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Excess cardiovascular mortality across 
multiple COVID-19 waves in the United States 
from March 2020 to March 2022

Lefei Han    1,2,6, Shi Zhao3,6, Siyuan Li4,6, Siyu Gu1,2, Xiaobei Deng4, Lin Yang    5  
& Jinjun Ran    4 

The COVID-19 pandemic has limited the access of patients with 
cardiovascular diseases to healthcare services, causing excess deaths. 
However, a detailed analysis of temporal variations of excess cardiovascular 
mortality during the COVID-19 pandemic has been lacking. Here we estimate 
time-varied excess cardiovascular deaths (observed deaths versus expected 
deaths predicted by the negative binomial log-linear regression model) 
in the United States. From March 2020 to March 2022 there were 90,160 
excess cardiovascular deaths, or 4.9% more cardiovascular deaths than 
expected. Two large peaks of national excess cardiovascular mortality were 
observed during the periods of March–June 2020 and June–November 2021, 
coinciding with two peaks of COVID-19 deaths, but the temporal patterns 
varied by state, age, sex and race and ethnicity. The excess cardiovascular 
death percentages were 5.7% and 4.0% in men and women, respectively, and 
3.6%, 8.8%, 7.5% and 7.7% in non-Hispanic White, Black, Asian and Hispanic 
people, respectively. Our data highlight an urgent need for healthcare 
services optimization for patients with cardiovascular diseases in the 
COVID-19 era.

Since the first reported case of the coronavirus disease 2019  
(COVID-19) in December 2019, the pandemic has caused 18.2 million 
deaths worldwide in the first two years, including 5.9 million reported 
COVID-19 deaths and other deaths due to the pandemic (measured as 
excess mortality)1. As of July 2022, the United States have experienced 
multiple waves of the COVID-19 pandemic with different dominating 
SARS-CoV-2 variants and profiles in virulence, and over one million 
deaths due to COVID-19 infections have been reported2. Beyond the 
deaths directly caused by COVID-19, unexpected deaths have also 
increased dramatically among non-COVID-19 patients with chronic 
medical conditions such as cardiovascular diseases (CVDs)3, diabetes4, 
Alzheimer’s disease5 and renal failure6. The increased non-COVID-19 

deaths could be partly explained by overburdened healthcare ser-
vices, delayed admissions of patients and changed health-seeking 
behaviors3,7–9. During the pandemic, the healthcare authorities in the 
United States have reallocated healthcare resources to improve the 
service capacity for non-COVID-19 patients. However, the impact of 
multiple waves of the pandemic on other diseases warrants more in-
depth evaluations.

The disruption of CVD management in the early phase of the 
pandemic has been reported worldwide. Studies in the United States 
reported a decline in hospitalizations of acute cardiovascular events 
and a dramatic increase in out-of-hospital cardiac arrest events and 
deaths10,11. Elevated numbers of CVD mortality were also observed 
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A slight spatial autocorrelation of excess percentages was observed 
from Wave I to Wave III, but this vanished from Wave IV (Supplementary 
Table 39). In 2020–2021, there was a 7.2% (95% CI 7.1%; 7.3%) increase 
in IHD deaths, and a 4.7% (95% CI 4.5%; 4.9%) increase in 2021–2022. 
Substantial IHD death increases were observed in Wave I in New York 
(excess percentage 42.0% (95% CI 39.2%; 44.8%)) and New Jersey (excess 
percentage 30.7% (95% CI 30.0%; 31.4%)). The excess mortalities by 
state in the first and second pandemic years are shown in Fig. 3. The 
excess deaths, mortalities and percentages of CVD and its subtypes by 
state, COVID-19 pandemic wave and year of pandemic can be found in 
Extended Data Figs. 1 and 2 and Supplementary Tables 2–38.

Excess deaths and excess percentage changes of CVDs were 
disproportionally distributed by age, sex and race and ethnicity and 
showed different temporal patterns (Fig. 4, Extended Data Fig. 3 and 
Supplementary Table 40). We used another data source from the Wide-
ranging Online Data for Epidemiologic Research (WONDER) database 
to investigate demographic disparities in excess CVD deaths17. The 
results showed that throughout the study period there was an 11.0% 
(95% CI 10.8%; 11.2%) excess percentage increase of CVD deaths in 
adults aged 20–64 years, a 5.6% (95% CI 5.5%; 5.7%) increase in adults 
aged 65–84 years and a 1.0% (95% CI 0.8%; 1.2%) increase in adults aged 
85 years and over. The excess percentage of CVDs was larger in males 
(5.7% (95% CI 5.6%; 5.8%)) than in females (4.0% (95% CI 3.9%; 4.1%)). The 
excess percentage of CVDs was 8.8% (95% CI 8.6%; 9.0%) in non-Hispanic 
Black people, 7.5% (95% CI 7.1%; 7.9%) in non-Hispanic Asian people, 7.7% 
(95% CI 7.4%; 8.0%) in Hispanic people and 3.6% (95% CI 3.5%; 3.7%) in 
non-Hispanic White people. It should be noted that the estimates from 
the WONDER database might be slightly different from those from the 
NCHS database because of the different reference periods and slight 
discrepancies of total death counts in the two datasets (refer to Meth-
ods for details). Nevertheless, the results were generally robust for the 
main analyses and demographic subgroup analyses when using the 
periodic spline with various degrees of freedom in regression models 
(Supplementary Tables 41 and 42).

Discussion
That the COVID-19 pandemic indirectly led to increased CVD deaths 
has been reported in many countries during the initial phase of the 
pandemic. The existing evidence limited the study periods to half a year 
or one year and mainly focused on the whole period3,13,15,18–25. After more 
than two years of living with the pandemic, we updated the evaluation 
for a longer period. We found that, nationwide, increased CVD deaths 
have persisted throughout the two years and the trajectory of excess 
CVD deaths was almost coincident with the COVID-19 death waves in 
the United States. The spatial distribution of excess CVD mortality 
varied by region and COVID-19 death wave. New York and New Jersey 
suffered the most during the first pandemic wave but were mitigated 
subsequently. Broader increases in excess CVD deaths were shown in 
the second wave and slightly mitigated in the third wave. The fourth 
wave was the most severe across the United States, while the severity 
was moderately reduced in the fifth wave.

The COVID-19 pandemic has substantially interrupted cardio-
vascular medical care worldwide. Our findings were consistent with 
previous studies, showing that the excess CVD deaths were dominated 
by acute CVD events, which might require emergent treatments, includ-
ing IHD, hypertensive disease and cerebrovascular disease3,13,15,21,23,25. 
During the pandemic, healthcare systems had to engage in substantial 
efforts against the COVID-19 pandemic, resulting in indirect disrup-
tion of the routine services and emergency services of cardiovascular 
medical care. This could be one explanation for the trajectory syn-
chronization between COVID-19 deaths and excess CVD deaths. An 
international survey from 108 countries indicated that the volume of 
cardiac diagnostic testing declined by 64% in April 2020 compared with 
March 201926. On the other hand, CVD patients may have been reluctant 
to seek medication in an effort to avoid in-hospital COVID-19 infection. 

in the United States and other countries in the early phase3,12–15. The 
continuing threats of the pandemic may bring profound impacts on 
patients with CVD. It is important to further investigate the indirect 
impact of the COVID-19 pandemic on patients with CVD within a longer 
observation period and explore temporal variations seen.

In this study, we estimated and compared the excess mortality due 
to CVDs across the multiple pandemic waves in the United States. These 
estimates may provide insights into the short- and long-term impacts 
of the COVID-19 pandemic on the circulatory system, which is impor-
tant information for the authorities when optimizing the allocation 
of healthcare resources to CVD patients amid the ongoing pandemic.

Results
From 1 March 2020 to 26 March 2022, there were 1,946,662 documented 
CVD deaths reported by the National Center for Health Statistics 
(NCHS) of the Centers for Disease Control and Prevention (CDC) in 
the United States16. This exceeded the expected level of deaths by 4.9% 
(95% confidence interval (CI) 4.8%; 5.0%), which projected to 90,160 
(95% CI 88,630; 91,609) excess CVD deaths, including 47,703 (95% CI 
46,635; 48,653) in the period 2020–2021 and 42,457 (95% CI 41,170; 
43,681) in the period 2021–2022 (Table 1).

We observed that the trajectory of nationwide excess CVD deaths 
had five waves during the period (Fig. 1), which coincided with the tra-
jectory of COVID-19 deaths. The correlation between excess CVD deaths 
and COVID-19 deaths by state and wave are shown in Supplementary 
Table 1. During Wave I (1 March 2020 to 6 June 2020), we observed a 
sharp increase in excess CVD deaths. Specifically, there was an 8.6% 
(95% CI 8.4%; 8.8%) increase in deaths due to ischemic heart disease 
(IHD) and a 13.2% (95% CI 12.9%; 13.5%) increase in deaths due to hyper-
tensive disease. During Wave II (7 June 2020 to 3 October 2020), the 
curves of COVID-19 deaths and excess CVD deaths were both milder. 
Although there was a large peak of COVID-19 during Wave III (4 October 
2020 to 26 June 2021), the excess CVD deaths were lower compared 
to those in previous waves. The largest number of excess deaths was 
observed in Wave IV (27 June 2021 to 27 November 2021), which involved 
90.2 deaths per million persons (95% CI 88.3; 92.2). During Waves IV and 
V (28 November 2021 to 26 March 2022), the trends of excess deaths for 
IHD, hypertensive disease, cerebrovascular disease and other diseases 
of the circulatory system were almost proportionally synchronous with 
the death curve of COVID-19. We did not observe excess deaths from 
heart failure throughout the whole study period. Among excess deaths 
due to CVDs, deaths due to IHD accounted for the largest proportion 
(49.0%) during the study period, followed by hypertensive disease 
(24.7%), cerebrovascular disease (19.0%) and other diseases of the 
circulatory system (15.6%).

The excess CVD mortalities and percentages varied by state and 
wave. During the study period, Mississippi, Maine, South Carolina, 
Vermont, Alabama, Oklahoma, Nebraska, Louisiana, Georgia and Ten-
nessee were most affected (excess mortalities ranged from 491.2 to 
844.4 per million persons). During Wave I, there were 31 states that 
showed notable increases in CVD deaths. Among them, New York and 
New Jersey showed the greatest increases in CVD deaths, with increases 
of 34.0% (95% CI 32.4%; 35.6%) and 23.3% (95% CI 22.8%; 23.8%), respec-
tively, compared with the expected levels. During Wave II, the excess 
deaths expanded to 38 states and the excess percentage estimates were 
increased in most states. By contrast, the excess percentages in New 
York and New Jersey were largely mitigated. During the long period of 
Wave III, although a few southern states showed greater excess mor-
talities, the magnitudes of the excess percentage in CVD deaths were 
widely mitigated in many states. In Wave IV, there were broad increases 
in CVD deaths, with 46 states showing marked increases. The largest 
increases were shown in Vermont and Maine (excess percentage 36.9% 
(95% CI 34.3%; 39.5%) and 29.8% (95% CI 28.2%; 31.4%), respectively). In 
Wave V, the increased CVD deaths were still clearly observed in most 
states but the peaks were lower than they were in Wave IV (Fig. 2).  
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Table 1 | Estimated excess mortality in CVDs in the United States from March 2020 to March 2022

Periodsa No. of observed 
deaths

No. of expected deaths (95% CI) No. of excess deaths  
(95% CI)

Weekly average no. 
of estimated excess 
deaths (95% CI)

Excess mortality 
per million persons 
(95% CI)

Excess (%)  
(95% CI)b

CVDs

Overall 1,946,662 1,856,502 (1,855,053; 1,858,032) 90,160 (88,630; 91,609) 835 (821; 848) 274.8 (270.1; 279.2) 4.9 (4.8; 5.0)

2020–2021 934,004 886,301 (885,351; 887,369) 47,703 (46,635; 48,653) 917 (897; 936) 145.9 (142.7; 148.8) 5.4 (5.3; 5.5)

2021–2022 1,012,658 970,201 (968,977; 971,488) 42,457 (41,170; 43,681) 758 (735; 780) 129.0 (125.1; 132.7) 4.4 (4.3; 4.5)

Wave I 251,248 238,595 (238,138; 239,056) 12,653 (12,192; 13,110) 904 (871; 936) 38.7 (37.3; 40.1) 5.3 (5.1; 5.5)

Wave II 287,889 268,278 (267,778; 268,740) 19,611 (19,149; 20,111) 1,154 (1,126; 1,183) 60.1 (58.6; 61.6) 7.3 (7.1; 7.5)

Wave III 685,194 671,734 (670,796; 672,696) 13,460 (12,498; 14,398) 354 (329; 379) 41.0 (38.1; 43.9) 2.0 (1.9; 2.1)

Wave IV 387,959 358,316 (357,662; 358,935) 29,643 (29,024; 30,297) 1,347 (1,319; 1,377) 90.2 (88.3; 92.2) 8.3 (8.1; 8.5)

Wave V 334,372 319,579 (318,732; 320,353) 14,793 (14,019; 15,640) 870 (825; 920) 44.8 (42.5; 47.4) 4.6 (4.3; 4.9)

Hypertensive 
disease

Overall 259,073 236,790 (236,491; 237,113) 22,283 (21,960; 22,582) 206 (203; 209) 67.9 (66.9; 68.8) 9.4 (9.3; 9.5)

2020–2021 123,134 109,831 (109,641; 110,048) 13,303 (13,086; 13,493) 256 (252; 259) 40.7 (40.0; 41.3) 12.1 (11.9; 12.3)

2021–2022 135,939 126,959 (126,700; 127,236) 8,980 (8,703; 9,239) 160 (155; 165) 27.3 (26.4; 28.1) 7.1 (6.9; 7.3)

Wave I 32,865 29,025 (28,935; 29,116) 3,840 (3,749; 3,930) 274 (268; 281) 11.8 (11.5; 12.0) 13.2 (12.9; 13.5)

Wave II 37,590 32,981 (32,881; 33,074) 4,609 (4,516; 4,709) 271 (266; 277) 14.1 (13.8; 14.4) 14.0 (13.7; 14.3)

Wave III 90,663 85,335 (85,143; 85,533) 5,328 (5,130; 5,520) 140 (135; 145) 16.2 (15.6; 16.8) 6.2 (6.0; 6.4)

Wave IV 52,211 46,583 (46,445; 46,715) 5,628 (5,496; 5,766) 256 (250; 262) 17.1 (16.7; 17.5) 12.1 (11.8; 12.4)

Wave V 45,744 42,867 (42,683; 43,036) 2,877 (2,708; 3,061) 169 (159; 180) 8.7 (8.2; 9.3) 6.7 (6.3; 7.1)

IHD

Overall 791,735 747,553 (746,861; 748,283) 44,182 (43,452; 44,874) 409 (402; 416) 134.7 (132.4; 136.8) 5.9 (5.8; 6.0)

2020–2021 385,660 359,873 (359,416; 360,388) 25,787 (25,272; 26,244) 496 (486; 505) 78.9 (77.3; 80.3) 7.2 (7.1; 7.3)

2021–2022 406,075 387,680 (387,101; 388,289) 18,395 (17,786; 18,974) 328 (318; 339) 55.9 (54.0; 57.6) 4.7 (4.5; 4.9)

Wave I 105,563 97,203 (96,983; 97,426) 8,360 (8,137; 8,580) 597 (581; 613) 25.6 (24.9; 26.3) 8.6 (8.4; 8.8)

Wave II 118,543 108,862 (108,622; 109,086) 9,681 (9,457; 9,921) 569 (556; 584) 29.6 (29.0; 30.4) 8.9 (8.7; 9.1)

Wave III 278,844 271,128 (270,680; 271,590) 7,716 (7,254; 8,164) 203 (191; 215) 23.5 (22.1; 24.9) 2.8 (2.6; 3.0)

Wave IV 155,190 142,970 (142,661; 143,263) 12,220 (11,927; 12,529) 555 (542; 570) 37.2 (36.3; 38.1) 8.5 (8.3; 8.7)

Wave V 133,595 127,389 (126,990; 127,753) 6,206 (5,842; 6,605) 365 (344; 389) 18.8 (17.7; 20.0) 4.9 (4.6; 5.2)

Heart failure

Overall 177,317 189,516 (189,294; 189,752) −12,199 (−12,435; −11,977) −113 (−115; −111) −37.2 (−37.9; −36.5) −6.4 (−6.5; −6.3)

2020–2021 84,329 89,317 (89,174; 89,478) −4,988 (−5,149; −4,845) −96 (−99; −93) −15.3 (−15.8; −14.8) −5.6 (−5.8; −5.4)

2021–2022 92,988 100,200 (100,011; 100,398) −7,212 (−7,410; −7,023) −129 (−132; −125) −21.9 (−22.5; −21.3) −7.2 (−7.4; −7.0)

Wave I 23,503 24,302 (24,233; 24,373) −799 (−870; −730) −57 (−62; −52) −2.4 (−2.7; −2.2) −3.3 (−3.6; −3.0)

Wave II 25,690 26,778 (26,703; 26,848) −1,088 (−1,158; −1,013) −64 (−68; −60) −3.3 (−3.5; −3.1) −4.1 (−4.4; −3.8)

Wave III 61,560 68,624 (68,483; 68,770) −7,064 (−7,210; −6,923) −186 (−190; −182) −21.5 (−22.0; −21.1) −10.3 (−10.5; 
−10.1)

Wave IV 35,708 36,483 (36,384; 36,578) −775 (−870; −676) −35 (−40; −31) −2.4 (−2.6; −2.1) −2.1 (−2.4; −1.8)

Wave V 30,856 33,329 (33,197; 33,449) −2,473 (−2,593; −2,341) −145 (−153; −138) −7.5 (−7.9; −7.1) −7.4 (−7.8; −7.0)

Cerebrovascular 
disease

Overall 338,832 321,674 (321,364; 322,001) 17,158 (16,831; 17,468) 159 (156; 162) 52.3 (51.3; 53.2) 5.3 (5.2; 5.4)

2020–2021 161,376 153,192 (152,990; 153,422) 8,184 (7,954; 8,386) 157 (153; 161) 25.0 (24.3; 25.7) 5.3 (5.2; 5.4)

2021–2022 177,456 168,481 (168,221; 168,756) 8,975 (8,700; 9,235) 160 (155; 165) 27.3 (26.4; 28.1) 5.3 (5.1; 5.5)

Wave I 42,331 40,769 (40,673; 40,866) 1,562 (1,465; 1,658) 112 (105; 118) 4.8 (4.5; 5.1) 3.8 (3.6; 4.0)

Wave II 50,081 46,768 (46,659; 46,867) 3,313 (3,214; 3,422) 195 (189; 201) 10.1 (9.8; 10.5) 7.1 (6.9; 7.3)

Wave III 120,154 115,898 (115,701; 116,101) 4,256 (4,053; 4,453) 112 (107; 117) 13.0 (12.4; 13.6) 3.7 (3.5; 3.9)

Wave IV 67,843 63,098 (62,955; 63,234) 4,745 (4,609; 4,888) 216 (210; 222) 14.4 (14.0; 14.9) 7.5 (7.3; 7.7)

Wave V 58,423 55,142 (54,963; 55,307) 3,281 (3,116; 3,460) 193 (183; 204) 9.9 (9.4; 10.5) 6.0 (5.7; 6.3)
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Lockdown measures also provided a challenge for patients in terms of 
being able to access healthcare services. The under-diagnosis and post-
ponement of patients receiving timely treatments left them at a higher 
risk of adverse cardiac outcomes27. Previous evidence demonstrated 
that during the pandemic, the weekly rates of hospitalization for acute 
coronary syndrome declined by 48% in Northern California, United 
States28. The incidence of out-of-hospital cardiac arrests increased in 
New York and many cities in Italy11,29. The number of patients with ST-
segment elevation myocardial infarction (STEMI) admitted to hospitals 
declined and they experienced longer waits to receive treatments. 
An increased number of patients showed worsened presentation of 
STEMI, including increased infarct size, a larger extent of microvascular 
obstruction, a higher rate of intramyocardial haemorrhage and other 
complications worldwide30–32. In the United States, nearly a 38% decline 
in cardiac catheterization laboratory for STEMI activations has been 
reported during the early pandemic33. A study from the North American 
COVID-19 Myocardial Infarction Registry showed that, compared with 
patients who received the primary percutaneous coronary interven-
tion in 2015–2019, patients in 2020 had 11–13 minutes longer door-to-
balloon time regardless of confirming COVID-19 or not. In-hospital 
mortalities were 33% among STEMI patients with COVID-19 infection, 
11% among STEMI patients with suspected COVID-19 infection and 4% 
among those during the period 2015–201934. The reduction in primary 
percutaneous coronary intervention procedures and increased total 
ischemia time were also reported in many countries35,36. Our supple-
mentary analysis also found excess deaths due to acute myocardial 
infarction accounted for about 29% of total excess CVD deaths in the 
past two years (Supplementary Table 43). These findings highlight the 
importance of maintaining healthcare delivery for individuals with 
acute CVD events during the pandemic.

In response to the ongoing pandemic, professional cardiovascular 
associations have published several guidelines and expert consensus 
to reflect and improve the capacity of cardiovascular care37–43. The 
procedure of healthcare services has been modified to balance routine 
cardiovascular services and COVID-involved cardiovascular services. 
Telemedicine also provides an opportunity to deliver healthcare ser-
vices and has been used to monitor CVD progression41,44–46. By the end 
of 2020, emergency medical services in the United States had recovered 
somewhat when compared to the initial phase of the pandemic but were 
still lower than the pre-pandemic level47. A follow-up study26 showed, 
in April 2021, that cardiac diagnostic test volume in high-income coun-
tries (that is, the United States) had almost recovered to pre-pandemic 
levels, though had yet to recover in lower-income countries48. Marked 

improvement was also shown in STEMI care, with a decreased in-hos-
pital mortality rate and improved clinical outcomes in 2021 compared 
with 202049. Although efforts were made to reallocate CVD healthcare 
resources, we still observed notable excess CVD deaths in 2021–2022. 
The potential for as yet unknown long-term impacts on CVD patients 
as a result of the pandemic could be another emerging issue.

As SARS-CoV-2 viruses persistently circulated, the long-term 
cardiac impact may emerge subsequently. Our study had a two-year 
observation period, which allowed us to investigate the combined 
consequence of acute effect and long-term effects on cardiovascular 
healthcare. Beyond IHD, hypertensive disease and cerebrovascular 
disease, we found that other excess deaths of the circulatory system 
increased since Wave IV. This might be partly attributed to a long-term 
disruption of cardiovascular healthcare. A nationwide or regional 
lockdown may lead to increased physical inactivity, poor dietary intake, 
interruption of long-term disease management, income loss and so 
on.50,51. Thus, patients with chronic CVD conditions may experience 
faster disease progression than expected. In addition, emerging evi-
dence noted the sequelae of the post-COVID-19 cardiac syndrome, 
which may bring a profound impact as well. Persistent sinus tachycar-
dia, postural orthostatic tachycardia syndrome, atrial arrhythmia, 
myocardial infarction, right ventricular dysfunction, heart failure, 
(non) IHD and cardiomyopathy have been reported among COVID-19 
survivors50,52–54. Studies in the United States found that after being 
infected with SARS-CoV-2 for over 30 days, people had a higher risk 
of death and incident CVDs54,55. A UK study demonstrated that a his-
tory of COVID-19 hospitalization was associated with a three-time 
higher risk of adverse CVD events up to four months from diagnosis56. 
Further evaluation is warranted to disentangle the excess CVD deaths 
attributed to interrupted healthcare systems and cardiac sequelae of 
post-COVID-19 infection.

Few studies compared the differences in excess deaths across 
multiple waves of the COVID-19 pandemic, and we fill the gap here. 
The temporal trend of excess CVD deaths can be partly explained by 
the combined effects of transmission dynamics of different variants, 
politics for disease control, population immunity and reallocation of 
cardiovascular services38,57. First, the five COVID-19 waves had their 
specific dominant SARS-CoV-2 variants with different virulence and 
transmissibility, which may partly contribute to different magnitudes 
of pandemic severity. Although the weekly COVID-19 incidence in Wave 
I was much lower than in other waves, a sharp increase in excess CVDs 
deaths was shown during this period. The reason for this could be that 
the healthcare systems were underprepared at the beginning. Wave III 

Periodsa No. of observed 
deaths

No. of expected deaths (95% CI) No. of excess deaths  
(95% CI)

Weekly average no. 
of estimated excess 
deaths (95% CI)

Excess mortality 
per million persons 
(95% CI)

Excess (%)  
(95% CI)b

Other diseases 
of the circulatory 
system

Overall 379,705 365,650 (365300, 366019) 14,055 (13,686; 14,405) 130 (127; 133) 42.8 (41.7; 43.9) 3.8 (3.7; 3.9)

2020–2021 179,505 175,500 (175,269; 175,759) 4,005 (3,746; 4,236) 77 (72; 81) 12.3 (11.5; 13.0) 2.3 (2.2; 2.4)

2021–2022 200,200 190,150 (189,856; 190,459) 10,050 (9,741; 10,344) 179 (174; 185) 30.5 (29.6; 31.4) 5.3 (5.1; 5.5)

Wave I 46,986 47,584 (47,472; 47,697) −598 (−711; −486) −43 (−51; −35) −1.8 (−2.2; −1.5) −1.3 (−1.5; −1.1)

Wave II 55,985 53,274 (53,152; 53,388) 2,711 (2,597; 2,833) 159 (153; 167) 8.3 (8.0; 8.7) 5.1 (4.9; 5.3)

Wave III 133,973 132,295 (132,070; 132,526) 1,678 (1,447; 1,903) 44 (38; 50) 5.1 (4.4; 5.8) 1.3 (1.1; 1.5)

Wave IV 77,007 70,332 (70,174; 70,481) 6,675 (6,526; 6,833) 303 (297; 311) 20.3 (19.8; 20.8) 9.5 (9.3; 9.7)

Wave V 65,754 62,165 (61,964; 62,350) 3,589 (3,404; 3,790) 211 (200; 223) 10.9 (10.3; 11.5) 5.8 (5.5; 6.1)
aThe overall pandemic period was from 1 March 2020 to 26 March 2022. The period of 2020–2021 was from 1 March 2020 to 27 February 2021. The period of 2021–2022 was from 28 February 
2021 to 26 March 2022. The five pandemic waves were defined as Wave I (Week 10, 1 March 2020, to Week 23, 6 June 2020), Wave II (Week 24, 7 June 2020, to Week 40, 3 October 2020), Wave 
III (Week 41, 4 October 2020, to Week 25, 26 June 2021), Wave IV (Week 26, 27 June 2021, to Week 47, 27 November 2021) and Wave V (Week 48, 28 November 2021, to Week 12, 26 March 2022). 
bExcess (%) = excess deaths/expected deaths × 100.

Table 1 (continued) | Estimated excess mortality in CVDs in the United States from March 2020 to March 2022
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Fig. 1 | Weekly estimates of excess deaths for CVDs in the United States. 
Time-series estimates of excess death counts for overall CVDs and subtypes from 
1 March 2020 to 26 March 2022. Cardiovascular subtypes include hypertensive 
disease, IHD, heart failure, cerebrovascular disease and other diseases of the 
circulatory system. The weekly estimates of excess deaths for any cardiovascular 

and subtype causes are shown as red points. As a comparison, the weekly number 
of deaths due to COVID-19 are shown as grey bar charts. The subtype ‘other 
diseases of the circulatory system’ includes pulmonary embolism, pericarditis, 
myocarditis, cardiac arrest and so on.
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showed a large number of COVID-19 deaths, while excess CVD deaths 
decreased. The decline could be the result that healthcare resources 
have been made necessary reallocation. In addition, COVID-19 vaccines 
have been distributed since December 2020. About 54% of the US popu-
lation, including 87% of people aged 65 years and over, had completed 
at least one dose of vaccination as of Wave III ( June 2021)58. Moreover, 
the phenomenon that CVD deaths had a profound increase in Wave I and 
declined in Wave III was mainly among people aged 85 years or above, 
suggesting a possibility of mortality displacement in older people. This 
means that some deaths might have been brought forward by a few 
months due to the pandemic59. Nevertheless, persistently increased 
CVD deaths among the 20–84-year age group throughout the observa-
tional period suggests additional efforts should be adopted to protect 
those people. During Wave IV, when the transmission was dominated by 
the Delta variant with much increased transmissibility and virulence, 
the excess CVD mortality was largely increased. Despite the Omicron 
variant in Wave V showing the most transmissibility but much milder 

virulence, excess CVD mortality was still of significance. It highlights 
the importance of continuing to monitor healthcare resources for CVDs 
and optimizing the capacity under the varied scenario of the COVID-19 
pandemic to protect CVD patients.

Some limitations of the study should be noted. First, the study 
used provisional death counts. Due to reporting delays, data incom-
pleteness was likely and varied by state and time, especially for data 
in recent weeks. We retrieved the death counts of which the data com-
pleteness has been adjusted by NCHS and we excluded the most recent 
weeks to minimize the effect of reporting lag. We remarked that the 
statistical uncertainty for adjusting data completeness due to report-
ing delay may need to be accounted for to improve the assessment of 
the statistical uncertainty of excess deaths. In addition, the statistical 
uncertainty of the dispersion parameter of the fitted negative binomial 
distribution was neglected when constructing the 95% CI of excess 
death, which was suspected to have little effect on the main findings. 
Second, due to data availability, we only analyzed deaths that showed 
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overall CVDs (a) and IHD (b). The gradient colors from blue to red indicate the 
excess percentage estimates varied from negative to positive values across 
states. ‘Overall’ refers to the period from 1 March 2020 to 26 March 2022. The five 

waves were defined as Wave I (Week 10, 1 March 2020, to Week 23, 6 June 2020), 
Wave II (Week 24, 7 June 2020, to Week 40, 3 October 2020), Wave III (Week 41,  
4 October 2020, to Week 25, 26 June 2021), Wave IV (Week 26, 27 June 2021, to 
Week 47, 27 November 2021) and Wave V (Week 48, 28 November 2021, to Week 
12, 26 March 2022) according to COVID-19 death waves in the United States.
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CVD as the underlying cause of death on the death certificate. It was 
likely that some CVD deaths with the co-occurrence of CVD and COVID-
19 were coded as COVID-19. The US CDC indicated that for about 95% of 
deaths with COVID-19 reported on the death certificate, COVID-19 was 
selected as their primary cause of death16. On the other hand, COVID-19 
can also provoke adverse cardiovascular events, such as myocarditis, 
sudden cardiac death, heart failure and so on, resulting in additional 
deaths associated with CVD43. Our data was limited to differentiate the 
two situations. We also estimated excess mortality when CVD was listed 
as one of the multiple causes of death on the death certificate (Supple-
mentary Table 44). The results may reflect the full impact of COVID-19 
on CVD. In addition, despite CVD patients being asked to be screened 
for COVID-19 viruses and symptoms before receiving treatments since 
the improvement of testing capacity in May 202042,60, there might 
be some COVID-19 deaths that were misclassified to CVD due to the 
absence of testing, such as out-of-hospital deaths. These deaths might 

be more difficult to identify in our analysis. Third, individual data for 
CVDs were not publicly available in our study. Since previous evidence 
indicated that excess mortalities were disproportionally shown by race 
and ethnicity, age, sex and so on61, we retrieved an alternative dataset 
from CDC WONDER to investigate the demographic disparities. How-
ever, death counts from the WONDER database were slightly less than 
those of the NCHS because demographic information was absent for 
some deaths, and we excluded some minority groups from the analysis. 
In addition, the reference period from WONDER only covered two years 
(2018–2019), shorter than the five years (2015–2019) covered by the 
main analyses. The estimates from WONDER might be slightly differ-
ent from the main analyses but still added value to our understanding 
of the demographic disparities over time. Fourth, reporting findings 
may be prone to choose those subgroups with extreme values. It is of 
note that states with higher estimates may have different demographic 
structures. The infection control measures, healthcare sources and 
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Fig. 4 | Weekly estimates of excess deaths and excess death percentages for 
CVDs by demographic characteristic in the United States. a,b, The excess 
estimates included overall CVDs (a) and IHD (b) from 1 March 2020 to 26 March 
2022. For the two categories, panels of the upper and lower rows are weekly 
excess death estimates and excess death percentage estimates, respectively. 
Panels from left to right were subgroup analysis by age, sex and race and 
ethnicity, respectively. For age group stratification, the estimates are shown in 
red for people aged 20–64 years, blue for people aged 65–84 years and yellow 
for people aged 85 years or above. For sex stratification, the estimates are shown 

in red for females and blue for males. For race and ethnicity stratification, the 
estimates are shown in red for non-Hispanic White people, blue for non-Hispanic 
Black people, yellow for non-Hispanic Asian people, and grey for Hispanic 
people. The five COVID-19 death waves were defined as Wave I (Week 10, 1 March 
2020, to Week 23, 6 June 2020), Wave II (Week 24, 7 June 2020, to Week 40, 3 
October 2020), Wave III (Week 41, 4 October 2020, to Week 25, 26 June 2021), 
Wave IV (Week 26, 27 June 2021, to Week 47, 27 November 2021) and Wave V  
(Week 48, 28 November 2021, to Week 12, 26 March 2022).

http://www.nature.com/natcardiovascres


Nature Cardiovascular Research | Volume 2 | March 2023 | 322–333 330

Article https://doi.org/10.1038/s44161-023-00220-2

socioeconomic states could also be different. The findings should be 
carefully interpreted.

In summary, excess cardiovascular mortality has been persis-
tently observed in the first two years of the COVID-19 pandemic in the 
United States and its peaks were coincident with the peaks of COVID-19 
mortality. This highlights the consistent burden of CVD deaths posed 
in healthcare systems even when COVID-19 activities waned in the 
community. In addition, the excess cardiovascular mortalities varied 
by state across multiple COVID-19 waves. Further study should clarify 
the mechanisms of its temporal–spatial pattern. As COVID-19 continues 
to pose threats to public health, it is important to monitor the mortal-
ity risk of non-COVID-19 causes, expand healthcare resources and 
optimize the healthcare capacity to maintain the treatment levels for 
cardiovascular or other chronic diseases in the era living with COVID-19.

Methods
This study followed the Strengthening the Reporting of Observational 
Studies in Epidemiology reporting guidelines and complies with all 
relevant ethical regulations. The study was exempt from ethical review 
and consent to participants because all data used in this study were 
publicly available, fully anonymized and aggregated without any iden-
tifiable information.

Data sources
We retrieved weekly death counts of the 50 US states and the District 
of Columbia between 4 January 2015 and 25 June 2022 from the NCHS 
of the CDC16. Death counts in the most recent weeks may suffer from 
incompleteness due to reporting delay. The issue has been adjusted by 
the NCHS and the technical procedure for data completeness adjust-
ment was detailed elsewhere16. We only included the data up to March 
2022 to further ensure the data completeness.

Deaths with the underlying causes of CVDs were identified accord-
ing to the International Statistical Classification of Diseases and Related 
Health Problems, Tenth Revision (ICD-10). The death causes were classi-
fied as hypertensive diseases (ICD-10 code: I10–I15), IHD (I20-I25), heart 
failure (I50), cerebrovascular disease (I60–I69) and other diseases of the 
circulatory system (I00–I09, I26–I49, I51, I52, I70–I99)16. Other diseases 
of the circulatory system included pulmonary embolism, pericardi-
tis, myocarditis, cardiac arrest and others. Deaths with an underlying 
cause of COVID-19 (diagnosed or stated on the death certificate) were 
excluded from our analyses. To calculate mortality rates, we retrieved 
annual population counts of each state during 2015–2020 from the US 
Census Bureau62 and converted them into weekly data by linear inter-
polation. We used a first-order autoregressive model to smooth and 
project the population size at national and state level in 2021 and 2022.

The weekly death counts were available for most states of the 
United States. However, the NCHS suppressed the counts less than 
10 to null value for a particular week/state due to the NCHS confiden-
tiality standards. The suppression occurred in a few states with small 
population sizes and none of the national-level data was suppressed. 
The average number of weeks when the death counts were suppressed 
for CVD subgroup categories at the state level is comparable between 
2015–2019 (10.3 weeks) and 2020–2022 (9.3 weeks). We performed 
interval censoring adjustment for the likelihood function (a negative 
binomial process) when such a suppressed situation occurred. We 
also found that the sum of the state-level estimates was in line with the 
national-level estimate, suggesting that such an issue might be trivial 
and thus that our results were unlikely to be sensitive to such an issue.

To the best of our knowledge, there is no formal definition of the 
COVID-19 pandemic waves, but it is commonly adopted that an ‘epi-
demic wave’ refers to a notable increase in COVID-19 cases or deaths that 
has a clear peak and then declines. We identified five pandemic waves 
according to the weekly surveillance data of COVID-19 deaths in the 
United States2. The starting calendar date of each wave depended on the 
week when death counts were at the trough between two consecutive 

waves and the wave ended on the day before the next wave. Thus, Wave 
I was from Week 10 (1 March 2020) to Week 23 (6 June 2020), Wave II  
was from Week 24 (7 June 2020) to Week 40 (3 October 2020), Wave III was  
from Week 41 (4 October 2020) to Week 25 (26 June 2021), Wave IV was 
from Week 26 (27 June 2021) to Week 47 (27 November 2021) and Wave 
V was from Week 48 (28 November 2021) to Week 15 (26 March 2022).

Main statistical analysis
Excess deaths were measured by the net difference between observed 
and expected death counts. The expected death counts (baseline) were 
estimated as counterfactual death counts by assuming no impacts 
of the COVID-19 pandemic from 1 March 2020 to 26 March 2022 for 
each cause of CVD mortality. Due to the overdispersion feature of the 
death count data, we used a fixed-effect negative binomial log-linear 
regression model to fit the weekly death data from 3 January 2015 to 29 
February 2020. For the observed death counts y, we have the following 
negative binomial (NB) distribution:

(y|X) ∼ NB (mean = g (Xβ) , dispersion = k) , (1)

where g(Xβ) = exp(Xβ), X is the vector of observations, and k is  
the dispersion parameter such that the variance of (y|X) is:

g (Xβ) [1 +
g (Xβ)

k
] = exp (Xβ) [1 +

exp (Xβ)
k

] . (2)

We consider β̂ ∼ Normal (β,Σ). Here,  was treated as an asympto-
tically normal statistical estimator of the true regression parameter 
vector β. The Σ denoted the covariance matrix of all regression  
parameters, which is to be estimated using the Delta method.

The fitted model was used to project the weekly death counts 
from 1 March 2020 to 26 March 2022. In the regression model, the 
state-specific weekly death rates were regressed by using the natural 
logarithm of population size as an offset from the natural logarithm 
of weekly death counts.

The time-varying pattern of death counts was decomposed into 
temporal trend and seasonality components. The temporal trend in the 
death sequence was adjusted with a linear term for the calendar year 
(from 2015 to 2022). The within-year periodicity (that is, seasonality) was 
parameterized using a periodic spline for epidemiological weeks (from 
Week 1 to Week 52) with four degrees of freedom. The periodic spline 
was used to fit the seasonality within one year and repeated for each 
year. To determine the degree of freedom of periodic spline, we fitted 
ten fixed-effect negative binomial log-linear regression models for each 
state with ten candidate degrees of freedom ranging from 3 to 12. For 
each degree of freedom, we fitted 51 state-level regression models using 
the maximum likelihood approach, and calculated their overall score of 
Akaike information criterion (AIC) as a measure of the tradeoff between 
goodness-of-fit and model complexity. According to the minimal value 
of AIC, the periodic spline with four degrees of freedom was selected for 
the main and subgroup analyses. It was of note that the selected degree 
of freedom here merely fixed the number of free parameters to capture 
the seasonality patterns, rather than to represent the seasonality term 
itself, which means different values of parameters were estimated for 
different states. Thus, the 51 regression models were fitted with state-
specific patterns of both trend and seasonality.

With the estimates of expected death counts, we calculated the 
excess deaths (observed death counts − expected death counts), 
weekly average excess deaths (excess deaths/length of the obser-
vational period), excess mortality (excess deaths/population) and 
excess percentage (excess deaths/expected deaths × 100) for different 
subgroups. The statistical uncertainty of expected death counts was 
assessed by using 95% CI. The 95% CI of the mean death counts was con-
structed by mean estimate ± 1.96 s.e.m., and the s.e.m. was calculated 
by applying the Delta method with first-order Taylor approximation.
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The spatial autocorrelation of excess estimates across states was 
measured by global Moran’s I statistic in ArcGIS v.10.6. Any contiguous 
polygon was defined as the neighbor (that is, sharing a common bor-
der)63. Alaska and Hawaii were not involved in the calculation of Moran’s 
I statistic because the two states are not adjacent to any other state. To 
control for the increased probability of false positives when conducting 
multiple comparisons, two-sided false discovery rate-adjusted P values 
<0.05 were considered statistically significant.

Subgroup statistical analysis for different age, sex and race 
and ethnicity strata
To explore the demographic disparities of excess mortality and their 
temporal patterns in subgroup populations, we also retrieved weekly 
death counts for different age (20–64 years, 65–84 years and 85+ years), 
sex (male and female) and race and ethnicity (non-Hispanic White, 
non-Hispanic Black, non-Hispanic Asian and Hispanic) groups from 
the CDC WONDER database17. We obtained the weekly death counts 
from the beginning of 2018 to 25 June 2022 through the Provisional 
Multiple Cause of Death database at the WONDER platform, which 
contained aggregated death counts of all US counties based on death 
certificates for US residents. The trend and seasonality of observed 
deaths of CVDs from the WONDER database were generally consistent 
with those from the NCHS database, though there were mild discrepan-
cies. Consistent with the main analysis, death counts after 27 March 
2022 were excluded considering the reporting lags. Deaths assigned 
to CVDs were also identified by ICD-10 codes, and were classified as 
hypertensive diseases (I10–I15), IHD (I20–I25), heart failure (I50), cer-
ebrovascular disease (I60–I69) and other diseases of the circulatory 
system (I00–I09, I26–I49, I51, I52 and I70–I99).

Consistent with the regression model used for the main analysis, 
for each age, sex and race and ethnicity subgroup, we used a fixed-effect 
negative binomial log-linear regression model to fit the weekly death 
data from January 2018 to February 2020, respectively. The fitted 
model was used to project the weekly death counts from March 2020 
to March 2022. The temporal trend in the death sequence was adjusted 
with a linear term for the calendar year. The within-year periodicity was 
parameterized using a periodic spline for epidemiological weeks with 
four degrees of freedom. We did not estimate the excess deaths for sub-
groups aged <20 years and some ethnic minorities (including American 
Indian, Alaska Native, Native Hawaiian and Other Pacific Islander) 
because death counts of those subgroups were sparse. Besides, a small 
number of deaths without demographic information were not included 
in the subgroup analysis.

Sensitivity analysis
Multiple strategies for sensitivity analysis were conducted for evaluat-
ing the robustness of results. First, for the main analyses and demo-
graphic subgroup analyses, we used the periodic spline with degrees 
of freedom at 8 and 12 (whereas a degree of freedom at 4 was used in 
the main model) to test the robustness of the fitting for the seasonal 
effect. Second, time series of death counts during the period 2016–2019 
was fitted by using the negative binomial log-linear regression model 
to test the potential influence of different baseline selections on the 
prediction of death counts during the period 2020–2022 for the main 
analyses (Supplementary Tables 41 and 42).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All raw data in this study are publicly available and can be retrieved from 
the National Center for Health Statistics, Centers for Disease Control 
and Prevention (COVID-19 Death Data and Resources: https://www.
cdc.gov/nchs/nvss/vsrr/covid19/excess_deaths.htm and Wide-ranging 

Online Data for Epidemiologic Research: https://wonder.cdc.gov/
mcd.html).

Code availability
Statistical analyses, figures and maps were carried out using R statisti-
cal software, v.4.2.1. Code for the analysis conducted for the paper is 
available at https://github.com/ran1991/excessCVD.
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Extended Data Fig. 1 | Maps of excess mortalities of cardiovascular diseases 
(per million persons) stratified by COVID-19 death wave in the United States. 
The excess morality estimates include (a) overall cardiovascular diseases and (b) 
ischemic heart disease. The gradient colors from blue to red indicate the excess 
mortality estimates varied from negative to positive values across states. ‘Overall’ 
refers to the period from March 1, 2020, to March 26, 2022. The five waves were 

defined as Wave I (Week 10 March 1, 2020, to Week 23 June 6 2020), Wave II (Week 
24 June 7 2020 to Week 40 October 3 2020), Wave III (Week 41 October 4 2020 
to Week 25 June 26 2021), Wave IV (Week 26 June 27 2021 to Week 47 November 
27 2021), and Wave V (Week 48 November 28 2021 to Week 12 March 26 2022) 
according to COVID-19 death waves in the United States.
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Extended Data Fig. 2 | Annual excess mortalities of cardiovascular diseases 
(per million persons) by states in the United States. The excess mortality 
estimates include (a) hypertensive disease (b) cerebrovascular disease and (c) 
other diseases of the circulatory system. These states were grouped into different 

color clusters according to their geographic regions, including North Central, 
Northeast, South, and West. The period of 2020–2021 was from March 1, 2020, to 
February 27, 2021. The period of 2021-2022 was from February 28, 2021, to March 
26, 2022. The states with negative estimated values were not shown.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Weekly estimates of excess deaths and excess 
percentage for subtype cardiovascular diseases by demographic 
characteristic in the United States. The excess estimates included (a) 
hypertensive disease, (b) heart failure, and (c) cerebrovascular disease from 
March 1, 2020, to March 26, 2022. For the three categories, panels of the upper 
and lower rows are weekly excess death estimates and excess percentage 
estimates, respectively. Panels from left to right were subgroup analysis by 
age, sex, and race and ethnicity, respectively. For age group stratification, the 
estimates are shown in red for people aged 20–64 years, blue for people aged  

65–84 years and yellow for people aged 85 years or above. For sex stratification, 
the estimates are shown in red for females and blue for males. For race and 
ethnicity stratification, the estimates are shown in red for non-Hispanic White 
people, blue for non-Hispanic Black people, yellow for non-Hispanic Asian 
people, and grey for Hispanic people. The five COVID-19 death waves were 
defined as Wave I (Week 10 March 1, 2020, to Week 23 June 6 2020), Wave II (Week 
24 June 7 2020 to Week 40 October 3 2020), Wave III (Week 41 October 4 2020 to 
Week 25 June 26 2021), Wave IV (Week 26 June 27 2021 to Week 47 November  
27 2021), and Wave V (Week 48 November 28 2021 to Week 12 March 26 2022).
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