%) 48 (51.6%) 0.075 19.5

Hypertension 8,758 (87.3%) 8,681 (87.4%) 77 (82.8%) 0.242 12.9

Dyslipidemia 8,408 (83.9%) 8,335 (83.9%) 73 (78.5%) 0.203 13.9

Current smoker 2,269 (22.6) 2,260 (22.7%) 9 (9.7%) 0.004 36.0

Prior myocardial infarction 3,255 (32.5%) 3,232 (32.6%) 23 (25.0%) 0.153 16.7

Prior PCI 4,530 (45.2%) 4,497 (45.3%) 33 (35.5%) 0.073 20.1

Prior CABG 1,625 (16.2%) 1,614 (16.3%) 11 (11.8%) 0.311 12.8

Peripheral arterial disease 1,474 (14.7%) 1,467 (14.8%) 7 (7.5%) 0.069 23.2

Cerebrovascular disease 1,713 (17.1%) 1,703 (17.2%) 10 (10.8%) 0.135 18.6

Chronic lung disease 2,067 (20.6%) 2,053 (20.7%) 14 (15.1%) 0.228 14.7

Chronic heart failure 3,440 (34.3%) 3,415 (34.4%) 25 (26.9%) 0.159 16.3

Dialysis 358 (3.6%) 355 (3.6%) 3 (3.2%) 1 1.9

Atrial fibrillation 1,700 (17.0%) 1,688 (17.0%) 12 (12.9%) 0.365 11.5

eGFR (ml/min/1.73 m2) 70.4±24.7 70.4±24.7 67.9±28.6 0.329 9.5

Hemoglobin (g/dl) 13.3±2.1 13.3±2.1 13.1±2.1 0.284 11.3

LVEF (%) 50.8±14.4 50.8±14.4 50.4±12.4 0.816 3.5

LVEF�35% 1,203 (12.0%) 1,196 (12.0%) 7 (7.5%) 0.241 15.2

Presentation with NSTE-ACS 4,520 (45.1%) 4,472 (45.0%) 48 (51.6%) 0.243 13.2

Presentation with STEMI 1,301 (13.0%) 1,268 (12.8%) 33 (35.5%) <0.001 55.1

Cardiovascular instability� 1,973 (19.7%) 1,933 (19.5%) 40 (43.0%) <0.001 52.5

Cardiac arrest 89 (0.9%) 85 (0.9%) 4 (4.3%) 0.003 21.9

Radial access 5,470 (54.6%) 5,434 (54.7%) 36 (38.7%) 0.003 32.5

Multivessel disease 4,666 (46.5%) 4,614 (46.5%) 52 (55.9%) 0.086 19.0

Left main PCI 277 (3.3%) 275 (3.3%) 2 (2.4%) 0.900 5.2

Mechanical circulatory support 395 (3.9%) 387 (3.9%) 8 (8.6%) 0.040 19.5

Type C lesion 6,954 (69.3%) 6,888 (69.3%) 66 (71.0%) 0.820 3.6

Dose-area product (Gy�cm2) 99±159 99±159 104±96 0.776 3.8

Air Kerma (Gy) 1.4±1.4 1.4±1.4 1.5±1.4 0.378 9.4

Contrast volume (ml) 139±60 139±60 146±59 0.268 11.6

Values are expressed as mean ± standard deviation, or n (%).

� Cardiovascular instability includes: cardiogenic shock, hemodynamic instability, persistent ischemic symptoms, acute heart failure symptoms, ventricular arrhythmia,

and refractory shock.

Abbreviations: CABG, coronary artery bypass graft; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; NSTE-ACS, non-ST-elevation

acute coronary syndrome; PCI, percutaneous intervention; SMD, standardized mean difference; STEMI, ST-elevation myocardial infarction.

https://doi.org/10.1371/journal.pone.0273638.t003
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mortality comparison between the pre-pandemic and pandemic periods stratified by clinical

presentation. While there was no difference in the outcome of patients with non-ACS presen-

tation in the pandemic cohort (OR 1.02, 95% CI 0.66–1.58, p = 0.917), we observed a border-

line higher risk of mortality for NSTE-ACS presentation (OR 1.23, 95% CI 0.95–1.60,

p = 0.118) and a significantly higher mortality risk for STEMI patients (OR 1.34, 95% CI 1.07–

1.68, p = 0.010) in the pandemic cohort.

Discussion

The main findings of our study are: 1) there was a ~15% decrease in overall PCI volume from

the pre-pandemic to the pandemic period, which was observed for all presentations (stable

CAD, NSTE-ACS, and STEMI) and was particularly marked in the winter and spring months;

2) despite similar clinical and procedural characteristics of the study population in the two

periods, monthly mortality rates for primary PCI were in general higher in the pandemic

period, a finding that was however not related to clinically significant system delays in STEMI

care; 3) in the pandemic period, COVID-19 positive patients undergoing PCI had markedly

higher prevalence of baseline clinical and presentation features indicative of higher severity of

illness (including STEMI, cardiac arrest, multivessel disease and need for mechanical circula-

tory support), which was associated with worse clinical outcomes; 4) compared with patients

undergoing PCI in the pre-pandemic period, those undergoing PCI in the pandemic period

had a higher risk of death, a finding that was only partially explained by worse outcomes

observed in COVID-19 patients, and seemed to be more pronounced in subjects presenting

with ACS (particularly STEMI).

Compared with prior literature, our report presents several unique strengths: 1) it provides

in-depth insights on the outcomes of all-comers undergoing PCI before and during the

COVID-19 pandemic; 2) it gives a representative snapshot of the outcomes of patients under-

going PCI in the whole State of Michigan (population: 10 million), thus avoiding issues related

to selection bias; 3) our analysis covers a longer period compared to initial reports that exclu-

sively focused on the “first wave” of the pandemic, thus providing additional insights on the

evolution of these complex phenomena over time.

Kwok et al. [18] reported a sharp decrease (49%) in the overall PCI volume in England after

the March 23, 2020 lockdown. This was particularly pronounced for patients undergoing PCI

for stable CAD. These observations parallel our study findings. However, the authors reported

a lower risk profile in patients undergoing PCI after the lockdown (particularly for

Table 4. In-hospital outcomes in patients with a positive vs. negative COVID-19 test in the pandemic period.

Overall (n = 10,028) COVID-19 negative (n = 9,935) COVID-19 positive (n = 93) p SMD (%)

Heart failure 163 (1.6%) 159 (1.6%) 4 (4.3%) 0.102 16.0

Myocardial infarction 46 (0.5%) 46 (0.5%) 0 1 9.6

Cardiogenic shock 143 (1.4%) 141 (1.4%) 2 (2.2%) 0.879 5.5

Acute kidney injury 297 (3.9%) 290 (3.9%) 7 (8.8%) 0.050 20.3

New requirement for dialysis 47 (0.5%) 44 (0.4%) 3 (3.2%) 0.002 20.8

Major bleeding 87 (0.9%) 85 (0.9%) 2 (2.2%) 0.436 10.7

Transfusion 294 (2.9%) 286 (2.9%) 8 (8.6%) 0.003 24.8

Tamponade 16 (0.2%) 16 (0.2%) 0 1 5.7

Stroke 60 (0.6%) 60 (0.6%) 0 0.939 11.0

Death 214 (2.1%) 202 (2.0%) 12 (12.9%) <0.001 42.3

Values are expressed as n (%)

https://doi.org/10.1371/journal.pone.0273638.t004
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Fig 4. Risk-adjusted outcome comparison between (A) the pre-pandemic and pandemic period, and (B) within the

pandemic cohort, between COVID-19 positive and negative patients. Abbreviations: AKI, acute kidney injury; CI,

confidence interval; OR, odds ratio.

https://doi.org/10.1371/journal.pone.0273638.g004
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NSTE-ACS), thus reflecting a more conservative approach towards older patients and those

with comorbidities. In contrast, we did not observe a change in clinical and procedural charac-

teristics between the pre-pandemic and pandemic period. Further insights and comparisons

are limited by the lack of COVID-19 status information and in-hospital outcomes, as well as

the shorter inclusion period (until April 2020), in the study by Kwok et al. [18].

Garcia et al. [14] reported on the outcomes of COVID-19 patients presenting with STEMI

at selected sites in North America. Similar to our findings, they observed a higher prevalence

of minority ethnicities (Hispanics and Blacks), baseline comorbidities, as well as adverse clini-

cal presentation (cardiogenic shock), in COVID-19 positive patients, which paralleled a

markedly increased incidence of a composite endpoint of in-hospital death, stroke, recurrent

myocardial infarction, or repeat unplanned revascularization in such group, compared with

COVID-19 negative subjects (36% vs. 5%, p<0.001). These observations are to be put into the

context of a 38% reduction in STEMI catheterization laboratory activations in the first quarter

of 2020 in the U.S. [15]. A marked decrease in the rates of admission for STEMI and

NSTE-ACS was also reported in Northern Italy during the first month of the pandemic [12],

and COVID-19 patients presenting with STEMI from the same geographic area suffered a very

high mortality (39%) [16]. Similarly, Kite et al. [10] found a higher risk of mortality in

COVID-19 patients presenting with ACS in a propensity score-adjusted comparison with pre-

pandemic ACS patients.

Mohamed et al. [29] reported a marked decrease in cardiac procedures in England between

January and May 2020. Cardiac catheterization and device implantations were the most

affected in terms of absolute numbers. Of note, for these two procedures an increase in 30-day

mortality was observed, suggesting that perhaps those were performed in higher-risk patients

for whom deferral (or non-invasive evaluation, in case of cardiac catheterization) was not

possible.

We found that monthly mortality rates for patients undergoing PCI for STEMI were higher

in the pandemic period (except for June and July 2020). Data from Hong Kong during the first

two weeks of the pandemic highlight an important prolongation of STEMI time metrics such

as symptom-to-first-medical-contact and door-to-balloon times [3]. However, such an issue

was not observed in our cohort, where door-to-balloon times were prolonged by ~1–2 minutes

only (S1 Fig) and overall symptoms-to-balloon time suffered a median increase of just 8 min-

utes. Therefore, differences in system delays for STEMI care were unlikely to be responsible

for the differences in outcomes during the first 9 months of the pandemic in Michigan and

possibly indicated effective organizational restructuring.

In an effort to identify the reason underlying the higher risk-adjusted mortality in all-com-

ers undergoing PCI during the pandemic, we performed additional sensitivity and stratified

analyses, which demonstrated that such finding was more pronounced in patients presenting

with ACS (particularly STEMI) and was only partially explained by worse outcomes observed

in subjects with COVID-19. Several authors have analyzed the “collateral damage” of the

COVID-19 pandemic to cardiac care in non-COVID-19 subjects. Moroni et al. [11] first

reported on the phenomenon of medical care avoidance among ACS patients during the first

weeks of the pandemic in Italy. Early in the course of the pandemic, public health officials and

the media were discouraging the population from seeking care in the emergency room setting

to limit the spread of COVID-19. In this context, several patients who were not infected with

COVID-19 suffered complications of myocardial infarction associated with late presentation

(left ventricular thrombosis with systemic embolization, cardiogenic shock, papillary muscle

and free-wall rupture, etc.). Further adjustments in public health information of the general

population, as well as better COVID-19 containment measures, have likely mitigated this phe-

nomenon. However, many have speculated that the pandemic might exert a persistent, longer-

PLOS ONE PCI outcomes during the COVID-19 pandemic

PLOS ONE | https://doi.org/10.1371/journal.pone.0273638 September 26, 2022 12 / 16

https://doi.org/10.1371/journal.pone.0273638


term effect in reducing the access to state-of-the-art care for life-threatening cardiac condi-

tions, such as aortic stenosis or complex, multivessel or left main CAD [29, 30].

Limitations

This is a retrospective study, and it is susceptible to limitations ascribed to such a study design.

In particular, no causality can be claimed for any of the clinical associations we observed. The

subanalysis in the pandemic cohort according to COVID-19 status is limited by the fact that

COVID-19 testing was performed in only 46% of patients in such cohort due to limited test

availability, particularly in the earlier months of the pandemic. While we were able to rule out

specific causes underlying our key study findings (e.g., that the higher risk-adjusted mortality

observed in the pandemic cohort could be exclusively linked to worse outcomes in COVID-19

patients), we were not able to positively identify the reasons for such findings, and the theory

of the “collateral damage” of the pandemic on cardiovascular care delivery in non-COVID-19

patients remains purely speculative. The data from Michigan reflect the experience of a long-

standing quality improvement collaborative that actively shared best practices for catheteriza-

tion laboratory response to COVID and may not be generalizable to all health systems. Finally,

our registry included only patients who actually underwent PCI and we cannot provide

insights on the volume trends and outcomes of patients who presented with ACS or stable

CAD but who did not undergo PCI.

Conclusions

We observed a ~15% reduction in PCI volumes for all indications between March and Decem-

ber 2020 in Michigan. Although patient and procedural characteristics remained essentially

stable between 2019 and 2020, higher risk-adjusted mortality was observed during the pan-

demic, a finding that was not completely explained by worse outcomes in COVID-19 patients

and was more pronounced in subjects presenting with ACS (particularly STEMI), raising the

possibility of an indirect effect of the pandemic on cardiovascular care delivery in non-

COVID-19 patients. In the pandemic cohort, COVID-19 patients suffered higher risk-adjusted

mortality.

Supporting information

S1 Fig. Boxplots comparing door-to-balloon times for primary PCI in the pre-pandemic

(2019) vs. pandemic (2020) period.

(TIF)

S2 Fig. COVID-19 status of the patients in the pandemic (2020) cohort.

(TIF)

S3 Fig. Risk-adjusted in-hospital outcomes in the pre-pandemic (2019) vs. pandemic

(2020) periods, excluding COVID-19-positive patients in the 2020 cohort.

(TIF)

S4 Fig. Risk-adjusted mortality comparison between the pre-pandemic (2019) and pan-

demic (2020) periods stratified by clinical presentation.

(TIF)

Author Contributions

Conceptualization: Lorenzo Azzalini, Devraj Sukul, Hitinder S. Gurm.

PLOS ONE PCI outcomes during the COVID-19 pandemic

PLOS ONE | https://doi.org/10.1371/journal.pone.0273638 September 26, 2022 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273638.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273638.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273638.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273638.s004
https://doi.org/10.1371/journal.pone.0273638


Data curation: Milan Seth.

Formal analysis: Milan Seth.

Funding acquisition: Hitinder S. Gurm.

Investigation: Lorenzo Azzalini, Devraj Sukul, Javier A. Valle, Edouard Daher, Brett Wana-

maker, Michael T. Tucciarone, Anwar Zaitoun, Ryan D. Madder, Hitinder S. Gurm.

Methodology: Milan Seth, Hitinder S. Gurm.

Project administration: Milan Seth, Hitinder S. Gurm.

Supervision: Lorenzo Azzalini, Hitinder S. Gurm.

Writing – original draft: Lorenzo Azzalini, Milan Seth.

Writing – review & editing: Devraj Sukul, Javier A. Valle, Edouard Daher, Brett Wanamaker,

Michael T. Tucciarone, Anwar Zaitoun, Ryan D. Madder, Hitinder S. Gurm.

References
1. Boukhris M, Hillani A, Moroni F, Annabi MS, Addad F, Ribeiro MH, et al. Cardiovascular implications of

the COVID-19 pandemic: a global perspective. Can J Cardiol. 2020; 36:1068–80. https://doi.org/10.

1016/j.cjca.2020.05.018 PMID: 32425328

2. Mahmud E, Dauerman HL, Welt FGP, Messenger JC, Rao SV, Grines C, et al. Management of acute

myocardial infarction during the COVID-19 pandemic: a consensus statement from the Society for Car-

diovascular Angiography and Interventions (SCAI), the American College of Cardiology (ACC), and the

American College of Emergency Physici. Catheter Cardiovasc Interv. 2020; 96:336–45.

3. Tam CCF, Cheung KS, Lam S, Wong A, Yung A, Sze M, et al. Impact of Coronavirus Disease 2019

(COVID-19) outbreak on ST-segment-elevation myocardial infarction care in Hong Kong, China. Circ

Cardiovasc Qual Outcomes. 2020; 13:e006631. https://doi.org/10.1161/CIRCOUTCOMES.120.

006631 PMID: 32182131

4. Driggin E, Madhavan M V., Bikdeli B, Chuich T, Laracy J, Biondi-Zoccai G et al. Cardiovascular consid-

erations for patients, health care workers, and health systems during the COVID-19 Pandemic. J Am

Coll Cardiol. 2020; 75:2352–71. https://doi.org/10.1016/j.jacc.2020.03.031 PMID: 32201335

5. Szerlip M, Anwaruddin S, Aronow HD, Cohen MG, Daniels MJ, Dehghani P, et al. Considerations for

cardiac catheterization laboratory procedures during the COVID-19 pandemic: perspectives from the

Society for Cardiovascular Angiography and Interventions Emerging Leader Mentorship (SCAI ELM)

Members and Graduates. Catheter Cardiovasc Interv. 2020; 96:586–97. https://doi.org/10.1002/ccd.

28887 PMID: 32212409

6. Tam CCF, Cheung KS, Lam S, Wong A, Yung A, Sze M, et al. Impact of coronavirus disease 2019

(COVID-19) outbreak on outcome of myocardial infarction in Hong Kong, China. Catheter Cardiovasc

Interv. 2021; 97:E194–7. https://doi.org/10.1002/ccd.28943 PMID: 32367683

7. Chew NW, Ow ZGW, Teo VXY, Heng RRY, Ng CH, Lee CH, et al. The global impact of the COVID-19

pandemic on STEMI care: a systematic review and meta-analysis. Can J Cardiol. 2021;Apr 10.

8. De Luca G, Verdoia M, Cercek M, Jensen LO, Vavlukis M, Calmac L, et al. Impact of COVID-19 pan-

demic on mechanical reperfusion for patients with STEMI. J Am Coll Cardiol. 2020; 76:2321–30. https://

doi.org/10.1016/j.jacc.2020.09.546 PMID: 33183506

9. De Rosa S, Spaccarotella C, Basso C, CalabròMP, Curcio A, Perrone Filardi P, et al. Reduction of hos-

pitalizations for myocardial infarction in Italy in the COVID-19 era. Eur Heart J. 2020; 41:2083–8. https://

doi.org/10.1093/eurheartj/ehaa409 PMID: 32412631

10. Kite TA, Ludman PF, Gale CP, Wu J, Caixeta A, Mansourati J, et al. International prospective registry of

acute coronary syndromes in patients with COVID-19. J Am Coll Cardiol. 2021; 77:2466–76. https://doi.

org/10.1016/j.jacc.2021.03.309 PMID: 34016259

11. Moroni F, Gramegna M, Ajello S, Beneduce A, Baldetti L, Vilca LM, et al. Collateral damage: medical

care avoidance behavior among patients with myocardial infarction during the COVID-19 pandemic.

JACC Case Reports. 2020; 2:1620–4. https://doi.org/10.1016/j.jaccas.2020.04.010 PMID: 32835261

12. De Filippo O D’Ascenzo F, Angelini F, Bocchino PP, Conrotto F, Saglietto A, et al. Reduced rate of hos-

pital admissions for ACS during Covid-19 outbreak in Northern Italy. N Engl J Med. 2020; 383:88–9.

https://doi.org/10.1056/NEJMc2009166 PMID: 32343497

PLOS ONE PCI outcomes during the COVID-19 pandemic

PLOS ONE | https://doi.org/10.1371/journal.pone.0273638 September 26, 2022 14 / 16

https://doi.org/10.1016/j.cjca.2020.05.018
https://doi.org/10.1016/j.cjca.2020.05.018
http://www.ncbi.nlm.nih.gov/pubmed/32425328
https://doi.org/10.1161/CIRCOUTCOMES.120.006631
https://doi.org/10.1161/CIRCOUTCOMES.120.006631
http://www.ncbi.nlm.nih.gov/pubmed/32182131
https://doi.org/10.1016/j.jacc.2020.03.031
http://www.ncbi.nlm.nih.gov/pubmed/32201335
https://doi.org/10.1002/ccd.28887
https://doi.org/10.1002/ccd.28887
http://www.ncbi.nlm.nih.gov/pubmed/32212409
https://doi.org/10.1002/ccd.28943
http://www.ncbi.nlm.nih.gov/pubmed/32367683
https://doi.org/10.1016/j.jacc.2020.09.546
https://doi.org/10.1016/j.jacc.2020.09.546
http://www.ncbi.nlm.nih.gov/pubmed/33183506
https://doi.org/10.1093/eurheartj/ehaa409
https://doi.org/10.1093/eurheartj/ehaa409
http://www.ncbi.nlm.nih.gov/pubmed/32412631
https://doi.org/10.1016/j.jacc.2021.03.309
https://doi.org/10.1016/j.jacc.2021.03.309
http://www.ncbi.nlm.nih.gov/pubmed/34016259
https://doi.org/10.1016/j.jaccas.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32835261
https://doi.org/10.1056/NEJMc2009166
http://www.ncbi.nlm.nih.gov/pubmed/32343497
https://doi.org/10.1371/journal.pone.0273638


13. Baldi E, Sechi GM, Mare C, Canevari F, Brancaglione A, Primi R, et al. Out-of-hospital cardiac arrest

during the Covid-19 outbreak in Italy. N Engl J Med. 2020; 383:496–8. https://doi.org/10.1056/

NEJMc2010418 PMID: 32348640

14. Garcia S, Dehghani P, Grines C, Davidson L, Nayak KR, Saw J, et al. Initial findings from the North

American COVID-19 Myocardial Infarction Registry. J Am Coll Cardiol. 2021; 77:1994–2003. https://

doi.org/10.1016/j.jacc.2021.02.055 PMID: 33888249

15. Garcia S, Albaghdadi MS, Meraj PM, Schmidt C, Garberich R, Jaffer FA, et al. Reduction in ST-seg-

ment elevation cardiac catheterization laboratory activations in the United States during COVID-19 pan-

demic. J Am Coll Cardiol. 2020; 75:2871–2. https://doi.org/10.1016/j.jacc.2020.04.011 PMID:

32283124

16. Stefanini GG, Montorfano M, Trabattoni D, Andreini D, Ferrante G, Ancona M, et al. ST-elevation myo-

cardial infarction in patients with COVID-19: clinical and angiographic outcomes. Circulation. 2020;

141:2113–6. https://doi.org/10.1161/CIRCULATIONAHA.120.047525 PMID: 32352306

17. Piccolo R, Bruzzese D, Mauro C, Aloia A, Baldi C, Boccalatte M, et al. Population trends in rates of per-

cutaneous coronary revascularization for acute coronary syndromes associated with the COVID-19 out-

break. Circulation. 2020; 141:2035–7. https://doi.org/10.1161/CIRCULATIONAHA.120.047457 PMID:

32352318

18. Kwok CS, Gale CP, Curzen N, De Belder MA, Ludman P, Lüscher TF, et al. Impact of the COVID-19
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