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Background: Several U.S. hospitals had surges in COVID-19
caseload, but their effect on COVID-19 survival rates remains
unclear, especially independent of temporal changes in survival.

Objective: To determine the association between hospitals'
severity-weighted COVID-19 caseload and COVID-19 mortal-
ity risk and identify effect modifiers of this relationship.

Design: Retrospective cohort study. (ClinicalTrials.gov: NCT
04688372)

Setting: 558 U.S. hospitals in the Premier Healthcare Database.

Participants: Adult COVID-19–coded inpatients admitted
from March to August 2020 with discharge dispositions by
October 2020.

Measurements: Each hospital-month was stratified by per-
centile rank on a surge index (a severity-weighted measure of
COVID-19 caseload relative to pre–COVID-19 bed capacity).
The effect of surge index on risk-adjusted odds ratio (aOR) of
in-hospital mortality or discharge to hospice was calculated
using hierarchical modeling; interaction by surge attributes was
assessed.

Results: Of 144116 inpatients with COVID-19 at 558 U.S. hos-
pitals, 78144 (54.2%) were admitted to hospitals in the top
surge index decile. Overall, 25344 (17.6%) died; crude COVID-
19 mortality decreased over time across all surge index strata.
However, compared with nonsurging (<50th surge index per-
centile) hospital-months, aORs in the 50th to 75th, 75th to 90th,

90th to 95th, 95th to 99th, and greater than 99th percentiles
were 1.11 (95% CI, 1.01 to 1.23), 1.24 (CI, 1.12 to 1.38), 1.42
(CI, 1.27 to 1.60), 1.59 (CI, 1.41 to 1.80), and 2.00 (CI, 1.69 to
2.38), respectively. The surge index was associated with mortal-
ity across ward, intensive care unit, and intubated patients. The
surge–mortality relationship was stronger in June to August than
in March to May (slope difference, 0.10 [CI, 0.033 to 0.16]) de-
spite greater corticosteroid use and more judicious intubation
during later and higher-surging months. Nearly 1 in 4 COVID-
19 deaths (5868 [CI, 3584 to 8171]; 23.2%) was potentially at-
tributable to hospitals strained by surging caseload.

Limitation: Residual confounding.

Conclusion: Despite improvements in COVID-19 survival
between March and August 2020, surges in hospital COVID-19
caseload remained detrimental to survival and potentially
eroded benefits gained from emerging treatments. Bolstering
preventive measures and supporting surging hospitals will save
many lives.
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Many U.S. hospitals have contended with large
surges in COVID-19 caseloads during the pan-

demic. Rapidly escalating demand relative to staff avail-
ability and burnout, space, supplies, and personal
protective equipment might affect care (1–3) and survival
(4). Decreased intensive care unit (ICU) bed availability
(5) and increasing community case burden (6) have been
implicated as risk factors for poor COVID-19 outcomes.
A hypothesis-generating study reported that patients
with COVID-19 admitted during periods of higher-than-
usual ICU demand had higher case-fatality rates (7).
However, the study's nearly all-male cohort from 88
Department of Veterans Affairs hospitals limits generaliz-
ability, and the absence of surging ICU caseloads in later
study months suggests that temporal improvements
could explain their findings (8).

Temporal improvements in hospital survival rates
for COVID-19 have been widely reported (6, 9–13).
Possible explanations include effective medications

(14, 15) and better supportive care (13, 16, 17). However,
wide variability in hospital survival reported even among
contemporaneously admitted patients within (9, 18) and
between (19, 20) regions suggests that differences in
capacity and resources across hospitals and over time
might have contributed to outcomes. We performed
patient- and hospital-level analyses using a large U.S.
hospital database to study the association between case-
load surges and risk-adjusted mortality in patients with
COVID-19.
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METHODS

Data Source
We performed a retrospective cohort study using the

Premier Healthcare Database Special COVID-19 Release
(release date 8 November 2020), an all-payer database of
administrative data covering approximately 20% of overall
U.S. hospitalizations at more than 800 hospitals across 48
states. Details about the database have been previously
reported (21, 22). The study was based exclusively on dei-
dentified data and was deemed to be exempt from institu-
tional review board approval under the Revised Common
Rule of the National Institutes of Health Office for Human
Research Protections. Database curation steps (for exam-
ple, quality control for delayed reporting due to near-real-
time capture) are summarized in the Methods section of
the Supplement, Supplement Table 1, and the Appendix
Figure (all available at Annals.org). Analyses were prespeci-
fied unless explicitly reported as post hoc; the study proto-
col was published on 30 December 2020 (ClinicalTrials.
gov: NCT04688372), before analyses were done. STROBE
(Strengthening the Reporting of Observational Studies in
Epidemiology) statement guidelines (23) for reporting
observational studies were followed (see the Supplement).

Study Population
Adult (aged ≥18 years) inpatient encounters with

admission between 1 March and 31 August 2020 and dis-
charge dispositions through 31 October 2020 were identi-
fied at U.S. hospitals that continuously reported encounter
data for each of the 6 months. Only the first admission per
patient over the study period was included. Among inpa-
tients admitted between April and August 2020, those with
COVID-19 were identified using the COVID-19–specific di-
agnosis code (U07.1) from the International Classification of
Diseases, 10th Revision (ICD-10). This strategy captures
inpatients who are positive for SARS-CoV-2 on polymerase
chain reaction testing with sensitivity of 98%, specificity of
99%, and a positive predictive value of 92% (24). Those
admitted in March 2020 (before release of the U07.1 code)
were identified using the ICD-10 code for generic coronavi-
ruses (B97.29; Appendix Table 1, available at Annals.org)
as recommended by the Centers for Disease Control and
Prevention (CDC). To preserve statistical reliability, only hos-
pitals with 15 or more unique COVID-19–coded inpatient
encounters during the study period were included in the
primary cohort (5).

Variables and Risk Adjustment
Surge Index (Exposure Variable)

An index was created to capture both the quantitative
and qualitative burden in each hospital-month due to
surging COVID-19 caseload relative to baseline bed
capacity. Inpatient COVID-19 counts for each hospital-
month were incrementally weighted as follows: any need
for invasive mechanical ventilation (weight, 5�) versus ICU
without invasive ventilation or non-ICU setting with nonin-
vasive positive-pressure ventilation (NIPPV) (weight, 2�)
versus neither (weight, 1�). The relative weight of 2� was
based on the increased intensity of nursing needs in ICUs
and advanced respiratory units (optimal nurse-to-patient

ratio, 1:2) compared with care on the ward (optimal
nurse-to-patient ratio, 1:4). A weight of 5� for invasive
ventilation encounters was based on the product of 2�
(the aforementioned escalation in nurse-to-patient ratio
from 1:4 to 1:2) and 2.5� (representing an escalation in
the optimal respiratory therapist-to-patient ratio from 1:10
to 1:4 between routine ICU patients not receiving ventila-
tion vs. those receiving invasive ventilation). Optimal staff-
ing ratios are not federally regulated and were therefore
based on staffing mandates exclusively laid out by the
State of California (25). The numerator count was multi-
plied by 10 for ease of reporting and was divided by pre–
COVID-19 bed capacity:

Surge index (per hospital-month) = ([(n without ICU,
NIPPV, or mechanical ventilation) + 2� (n with NIPPV or
ICU) + 5� (n with mechanical ventilation)]/pre–COVID-19
bed capacity)�10

In this calculation, n was the number of unique
COVID-19 inpatient encounters; those requiring NIPPV
or ICU care did not also need mechanical ventilation;
and ICU, NIPPV, and MV could be received at any time
during hospitalization.

As an example, consider hospitals A and B, each of
which had 20 COVID-19 admissions in June 2020.
Hospital A is a 100-bed hospital where zero patients with
COVID-19 required ICU admission, NIPPV, or intubation.
Hospital B is a 50-bed hospital where all 20 patients with
COVID-19 were intubated. Despite identical June case-
loads (n= 20), the June surge index for hospital B was
20, or 10 times the surge index of 2 for hospital A.

Patient-Level Covariates
Covariates included age, sex, race/ethnicity, underly-

ing conditions defined by the CDC to carry poor progno-
sis for COVID-19 (Appendix Table 2, available at Annals.
org), insurance status, point of origin (for example, nurs-
ing facility), COVID-19 treatments with potential benefit
(systemic corticosteroids, remdesivir) or potential harm
(hydroxychloroquine plus azithromycin) (15, 26, 27), and
baseline treatment limitations (do-not-resuscitate status
present on admission).

Severity of acute illness on presentation was controlled
for using admission acuity (emergent or urgent vs. elective)
and evidence of acute organ failure present on admission
(Appendix Table 2). We stratified COVID-19–related acute
respiratory failure on admission (+1 day) in descending
order: mechanical ventilation; ICU admission or NIPPV;
present-on-admission coding for acute respiratory failure
without need for invasive ventilation, NIPPV, or ICU admis-
sion; or no indicators. Shock was defined as need for vaso-
pressors on admission (+1 day). Acute hepatic, renal,
neurologic, hematologic, andmetabolic failures were iden-
tified using corresponding Acute Organ Failure Score (28)
domains formulated by crosswalking present-on-admission
diagnosis codes from ICD-9 to ICD-10.

Hospital-Level Covariates
Static covariates included teaching hospital status

(29), urban location, U.S. region, the ratio of patients to
attending physicians, the proportion of overall admissions

ORIGINAL RESEARCH Association Between Caseload Surge and COVID-19 Survival in U.S. Hospitals

2 Annals of Internal Medicine Annals.org

http://www.annals.org
http://www.annals.org
http://www.annals.org
http://www.annals.org
http://www.annals.org


that were Medicaid beneficiaries or uninsured in 2019 to
2020, and the proportion that received mechanical venti-
lation in 2019. A 4-level technological index stratified hos-
pitals on existing infrastructure for patients with COVID-19
(level 1: equipped with extracorporeal membrane oxy-
genation; level 2: multiple ICUs; level 3: single ICU with
continuous renal replacement therapy; level 4: single ICU
without continuous renal replacement therapy).

By-month covariates included proportions of patients
with COVID-19 who were intubated, required ICU admis-
sion, and were tested for SARS-CoV-2 using polymerase
chain reaction on admission (+1 day); availability of
remdesivir (30); and admission month.

Statistical Analysis
To avoid making parametric assumptions about the

relationship between outcomes and the right-skewed
surge index, hospital-months were ranked by their surge
indices and grouped into prespecified shrinking strata to
capture effects at extremes (<50th percentile [reference;
“nonsurging”], 50th to 75th percentile, 75th to 90th per-
centile, 90th to 95th percentile, 95th to 99th percentile,
and >99th percentile). Violin plots were constructed to
compare probability density, caseload, and regional distri-
butions of hospital-months at different surge index values.

Hierarchical (patient- and hospital-level) generalized
linear models were used to determine the effect of
hospital-month surge index on the risk-adjusted odds ra-
tio (aOR) of in-hospital mortality or discharge to hospice
(primary outcome) among patients with COVID-19. All
variables were prespecified and selected on the basis
of potential for confounding. A random effect for the
hospital was included to account for within-hospital
correlation.

Crude mortality rates were plotted by month and
surge index category for visual comparison. The surge
index was log-transformed to enable slope difference
comparisons. First, a prespecified interaction by period
of admission (March to May vs. June to August) was
tested on the relationship between the log surge index
and the log odds of mortality. Given evidence of a signifi-
cant quantitative interaction by admission period, we
elected post hoc to examine remaining interactions sep-
arately within each period. These included prespecified
(surge index in the previous month) and post hoc
(region, severity indicators of COVID-19–related respira-
tory failure, and non–COVID-19 caseload) interactions.

Mortality risk differences were derived for each surge
category in each period using logistic regression models
with generalized estimating equations (31). These risk
differences were calculated as the difference between
the marginally adjusted mortality risk for a given surge
category and the corresponding nonsurging category.
The product of the risk difference and population at risk
(number of patients in each category) yielded estimates
of surge-attributable deaths for each stratum–period
combination. Ninety-five percent CIs for attributable
deaths were similarly calculated using CIs for corre-
sponding risk differences.

In sensitivity analyses, models were reestimated as fol-
lows: 1) using alternative parameterizations of the surge

index (unweighted, log-transformed, deciles above median),
2) using the Elixhauser Comorbidity Index (32) in lieu of
CDC-defined high-risk conditions, 3) excluding COVID-19
medications (given concerns about confounding by indica-
tion), 4) imputing discharges to hospice as alive, and 5)
imputing tracheotomy recipients and patients transferred to
other acute care hospitals as dead to examine the effect of
discharge bias. To focus on within-hospital (longitudinal)
associations, the primary and all sensitivity analyses using the
continuous (log) surge index were repeated post hoc, this
time including the hospital's mean surge index as a covariate
(33), which potentially mitigated unmeasured between-
hospital confounding. All analyses were performed using
SAS, version 9.4 (SAS Institute), and R, version 4.0.2 (R
Foundation for Statistical Computing). Additional details and
the GitHub link for the statistical code are provided in the
Methods section of the Supplement.

Role of the Funding Source
The funding sources had no role in the design or

conduct of the study; collection, management, analysis,
or interpretation of the data; preparation, review, or ap-
proval of the manuscript; or the decision to submit the
manuscript for publication.

RESULTS

Of 795 continuously reporting hospitals, 558 recording
144116 index COVID-19 inpatient encounters met inclu-
sion criteria. The study cohort had a greater representation
of larger, urban hospitals compared with all U.S. hospitals
(Appendix Figure; Table 1). Exclusion criteria collectively
excluded fewer than 3% of patients with COVID-19
(Methods section of the Supplement). Overall, 35883
(24.9%) were admitted to the ICU, 19583 (13.6%) received
mechanical ventilation, and 25344 (17.6%) died.

There was marked regional and temporal variation in
COVID-19 caseload across hospitals; the surge index
showed a right-skewed distribution over 3348 hospital-
months (median, 1.28 [interquartile range, 0.44 to 2.96];
mean, 3.52 [SD, 3.90]; range, 0 to 44.6). Clusters of hospi-
tals with extremely high surge indices were observed in
the Northeast in April and in the South and West in
July (Figure 1). The within-hospital distribution of the
surge index by month is presented using a heat map
(Supplement Figure 1, available at Annals.org). In nonsurg-
ing months, 11041 (7.7%) patients with COVID-19 were
admitted across 378 of 558 (67.7%) hospitals, whereas
hospitals experiencing surges admitted 78144 (54.2%)
and 27606 (19.2%) patients while in the top decile and
99th percentile of surge index, respectively. Forty-nine
hospitals entered the 99th percentile of surge index
between March and May 2020, and 20 hospitals entered
this category between June and August 2020. Within the
99th percentile category between March and May 2020,
Hispanic patients represented 18% of cases and 16% of
deaths; this increased to 65% of cases and 71% of deaths
between June and August 2020 (Supplement Figure 2,
available at Annals.org). The median age was younger in
June through August (61 years [interquartile range, 47
to 74 years]) than in March through May (64 years
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Table 1. Baseline Characteristics of COVID-19–Coded Inpatient Encounters, by Admission Period and Surge Index Category,
558 U.S. Hospitals, March to August 2020

Characteristic Admitted March to May 2020 Admitted June to August 2020

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

Surge index* nu-
merical range

<1.28 1.28–2.96 2.96–6.02 6.02–9.41 9.41–21.0 ≥21.0 <1.28 1.28–2.96 2.96–6.02 6.02–9.41 9.41–21.0 ≥21.0

Unique inpatient

encounters, n

4640 8555 12 345 8382 14 264 21 961 6401 15 666 18 365 12 447 15 445 5645

Hospitals, n 378 287 200 98 80 45 306 304 210 104 76 20
Hospital-months 654 369 250 105 98 49 583 484 289 124 95 23

Inpatient encounter

characteristics

Age, n (%)
18–25 y 99 (2.1) 151 (1.8) 241 (2.0) 199 (2.4) 240 (1.7) 266 (1.2) 318 (5.0) 603 (3.8) 570 (3.1) 375 (3.0) 413 (2.7) 75 (3.9)

25–34 y 289 (6.2) 498 (5.8) 788 (6.4) 562 (6.7) 762 (5.3) 949 (4.3) 646 (10.1) 1412 (9.0) 1525 (8.3) 923 (7.4) 1167 (7.6) 131 (6.7)

35–44 y 397 (8.6) 766 (9.0) 1118 (9.1) 757 (9.0) 1247 (8.7) 1551 (7.1) 650 (10.2) 1585 (10.1) 2011 (11.0) 1334 (10.7) 1728 (11.2) 189 (9.7)

45–54 y 727 (15.7) 1238 (14.5) 1777 (14.4) 1129 (13.5) 2130 (14.9) 2673 (12.2) 868 (13.6) 2207 (14.1) 2724 (14.8) 1938 (15.6) 2497 (16.2) 292 (15.0)
55–64 y 961 (20.7) 1829 (21.4) 2588 (21.0) 1752 (20.9) 3050 (21.4) 4750 (21.6) 1127 (17.6) 2912 (18.6) 3572 (19.5) 2524 (20.3) 3187 (20.6) 385 (19.8)

65–74 y 976 (21.0) 1794 (21.0) 2458 (19.9) 1756 (20.9) 2854 (20.0) 4958 (22.6) 1180 (18.4) 3122 (19.9) 3737 (20.3) 2523 (20.3) 3026 (19.6) 390 (20.1)

75–84 y 713 (15.4) 1364 (15.9) 1976 (16.0) 1268 (15.1) 2293 (16.1) 4131 (18.8) 981 (15.3) 2402 (15.3) 2786 (15.2) 1842 (14.8) 2218 (14.4) 327 (16.8)

≥85 y 478 (10.3) 915 (10.7) 1399 (11.3) 959 (11.4) 1688 (11.8) 2683 (12.2) 631 (9.9) 1423 (9.1) 1440 (7.8) 988 (7.9) 1209 (7.8) 156 (8.0)
Sex, n (%)

Female 2243 (48.3) 4425 (48.3) 6383 (48.3) 4017 (47.9) 6578 (46.1) 9787 (44.6) 3300 (51.6) 7901 (50.4) 9081 (49.4) 6159 (49.4) 7345 (47.6) 2704 (47.9)

Male 2397 (51.7) 4425 (51.7) 6383 (51.7) 4365 (52.1) 7686 (53.9) 12 174 (55.4) 3101 (48.4) 7765 (49.6) 9284 (50.6) 6288 (50.5) 8100 (52.4) 2941 (52.1)

Race/ethnicity, n
(%)

Hispanic 773 (16.7) 1495 (17.5) 2256 (18.3) 1710 (20.4) 3500 (24.5) 4035 (18.4) 968 (15.1) 2927 (18.7) 4367 (23.8) 3962 (31.8) 4662 (30.2) 3683 (65.2)

Non-Hispanic

Asian

109 (2.3) 239 (2.8) 377 (3.1) 281 (3.4) 525 (3.7) 966 (4.4) 162 (2.5) 370 (2.4) 470 (2.6) 209 (1.7) 278 (1.8) 40 (0.7)

Non-Hispanic

Black

1032 (22.2) 2325 (27.2) 3016 (24.4) 2142 (25.6) 2998 (21.0) 5394 (24.6) 1163 (18.2) 3345 (21.4) 4625 (25.2) 2834 (22.8) 2787 (18.0) 512 (9.1)

Non-Hispanic

other

227 (4.9) 476 (5.6) 1240 (10.0) 796 (9.5) 1805 (12.7) 4207 (19.2) 496 (7.7) 914 (5.8) 964 (5.2) 450 (3.6) 1122 (7.3) 80 (1.4)

Non-Hispanic

White

2395 (51.6) 3792 (44.3) 5154 (41.7) 3158 (37.7) 4906 (34.4) 5885 (26.8) 3428 (53.6) 7662 (48.9) 7504 (40.9) 4734 (38.0) 6309 (40.8) 1143 (20.2)

Unknown 104 (2.2) 228 (2.7) 302 (2.4) 295 (3.5) 530 (3.7) 1474 (6.7) 184 (2.9) 448 (2.9) 435 (2.4) 258 (2.1) 287 (1.9) 187 (3.3)

Admission source,
n (%)

Home 3547 (76.4) 6765 (79.1) 9335 (75.6) 6127 (73.1) 11 644 (81.6) 18 141 (82.6) 4791 (74.8) 11 989 (76.5) 14 998 (81.7) 10 998 (88.4) 13 771 (89.2) 5478 (97.0)

Acute care

hospital

386 (8.3) 590 (6.9) 1100 (8.9) 614 (7.3) 583 (4.1) 1618 (7.4) 536 (8.4) 1618 (10.3) 1745 (9.5) 799 (6.4) 874 (5.7) 66 (1.2)

Subacute care

facility

231 (5.0) 619 (7.2) 1126 (9.1) 746 (8.9) 1423 (10.0) 1335 (6.1) 406 (6.3) 862 (5.5) 629 (3.4) 378 (3.0) 342 (2.2) 68 (1.2)

Other 476 (10.3) 581 (6.8) 784 (6.4) 895 (10.7) 614 (4.3) 867 (3.9) 668 (10.4) 1197 (7.6) 993 (5.4) 272 (2.2) 458 (3.0) 33 (0.6)

Admission type, n
(%)

Elective 139 (3.0) 209 (2.4) 395 (3.2) 342 (4.1) 308 (2.2) 525 (2.4) 412 (6.4) 858 (5.5) 740 (4.0) 341 (2.7) 427 (2.8) 138 (2.4)

Emergent/

urgent

4434 (95.6) 8286 (96.9) 11 864 (96.1) 7982 (95.2) 13 926 (97.6) 21 417 (97.5) 5872 (91.7) 14 478 (92.4) 17 480 (95.2) 12 002 (96.4) 14 918 (96.6) 5474 (97.0)

Other 67 (1.4) 60 (0.7) 86 (0.7) 58 (0.7) 30 (0.2) 19 (0.1) 117 (1.8) 330 (2.1) 145 (0.8) 104 (0.8) 100 (0.6) 33 (0.6)

Payer type, n (%)

Medicare 2176 (46.9) 4317 (50.5) 6132 (49.7) 4037 (48.2) 6798 (47.7) 11 330 (51.6) 2929 (45.8) 7159 (45.7) 8287 (45.1) 5664 (45.5) 6580 (42.6) 2402 (42.6)

Medicaid 546 (11.8) 1111 (13.0) 2060 (16.7) 1713 (20.4) 2772 (19.4) 4736 (21.6) 1358 (21.2) 2738 (17.5) 2588 (14.1) 1717 (13.8) 2772 (17.9) 788 (14.0)
Private insurance 1372 (29.6) 2274 (26.6) 3014 (24.4) 2022 (24.1) 3730 (26.1) 5212 (23.7) 1561 (24.4) 4124 (26.3) 4944 (26.9) 3312 (26.6) 4057 (26.3) 1639 (29.0)

Uninsured 163 (3.5) 301 (3.5) 467 (3.8) 273 (3.3) 478 (3.4) 271 (1.2) 255 (4.0) 805 (5.1) 1262 (6.9) 719 (5.8) 868 (5.6) 432 (7.7)

Other† 383 (8.3) 552 (6.5) 672 (5.4) 337 (4.0) 486 (3.4) 412 (1.9) 298 (4.7) 840 (5.4) 1284 (7.0) 1035 (8.3) 1168 (7.6) 384 (6.8)

Median length of
stay (IQR), d

7.0 (4.0–
14.0)

7.0 (4.0–14.0)7.0 (3.0–13.0)6.0 (3.0–12.0)7.0 (4.0–12.0)6.0 (3.0–11.0) 5.0 (2.0–9.0) 5.0 (3.0–9.0) 5.0 (3.0–10.0)5.0 (3.0–10.0)6.0 (3.0–11.0)6.0 (3.0–
11.0)

Median Elixhauser

Comorbidity

Index (IQR)

3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–5.0) 3.0 (2.0–4.0) 3.0 (2.0–4.0)

High-risk comor-

bidity (POA), n

(%)‡

Hypertension 3019 (65.1) 5735 (67.0) 8158 (66.1) 5308 (63.3) 9032 (63.3) 14 444 (65.8) 3821 (59.7) 9729 (62.1) 11 571 (63.0) 7908 (63.5) 9602 (62.2) 3624 (64.2)
Heart disease 1616 (34.8) 3075 (35.9) 4495 (36.4) 2980 (35.6) 4761 (33.4) 7339 (33.4) 2137 (33.4) 5250 (33.5) 5771 (31.4) 3847 (30.9) 4470 (28.9) 1624 (28.8)

Diabetes 1699 (36.6) 3444 (40.3) 4925 (39.9) 3258 (38.9) 5430 (38.1) 8732 (39.8) 2213 (34.6) 5608 (35.8) 7051 (38.4) 5074 (40.8) 6173 (40.0) 2499 (44.3)

Cancer 165 (3.6) 278 (3.2) 422 (3.4) 308 (3.7) 490 (3.4) 936 (4.3) 231 (3.6) 538 (3.4) 562 (3.1) 361 (2.9) 417 (2.7) 154 (2.7)

660 (14.2) 1415 (16.5) 2048 (16.6) 1293 (15.4) 2035 (14.3) 3177 (14.5) 841 (13.1) 2075 (13.2) 2395 (13.0) 1483 (11.9) 1742 (11.3) 556 (9.8)

Continued on following page
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Table 1–Continued

Characteristic Admitted March to May 2020 Admitted June to August 2020

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

Chronic kidney

disease

(≥stage 3)

Obesity 1419 (30.6) 2424 (28.3) 3334 (27.0) 1967 (23.5) 3214 (22.5) 3998 (18.2) 1800 (28.1) 4727 (30.2) 5358 (29.2) 3956 (31.8) 4428 (28.7) 2137 (37.9)
Chronic obstruc-

tive pulmo-

nary disease

499 (10.8) 1058 (12.4) 1428 (11.6) 837 (10.0) 1332 (9.3) 1923 (8.8) 670 (10.5) 1634 (10.4) 1780 (9.7) 1051 (8.4) 1335 (8.6) 337 (6.0)

Asthma 190 (4.1) 334 (3.9) 402 (3.3) 301 (3.6) 413 (2.9) 617 (2.8) 218 (3.4) 471 (3.0) 498 (2.7) 317 (2.5) 422 (2.7) 136 (2.4)
Interstitial lung

disease

49 (1.1) 85 (1.0) 110 (0.9) 78 (0.9) 111 (0.8) 133 (0.6) 76 (1.2) 144 (0.9) 167 (0.9) 102 (0.8) 123 (0.8) 76 (1.3)

Cystic fibrosis 0 (0.0) 1 (0.0) 0 (0.0) 0 (0.0) 1 (0.0) 2 (0.0) 0 (0.0) 0 (0.0) 4 (0.0) 0 (0.0) 2 (0.0) 0 (0.0)

Chronic liver
failure/

cirrhosis

221 (4.8) 406 (4.7) 634 (5.1) 426 (5.1) 572 (4.0) 861 (3.9) 329 (5.1) 770 (4.9) 850 (4.6) 608 (4.9) 848 (5.5) 380 (6.7)

Immunocom-

promise

147 (3.2) 297 (3.5) 412 (3.3) 255 (3.0) 407 (2.9) 728 (3.3) 229 (3.6) 517 (3.3) 599 (3.3) 327 (2.6) 495 (3.2) 154 (2.7)

Pregnancy 114 (2.5) 181 (2.1) 395 (3.2) 344 (4.1) 387 (2.7) 636 (2.9) 610 (9.5) 985 (6.3) 914 (5.0) 511 (4.1) 587 (3.8) 252 (4.5)

Sickle cell

disease

8 (0.2) 26 (0.3) 48 (0.4) 27 (0.3) 45 (0.3) 85 (0.4) 20 (0.3) 52 (0.3) 59 (0.3) 26 (0.2) 41 (0.3) 5 (0.1)

Thalassemia 7 (0.2) 12 (0.1) 15 (0.1) 16 (0.2) 29 (0.2) 41 (0.2) 5 (0.1) 12 (0.1) 13 (0.1) 12 (0.1) 11 (0.1) 4 (0.1)
Cerebrovascular

disease

320 (6.9) 776 (9.1) 1157 (9.4) 784 (9.4) 1152 (8.1) 1793 (8.2) 457 (7.1) 1163 (7.4) 1176 (6.4) 836 (6.7) 899 (5.8) 330 (5.8)

Other neurologic

disease

684 (14.7) 1595 (18.6) 2397 (19.4) 1637 (19.5) 2495 (17.5) 4118 (18.8) 875 (13.7) 2194 (14.0) 2514 (13.7) 1700 (13.7) 1955 (12.7) 642 (11.4)

Indicators of acute

respiratory fail-

ure severity on

hospital admis-
sion (+1 d), n

(%)

None 1867 (40.2) 3722 (43.5) 5156 (41.8) 3797 (45.3) 5625 (39.4) 8283 (37.7) 3390 (53.0) 7451 (47.6) 8131 (44.3) 5388 (43.3) 6663 (43.1) 2203 (39.0)

Acute respiratory
failure code

(POA)§

1546 (33.3) 2648 (31.0) 4154 (33.6) 2968 (35.4) 6491 (45.5) 11 069 (50.4) 1700 (26.6) 5043 (32.2) 6387 (34.8) 4603 (37.0) 6286 (40.7) 2088 (37.0)

ICU admission

and/or
NIPPV§||

755 (16.3) 1319 (15.4) 1804 (14.6) 955 (11.4) 1208 (8.5) 1447 (6.6) 1109 (17.3) 2547 (16.3) 3035 (16.5) 1955 (15.7) 1879 (12.2) 1167 (20.7)

Mechanical

ventilation¶

472 (10.2) 866 (10.1) 1231 (10.0) 662 (7.9) 940 (6.6) 1162 (5.3) 202 (3.2) 625 (4.0) 812 (4.4) 501 (4.0) 617 (4.0) 187 (3.3)

Other acute organ
failure (POA), n

(%)**

Renal 1147 (24.7) 2302 (26.9) 3275 (26.5) 2307 (27.5) 3908 (27.4) 7001 (31.9) 1302 (20.3) 3477 (22.2) 4226 (23.0) 2910 (23.4) 3345 (21.7) 1247 (22.1)

Hepatic 59 (1.3) 80 (0.9) 164 (1.3) 86 (1.0) 138 (1.0) 203 (0.9) 59 (0.9) 165 (1.1) 164 (0.9) 106 (0.9) 163 (1.1) 72 (1.3)
Hematologic 412 (8.9) 809 (9.5) 1189 (9.6) 726 (8.7) 1240 (8.7) 1792 (8.2) 496 (7.7) 1283 (8.2) 1397 (7.6) 870 (7.0) 1055 (6.8) 408 (7.2)

Metabolic 531 (11.4) 1067 (12.5) 1552 (12.6) 1135 (13.5) 1900 (13.3) 3058 (13.9) 681 (10.6) 1578 (10.1) 1832 (10.0) 1188 (9.5) 1581 (10.2) 645 (11.4)

Neurologic 458 (9.9) 1097 (12.8) 1701 (13.8) 1039 (12.4) 1677 (11.8) 2808 (12.8) 552 (8.6) 1388 (8.9) 1719 (9.4) 1153 (9.3) 1367 (8.9) 462 (8.2)

Vasopressor†† on
admission (+1

d), n (%)

428 (9.2) 756 (8.8) 1148 (9.3) 642 (7.7) 1005 (7.0) 1420 (6.5) 267 (4.2) 721 (4.6) 919 (5.0) 556 (4.5) 665 (4.3) 271 (4.8)

Medications

received during
admission, n (%)

Remdesivir 109 (2.3) 182 (2.1) 320 (2.6) 293 (3.5) 196 (1.4) 30 (0.1) 853 (13.3) 3283 (21.0) 4832 (26.3) 2899 (23.3) 3269 (21.2) 1497 (26.5)

Corticosteroid 1368 (29.5) 2697 (31.5) 3999 (32.4) 2780 (33.2) 5054 (35.4) 9033 (41.1) 3399 (53.1) 9808 (62.6) 12 739 (69.4) 9207 (74.0) 12 213 (79.1) 4851 (85.9)

Hydroxychloro-
quine

2051 (44.2) 3396 (39.7) 3704 (30.0) 3075 (36.7) 5982 (41.9) 12 637 (57.5) 76 (1.2) 188 (1.2) 368 (2.0) 153 (1.2) 149 (1.0) 28 (0.5)

Azithromycin 2836 (61.1) 4915 (57.5) 6196 (50.2) 4057 (48.4) 7781 (54.5) 8950 (40.8) 2116 (33.1) 6261 (40.0) 8159 (44.4) 6043 (48.5) 9208 (59.6) 3013 (53.4)

Concomitant

hydroxychlor-
oquine and

azithromycin

1677 (36.1) 2616 (30.6) 2632 (21.3) 2224 (26.5) 4235 (29.7) 6513 (29.7) 39 (0.6) 111 (0.7) 221 (1.2) 103 (0.8) 112 (0.7) 17 (0.3)

Do-not-resuscitate

order (POA), n
(%)

526 (11.3) 1009 (11.8) 1619 (13.1) 1082 (12.9) 2005 (14.1) 3049 (13.9) 572 (8.9) 1490 (9.5) 1416 (7.7) 945 (7.6) 990 (6.4) 417 (7.4)

Continued on following page
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[interquartile range, 52 to 76 years]). Demographic and
comorbidity distributions were otherwise similar (Table 1).

Rates of ICU admission and intubation decreased over
time (Supplement Figure 3, available at Annals.org). Use of
NIPPV emerged only in later months and remained infre-
quent. During March through May, intubation on admis-
sion (+1 day) occurred in 10% of patients in hospitals not
experiencing surges and 4.3% in the greater than 99th per-
centile category, and this remained low (range, 3.2% to
4.3%) across surge index categories among admissions in
June through August. Admissions in March through May
showed higher frequency of age-stratified do-not-resuscitate
orders that were present on admission than admissions in

June through August (Supplement Table 3, available at
Annals.org). Corticosteroid use increased after May in all
surge and severity strata, with greater use among the highest
surge indices (Supplement Figure 4A, available at Annals.
org); a pattern was also seen for remdesivir use (Supplement
Figure 4B, available at Annals.org). Nearly three quarters of
patients received hydroxychloroquine inMarch as shownpre-
viously (34), but use decreased sharply thereafter and stayed
near zero in June through August (Supplement Figure 4C,
available at Annals.org).

For COVID-19 admissions in March through May,
crude mortality decreased with each subsequent month
across every surge index category (Figure 2). However,

Table 1–Continued

Characteristic Admitted March to May 2020 Admitted June to August 2020

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

<50th
Percentile

50th–75th
Percentile

75th–90th
Percentile

90th–95th
Percentile

95th–99th
Percentile

≥99th
Percentile

Deceased, n (%)

In-hospital death 701 (15.1) 1270 (14.8) 1901 (15.4) 1419 (16.9) 1566 (11) 5223 (23.8) 468 (7.3) 1422 (9.1) 1925 (10.5) 1397 (11.2) 1918 (12.4) 1021 (18.1)

Discharge to

hospice

145 (3.1) 320 (3.7) 376 (3) 276 (3.3) 601 (4.2) 437 (2) 117 (1.8) 382 (2.4) 522 (2.8) 380 (3.1) 452 (2.9) 108 (1.9)

Hospital

characteristics

Pre–COVID-19

(nominal) bed
capacity, n (%)

<99 123 (2.7) 232 (2.7) 386 (3.1) 286 (3.4) 430 (3.0) 258 (1.2) 152 (2.4) 435 (2.8) 663 (3.6) 513 (4.1) 838 (5.4) 522 (9.2)

100–199 602 (13.0) 1124 (13.1) 1445 (11.7) 995 (11.9) 1823 (12.8) 810 (3.7) 908 (14.2) 1950 (12.4) 1981 (10.8) 1527 (12.3) 2441 (15.8) 1267 (22.4)

200–299 885 (19.1) 1600 (18.7) 1740 (14.1) 1833 (21.9) 2793 (19.6) 3708 (16.9) 1175 (18.4) 2657 (17.0) 3331 (18.1) 2881 (23.1) 2241 (14.5) 1462 (25.9)
300–399 995 (21.4) 1788 (20.9) 2302 (18.6) 1868 (22.3) 3464 (24.3) 4935 (22.5) 1379 (21.5) 3064 (19.6) 3500 (19.1) 2387 (19.2) 2791 (18.1) 532 (9.4)

400–499 751 (16.2) 944 (11.0) 1585 (12.8) 767 (9.2) 1080 (7.6) 1398 (6.4) 976 (15.2) 2207 (14.1) 1444 (7.9) 1490 (12.0) 793 (5.1) 443 (7.8)

≥500 1284 (27.7) 2867 (33.5) 4887 (39.6) 2633 (31.4) 4674 (32.8) 10 852 (49.4) 1811 (28.3) 5353 (34.2) 7446 (40.5) 3649 (29.3) 6341 (41.1) 1419 (25.1)

Teaching hospital,
n (%)

2022 (43.6) 3705 (43.3) 7803 (63.2) 5239 (62.5) 9066 (63.6) 17 130 (78.0) 3694 (57.7) 7549 (48.2) 8269 (45.0) 4976 (40.0) 4191 (27.1) 1094 (19.4)

Urban location, n

(%)

4059 (87.5) 7681 (89.8) 11 470 (92.9) 7761 (92.6) 13 277 (93.1) 20 933 (95.3) 5513 (86.1) 14 107 (90.0) 15 929 (86.7) 11 121 (89.3) 14 566 (94.3) 4965 (88.0)

Census region, n
(%)

Midwest 1378 (29.7) 2198 (25.7) 3434 (27.8) 2234 (26.7) 2164 (15.2) 2016 (9.2) 2413 (37.7) 5194 (33.2) 1651 (9.0) 111 (0.9) 0 (0.0) 0 (0.0)

Northeast 415 (8.9) 923 (10.8) 2740 (22.2) 3788 (45.2) 7356 (51.6) 18 921 (86.2) 2119 (33.1) 1641 (10.5) 115 (0.6) 24 (0.2) 0 (0.0) 0 (0.0)

South 2341 (50.5) 3940 (46.1) 4512 (36.5) 1674 (20.0) 4352 (30.5) 1024 (4.7) 1402 (21.9) 6978 (44.5) 14 288 (77.8) 9936 (79.8) 9060 (58.7) 4392 (77.8)
West 506 (10.9) 1494 (17.5) 1659 (13.4) 686 (8.2) 392 (2.7) 0 (0.0) 467 (7.3) 1853 (11.8) 2311 (12.6) 2376 (19.1) 6385 (41.3) 1253 (22.2)

COVID-19 techno-

logical capacity,

n (%)
ECMO-equipped

(level 1)

1100 (23.7) 2890 (33.8) 4723 (38.3) 3664 (43.7) 6582 (46.1) 12 718 (57.9) 2038 (31.8) 5542 (35.4) 6887 (37.5) 3425 (27.5) 4787 (31.0) 0 (0.0)

Multiple ICUs

(level 2)

1572 (33.9) 2331 (27.2) 2803 (22.7) 2139 (25.5) 3524 (24.7) 5087 (23.2) 1804 (28.2) 4669 (29.8) 4664 (25.4) 4394 (35.3) 4964 (32.1) 3158 (55.9)

Single ICU,

CRRT-

equipped

(level 3)

1271 (27.4) 2254 (26.3) 3358 (27.2) 1551 (18.5) 3043 (21.3) 2814 (12.8) 1459 (22.8) 3643 (23.3) 4999 (27.2) 3356 (27.0) 4027 (26.1) 2125 (37.6)

Single ICU, no

CRRT (level 4)

697 (15.0) 1080 (12.6) 1461 (11.8) 1028 (12.3) 1115 (7.8) 1342 (6.1) 1100 (17.2) 1812 (11.6) 1815 (9.9) 1272 (10.2) 1667 (10.8) 362 (6.4)

CRRT = continuous renal replacement therapy; ECMO = extracorporeal membrane oxygenation; ICD-9 = International Classification of Diseases,
Ninth Revision; ICD-10 = International Classification of Diseases, 10th Revision; ICU = intensive care unit; IQR = interquartile range; NIPPV = nonin-
vasive positive-pressure ventilation; POA = present on admission.
* Rounded to the nearest whole number. Percentile categories are based on hospital-months ranked by surge index.
† Includes workers' compensation, direct employer contract, and other government payers.
‡ Accessed at www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/people-with-medical-conditions.html on 4 November 2020.
§ Codes are listed in Appendix Tables 1 and 2 (available at Annals.org).
|| Codes are listed in the Supplement (available at Annals.org). No specific code is available for high-flow nasal cannula oxygen.
¶ Limited to encounters with receipt of ICU-level care.
** Based on ICD-9 to ICD-10 conversion of codes that make up the Acute Organ Failure Score (28, 34).
†† Receipt of dopamine, epinephrine, norepinephrine, phenylephrine, vasopressin, Giapreza (La Jolla Pharmaceutical), or angiotensin II on first 2
days of admission.
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this trend seemed to plateau for patients admitted
between June and August, during which time higher surge
indices showed higher crude mortality. When surge index
deciles were compared in the model, risk-adjusted mortal-
ity increased exponentially only at higher deciles (Figure 3,
A). However, when shrinking percentile strata were used
(Figure 3, B; Supplement Table 4, available at Annals.org),
the aOR of mortality showed a stepladder increase.
Compared with hospitals not having surges (<50th percen-
tile), aORs in the 50th to 75th, 75th to 90th, 90th to 95th,
95th to 99th, and greater than 99th percentiles were 1.11
(95% CI, 1.01 to 1.23), 1.24 (CI, 1.12 to 1.38), 1.42 (CI, 1.27
to 1.60), 1.59 (CI, 1.41 to 1.80), and 2.00 (CI, 1.69 to 2.38),
respectively. The aOR of mortality was 1.22 (CI, 1.18 to
1.27) per unit increase in the log-transformed surge index.

The surge index remained associated with the aOR of
mortality within each admission period when shrinking
percentile strata (Figure 3,C and D) or log-transformed
surge index (aORs of 1.19 [CI, 1.14 to 1.25] for March
through May and 1.31 [CI, 1.25 to 1.38] for June through
August) were used. This relationship was stronger during
June through August than in March through May (slope
difference, 0.10 [CI, 0.033 to 0.16]) (Supplement Figure 5,
available at Annals.org). A detrimental relationship
between log surge index and mortality was observed
across patients who received mechanical ventilation or
NIPPV, ICU patients, and ward patients with or without re-
spiratory failure codes present on admission (Supplement
Table 5, available at Annals.org). However, during March
through May, this detrimental effect was greater for intu-
bated patients than for ward patients without respiratory
failure codes (Supplement Tables 5 and 6, available at
Annals.org). During June through August, the detrimental
effect of surge index was greater at hospitals that had
surges (>50th percentile) in the prior month. Differences
in non–COVID-19 caseload did not seem to affect the rela-
tionship between COVID-19 surge index and mortality,
but 82.6% of hospital-months showed lower non–COVID-
19 caseloads compared with the corresponding month in
2019 (Supplement Figures 6A and 6B, available at
Annals.org). Results of all sensitivity analyses resembled
those of the primary analysis when both categorical and
log surge index were used (Supplement Tables 7 and 8,
available at Annals.org). The OR for the hospital mean log
surge index was 0.99 (CI, 0.92 to 1.07) in the primary anal-
ysis, and the CI for this variable crossed 1 in all sensitivity
analyses as well, collectively suggesting that there was no
significant cross-sectional or between-hospital unmeas-
ured confounding (33). This was reinforced by the similar-
ity in effect estimates with and without adjustment for the
hospital mean log surge index (Supplement Table 8).

Of 25344 total COVID-19 deaths, an estimated 5868
(CI, 3584 to 8171; 23.2%) were potentially attributable to
hospital caseload surge (Table 2).

DISCUSSION

In a cohort of 558 U.S. hospitals that included approxi-
mately 1 of every 7 COVID-19 deaths reported in the United
States (35), we found an association between surge index (a
severity-weightedmetric of COVID-19 caseload adjusted for

Figure 1. Distribution of U.S. hospital-months' surge indices by
admission month and hospital census region, 558 U.S. hospitals,
March to August 2020.
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Hospital census region
     Midwest
     Northeast
     South
     West

Number of encounters
     100
     250
     500

These violin plots show the distribution of patients within each hospital-
month, stratified by admission month and log surge index (top) and
surge index (bottom), with colors indicating the hospital census region.
The overlaid box plots indicate the median, interquartile range, and 95%
CI for each month's distribution. The size of each dot represents the total
number of encounters in each hospital-month. Peak surges can be
observed in the Northeast in April and in the South andWest in July.
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baseline hospital capacity) and escalating COVID-19 mortal-
ity risk. This association was robust to multiple parameteriza-
tions of the surge index and several sensitivity analyses.
Importantly, nearly 1 in 4 COVID-19 deaths in our cohort
might have been attributable to hospital strain related to
COVID-19 caseload. Although baseline inpatient COVID-19
survival improved over the study period, after adjustment
for changing case mix and treatment patterns and other
temporal hospital factors, mortality risk associated with hos-
pitals experiencing surges was found to increase even more
in later studymonths.

The surge index was constructed with the intention
of capturing the aggregate severity burden of COVID-19
at a hospital and applying it to a large database of hospi-
tals to enable comparisons of burden and effect across
and within hospitals over time. The surge index not only
enabled capture of the potential detrimental effects
(36) of overburdened staff (2) during a surge but also
highlighted ongoing needs for specific care settings
(for example, ICU) and supplies (such as respiratory
support devices). Although we are unable to establish
causal inferences, our findings suggest potential value in
prioritizing staffing, inventory, and logistical support
early, especially to select hospitals approaching concern-
ing surge index thresholds. Doing so might prepare
these hospitals to better manage patients with COVID-
19 in the event of even greater and more prolonged
surges. This is suggested by the scale of benefit achieva-
ble by preempting surge-attributable deaths clustered
within few hospitals with very high caseloads.

Our data raise the question of whether there may be
a role for earlier diversion of patients with COVID-19
from emergency departments of hospitals experiencing
surges. Preemptive engagement of relief health care
(“shock absorber”) facilities is already occurring. Medical
operations coordination cells (37) are enabling these

triage efforts to cross state lines, especially when neigh-
boring hospitals are also experiencing surges. However,
the risks and benefits of transporting patients with
COVID-19must be carefully studied (38) and calibrated to
individual hospitals' capacity, infrastructure, and
resources.

Decreasing non–COVID-19 caseload further when it is
already below prepandemic levels may not affect progno-
sis of patients with COVID-19. However, the secondary
effect of surges on non–COVID-19 patient outcomes
requires further study. It is important that vaccination and
basic, low-cost, and highly effective preventive strategies
remain the primary focus to decrease the chances of
surges occurring in the first place.

Standards of care for patients hospitalized with COVID-
19 have evolved during the pandemic with growing evi-
dence, experiential learning, and availability of new therapies.
This likely contributed to temporal improvements in COVID-
19 survival reported in previous studies (6, 9–11, 13) and
observed across surge index strata in our study. However,
mortality burden remains high; COVID-19 has become a
leading cause of death in the United States (39). Hence, we
evaluated the relationship between surges and outcomes in
the context of changing treatment patterns over time (13).
Corticosteroids and remdesivir were increasingly used dur-
ing later studymonths after publication of influential random-
ized trials (14, 15) and guideline recommendations (40).
Hydroxychloroquine use decreased sharply as lack of associ-
ated benefit and potential for harm (especially when used
with azithromycin) were recognized (41). More patients
were intubated on presentation early in the pandemic. The
detrimental effect of this early practice pattern has been sug-
gested previously (13); we showed that it may have accentu-
ated the detrimental association between caseload surge
and survival. More selective intubation after growing confi-
dence in high-flow oxygen (16) and diminishing concerns
about acquiring aerosolized virus with adequate personal
protective equipment, coupled with the growing tracheot-
omy use and fewer code status limitations assigned on
admission (42) that we observed in our study, may have con-
tributed to temporal improvements. Notwithstanding early
temporal improvements, survival seemed to be dampened
by the negative effect of surges—more so in later study
months despite increasing use of corticosteroids and access
to remdesivir. In fact, medication use patterns generally indi-
cated adherence to practice guidelines (40) regardless of
hospitals' surge status. As such,maximal benefit fromemerg-
ing therapies (14, 15) and refinements in supportive care
may be more readily achievable under routine (nonsurging)
working conditions. Our study also identified a need to con-
trol for caseload surges in future COVID-19 outcome studies.

Our study has important public health implications.
Despite a downtrend in the third pandemic wave and
recent acceleration in mass vaccination efforts, surges
continue to pose a serious threat. Some countries where a
substantial portion of the population has been vaccinated
continue to experience surges in cases (43). Furthermore,
the emergence and rapid spread of SARS-CoV-2 variants
of concern have made our findings more relevant. Highly
transmissible variants (44) could cause health care sys-
tems to be overwhelmed if many patients are infected

Figure 2. Crude mortality rate for categorical parameterizations
of the surge index, 558 U.S. hospitals, March to August 2020.
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and could drive surge-based mortality independent of
intrinsic virulence relative to wild-type virus. In our study,
more than half the patients were clustered in hospital-
months in the top surge index decile, and these hospital-
months had a substantial portion of surge-attributable
deaths. The disproportionate preponderance of Hispanic
patients among COVID-19 admissions and deaths at the
most overburdened hospitals, especially between June

and August, likely tracks with the geographic evolution of
the pandemic but also indicates that surging caseload
may accentuate existing health disparities.

Our study has limitations. The findings may not be
generalizable to all U.S. hospitals. Residual confounding
may have occurred due to social determinants of health,
prone positioning, and finer differences in severity of
acute illness that were uncaptured in administrative data.

Figure 3.Adjusted odds of mortality for categorical parameterizations of the surge index, 558 U.S. hospitals, March to August 2020.
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Risk-adjusted odds ratios of mortality were calculated using surge index deciles above the median (A) and shrinking percentile categories (B) for the pri-
mary study cohort (admissions in March to August 2020). In panel B, the shrinkage distribution is applied to evince the prognostic effect in categories of
extremely high surge index. Panels C andD illustrate effect modification of the relationship between surge index andmortality by period of admission. The
slopes in the relationship between log surge index and log odds of mortality (see Supplement Figure 5, available at Annals.org) for June through August
versus March throughMay intersect (slope difference, 0.10 [95%CI, 0.033 to 0.16]), indicating a significant quantitative interaction by period of admission.
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There is currently no billing code specific to high-flow
nasal cannula oxygen, and present-on-admission coding
for acute respiratory failure in the absence of coding for
continuous positive airway pressure or bilevel positive
airway pressure may have been an imperfect proxy. The
extent to which oxygen delivery exclusively via high-flow
nasal cannula was captured in our NIPPV variable is
unclear. However, administrative codes reliably capture
COVID-19 cases (24), and our administrative data mod-
els offered good discrimination for mortality, emphasiz-
ing the strong prognostic influence of age (45) and
underlying comorbidities in COVID-19. Residual con-
founding may have occurred at the hospital level (46);
deidentification restricted data on dates to month, pre-
cluding daily assessments of ICU census, expanded
capacity, and staffing. Information on outcomes beyond
discharge was not available, and readmissions were not
assessed, but a sensitivity analysis imputing death for
everyone who received tracheotomy and/or was trans-
ferred out yielded similar findings. Changing ward and
ICU admission thresholds to manage dynamic caseloads
may have introduced collider bias (47). Notably, several
hospitals experienced an onslaught of acutely ill patients
with COVID-19, leaving little room for discretion in triage
and prompting them to use tiered staffing (48) and
expand bed capacity (49). We were unable to identify
patients who received intermediate care unit–level serv-
ices on the ward. However, we analyzed all hospitalized
(in lieu of only ICU) patients, utilized ICU charges to cap-
ture patients receiving ICU-level care at alternative care
sites (such as a cafeteria or parking lot) (50), and con-
trolled for monthly proportions of patients with COVID-
19 who were admitted to the ICU and/or intubated on
admission. Our conservative estimate of excess surge-
related COVID-19 deaths does not account for patients
missing COVID-19 diagnosis labels and indirect effects

(for example, deaths at home due to avoidance of hospi-
tals, or altered resuscitation policies).

We encourage future investigations into drivers of the
relationship between surges and mortality that were not fully
discernible in our study. Furthermore, the treatment para-
digm for COVID-19 is rapidly evolving, and hospitals have
had growing situational awareness, lead time for planning,
and federal and state support over time. As such, our find-
ings might not represent surge–mortality relationships
observed in the third U.S. pandemic wave. We encourage
ongoing tracking of the burden and dynamic effect of case-
load surges in more recent data and validation using other
data sets enrichedwith additional key elements (for example,
daily census or expanded bed capacity). In certain hard-hit,
non-U.S. regions where even basic treatment modalities like
oxygen have been in short supply (51), detrimental effects of
surging caseload, although not quantified to date, are likely
to be substantial. International studies on this topic are crit-
ically needed. The surge index framework could also be
used to study the effect of caseload surge on other acute
conditions not related toCOVID-19 and in future pandemics.

In conclusion, among patients admitted with COVID-
19 at 558 U.S. hospitals between March and August 2020,
mortality risk increased with escalating severity-weighted
COVID-19 caseload; approximately 1 in every 4 COVID-19
deaths was potentially attributable to surges in caseload at
hospitals. This volume–outcome relationship was stronger
in later pandemicmonths despite greater use of corticoste-
roids and more selective intubation in later and higher-
surging months. Many COVID-19 deaths may be prevent-
able through prudent public health and health care organi-
zational interventions that minimize the effect of surges.

From National Institutes of Health Clinical Center, Bethesda,
Maryland (S.S.K., J.S., A.L., M.K., C.Y., S.M., J.K., R.L.D., C.Y.D.,
S.W.); National Institutes of Health Clinical Center, Bethesda,

Table 2. Excess Deaths Potentially Attributable to Hospital Strain Related to Caseload Surge, by Surge Index Category, 558
U.S. Hospitals, March to August 2020

Surge Index Percentile Category Total Encounters, n Estimated Risk Difference* (95% CI) Surge-Attributable Deaths (95% CI)†

March to May 2020
0th�50th 4640 Reference Reference
50th�75th 8555 0.013 (�0.004 to 0.030) 111 (0 to 257)
75th�90th 12 345 0.029 (0.011 to 0.047) 358 (136 to 580)
90th�95th 8382 0.047 (0.025 to 0.068) 394 (210 to 570)
95th�99th 14 264 0.053 (0.031 to 0.076) 756 (442 to 1084)
99th�100th 21 961 0.075 (0.043 to 0.107) 1647 (944 to 2350)
Total 70 147 – 3266 (1732 to 4841)

June to August 2020
0th�50th 6401 Reference Reference
50th�75th 15 666 0.010 (0.003 to 0.017) 157 (47 to 266)
75th�90th 18 365 0.030 (0.020 to 0.039) 551 (367 to 716)
90th�95th 12 447 0.040 (0.030 to 0.050) 498 (373 to 622)
95th�99th 15 445 0.056 (0.043 to 0.069) 865 (664 to 1066)
99th�100th 5645 0.094 (0.071 to 0.117) 531 (401 to 660)
Total 73 969 – 2602 (1852 to 3330)

March to August 2020
Total 144 116 – 5868 (3584 to 8171)

* Calculated using generalized estimating equation predictive margins (31).
† Risk difference multiplied by population at risk.
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Appendix Table 1. ICD-10 Code–Based Algorithms

ICD-10 Diagnosis Codes, by Disease Code Description

March 2020 inpatient encounters (legacy coding) (24)
Generic coronavirus code

B97.29 Other coronavirus as the cause of diseases classified elsewhere
Plus ≥1 of the following acute respiratory illness codes

Pneumonia
J12.89 Other viral pneumonia
J12.81 Pneumonia due to SARS-associated coronavirus
J12.9 Viral pneumonia, unspecified
J18.x Pneumonia, unspecified organism

Acute bronchitis
J20.8 Acute bronchitis due to other specified organisms
J20.9 Acute bronchitis, unspecified
J40 Bronchitis, not specified as acute or chronic

Unspecified acute lower respiratory infection
J22 Unspecified acute lower respiratory infection

Other respiratory disorders
J98.8 Other specified respiratory disorders
J98.9 Respiratory disorder, unspecified
J98.0x Diseases of bronchus, not elsewhere classified
J98.1x Pulmonary collapse

Acute respiratory distress syndrome
J80 Acute respiratory distress syndrome

Acute respiratory failure
J96 Respiratory failure, not elsewhere classified
J96.0 Acute respiratory failure
J96.00 Acute respiratory failure, unspecified whether with hypoxia or hypercapnia
J96.01 Acute respiratory failure with hypoxia
J96.02 Acute respiratory failure with hypercapnia
J96.2 Acute and chronic respiratory failure
J96.20 Acute and chronic respiratory failure, unspecified whether with hypoxia or hypercapnia
J96.21 Acute and chronic respiratory failure with hypoxia
J96.22 Acute and chronic respiratory failure with hypercapnia
J96.9 Respiratory failure, unspecified
J96.90 Respiratory failure, unspecified whether with hypoxia or hypercapnia
J96.91 Respiratory failure with hypoxia
J96.92 Respiratory failure with hypercapnia

April to August 2020 inpatient encounters
COVID-19

U07.1 COVID-19 (effective 1 April 2020)

ICD-10 = International Classification of Diseases, 10th Revision; SARS = severe acute respiratory syndrome.
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Appendix Table 2. High-Risk ICD-10 Codes

Condition ICD-10 Codes Present on Admission

COVID-19 high-risk comorbidity*
Cancer Cxx
Stage 3 chronic kidney disease N18.3, N18.4, N18.5, N18.6
Chronic obstructive pulmonary disease J44, J44.0, J44.1, J44.9
Immunocompromised D71x, D80x, D81x, D82x, D83x, D84x, D89x
Overweight/obesity E66x
Pregnancy Z33x, Z34x, Z36x, Z3Ax, Oxx
Sickle cell disease D57x
Diabetes (type 1 and 2) E10x, E11x
Asthma J45, J45.2, J45.20, J45.21, J45.22, J45.3, J45.30, J45.31, J45.32, J45.4, J45.40, J45.41, J45.42, J45.5, J45.50,

J45.51, J45.52, J45.9, J45.90, J45.901, J45.902, J45.903, J45.99, J45.990, J45.991, J45.998, J47, J47.0,
J47.1, J47.9

Cystic fibrosis E84x
Interstitial lung disease J84x
Thalassemia D56x
Cirrhosis K70.11, K70.3, K70.41, K71.7, K76.7, K76.81
Heart failure O90.3, I51.7
Cerebrovascular disease G93.1, G93.82, I67.81, I67.82, I69.03, I69.04, I69.05, I69.06, I69.13, I69.14, I69.15, I69.16, I69.23, I69.24,

I69.25, I69.26, I69.33, I69.34, I69.35, I69.36, I69.83, I69.84, I69.85, I69.86, I69.93, I69.94, I69.95, I69.96,
G10x, G11x, G12x, G13x, G20x, G21x, G22x, G23x, G30x, G31x, G32x, G35x, G36x, G37x, G46x, G80x,
G81x, G82x, G83x, Q00x, Q01x, Q02x, Q03x, Q04x, Q05x, Q06x, Q07x, I63

Heart conditions Elixhauser CHF and CAD
Hypertension Elixhauser HTN
Neurologic condition Elixhauser neuro other
Liver condition Elixhauser liver disease

AOFS† organ failure definition
Acute respiratory failure‡ J80, J96.00, J96.90, R06.00, R06.03, R06.09, R06.3, R06.89, R09.2, 5A1935Z, 5A1945Z, 5A1955Z
Acute renal failure N17.0, N17.1, N17.2, N17.8, N17.9
Acute hepatic failure K71.6, K72.00, K72.9, K72.91, K75.9, K76.2
Acute hematologic failure D65, D68.8, D68.9, D69.3, D69.41, D69.42, D69.49, D69.51, D69.59, D69.6
Acute metabolic failure E87.2
Acute neurologic failure G93.1, G93.40, G93.41, G93.49, R40.1, R40.20, R40.0

AOFS = Acute Organ Failure Score; CAD = coronary artery disease; CHF = congestive heart failure; HTN = hypertension; ICD-9 = International
Classification of Diseases, Ninth Revision; ICD-10 = International Classification of Diseases, 10th Revision.
* As reported by the Centers for Disease Control and Prevention (52).
† ICD-9 to ICD-10 conversion of codes that make up the AOFS (28).
‡ Expanded from original AOFS respiratory failure category to include additional acute respiratory failure codes relevant to categorization of
patients with COVID-19.
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Appendix Figure. Flowchart depicting cohort selection, 558
U.S. hospitals, March to August 2020.

Admissions during March to August 2020 in Premier
Healthcare Database (accessed 9 November 2020)
   Encounters: 3 020 982
   Patients: 2 541 471
   Hospitals: 887

First admission per patient at
continuously reporting hospitals
   Patients: 2 427 371
   Hospitals: 795

Exclusions
   Missing gender: 825 patients (125 diagnosed
      with COVID-19)
   Hospitals with no ICU: 65 326 patients (2813
      diagnosed with COVID-19)
   Hospitals with <15 COVID-19 cases: 67 850
      patients (692 diagnosed with COVID-19)

Patients: 2 293 370
Hospitals: 558

Study cohort (COVID-19–coded
encounters)
   Patients: 144 116
   Hospitals: 558

ICU = intensive care unit.
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