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Abstract

There is growing evidence that racial and ethnic minorities bear a disproportionate burden
from COVID-19. Temporal changes in the pandemic epidemiology and diversity in the clini-
cal course require careful study to identify determinants of poor outcomes. We analyzed
6255 hospitalized individuals with PCR-confirmed SARS-CoV-2 infection from one of 5 hos-
pitals in the University of Pennsylvania Health System between March 2020 and March
2021, using electronic health records to assess risk factors and outcomes through 8 weeks
post-admission. Discharge, readmission and mortality outcomes were analyzed in a multi-
state model with multivariable Cox models for each transition. Mortality varied markedly
over time, with cumulative incidence (95% CI) 30 days post-admission of 19.1% (16.9, 21.3)
in March-April 2020, 5.7% (4.2, 7.5) in July-October 2020 and 10.5% (9.1,12.0) in January-
March 2021; 26% of deaths occurred after discharge. Average age (SD) at admission varied
from 62.7 (17.6) to 54.8 (19.9) to 60.5 (18.1); mechanical ventilation use declined from
21.3% to 9—11%. Compared to Caucasian, Black race was associated with more severe dis-
ease at admission, higher rates of co-morbidities and residing in a low-income zip code.
Between-race risk differences in mortality risk diminished in multivariable models; while
admitting hospital, increasing age, admission early in the pandemic, and severe disease
and low blood pressure at admission were associated with increased mortality hazard. His-
panic ethnicity was associated with fewer baseline co-morbidities and lower mortality hazard
(0.57, 95% CI: 0.37, .087). Multi-state modeling allows for a unified framework to analyze
multiple outcomes throughout the disease course. Morbidity and mortality for hospitalized
COVID-19 patients varied over time but post-discharge mortality remained non-trivial. Black
race was associated with more risk factors for morbidity and with treatment at hospitals with
lower mortality. Multivariable models suggest there are not between-race differences in
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outcomes. Future work is needed to better understand the identified between-hospital differ-
ences in mortality.

Introduction

The virus SARS-CoV-2, and its associated coronavirus disease 2019 (COVID-19), has had an
immeasurable global impact. In the US, the virus rapidly spread throughout the country and
has maintained a heavy clinical impact since. COVID-19 is associated with a wide range of
symptoms, ranging from asymptomatic cases to mild flu-like illness to severe respiratory fail-
ure [1-3]. The vast majority of those individuals with severe disease have had one or more
coexisting medical conditions [1]. As the US epidemic has evolved, however, some of the early
reported manifestations appeared to shift, due in part to spread into different populations,
increasing ability to recognize and treat COVID-19, as well as advances in clinical care.

COVID-19 is well recognized to disproportionately affect systemically marginalized com-
munities, including African Americans, Hispanics, and Native Americans [1, 4-7]. Once hos-
pitalized, however, the roles of race, ethnicity and other social determinants are less clear.
Prospective therapeutic clinical trials [8, 9] and observational studies [10, 11] have focused on
short-term outcomes such as 30-day mortality or discharge rates in hospitalized patients.
Observational studies have yielded conflicting messages regarding the role of race and other
participant characteristics on outcomes in hospitalized patients. Ogedegbe et al. [12] reported
better outcomes for Blacks compared to Whites within the New York University Langone
Health system, including reduced risk of severe disease and lower mortality in hospitalized
patients; in contrast, Mendy et al. found increased risk for Blacks for these outcomes in the
University of Cincinnati health system [13], and a recent meta-analysis and systematic review
of 50 studies from across the United States and the United Kingdom found Black race was not
associated with mortality or increased risk of ICU admission in hospitalized patients [5].
Determining causal relationships between race or other complex sociodemographic patient
characteristics and outcomes is challenging with observational data. Evolving trends in the
characteristics of infected and subsequently hospitalized individuals, including demographics,
severity of illness amongst those infected, and changes in practice patterns further complicate
disentangling the independent factors that contribute to patient outcomes.

The disease course of COVID-19 varies considerably across individuals, even among those
severe enough to be hospitalized, with some hospitalized patients recovering after a brief or
extended stay, others dying in hospital, while still others experience a worsening of disease and
possible death or readmission after initial discharge. In the large body of work appearing in
the medical literature to date that examines COVID-19 outcome, multivariate analyses of
patient outcomes have either focused on a single clinical outcome, such as 30-day mortality, or
investigators have applied separate models for different aspects of the disease. This approach
frequently requires ignoring information on several other observed clinical outcomes for indi-
vidual patients, which may result in an analysis of an incomplete or overly simplistic summary
of the disease course reliant on single or composite outcomes. Multistate models allow for
incorporation of multiple outcomes per patient, with flexible multivariable modeling of the
risk factors for each outcome, and are relatively straightforward in standard statistical software.
With this approach we are able to conduct a more comprehensive assessment of how patient
risk factors affect different aspects of the potentially complex disease course experienced by
patients hospitalized with COVID-19.
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We describe the experience of patients hospitalized with COVID-19 in the University of
Pennsylvania Health System (UPHS) from March 2020 through March 2021. Using the elec-
tronic health record data from five hospitals, we sought to identify key determinants of clinical
outcomes in the eight-week period following first COVID-19 hospitalization. Of particular
interest were temporal trends in the severity of illness and mortality, post-discharge outcomes,
and the role of race on clinical outcomes. These data demonstrate substantial evolution of out-
comes over time and identify several important determinants of disease outcomes.

Methods
Data collection and study cohort

Retrospective electronic health records (EHR) data were obtained from hospitalized subjects
with COVID-19 admitted prior to March 31, 2021 at one of five hospitals within UPHS, with
follow-up through May 26, 2021. Three hospitals were within city limits of Philadelphia, of
which two were tertiary referral centers and all had major training programs; two were in out-
lying non-urban areas. Characteristics of these hospitals are presented in S1 Appendix. We
abstracted demographic information, vital sign measurements, body mass index (BMI), recent
comorbidity diagnoses, and hospitalization outcomes. Socioeconomic status was assigned
according to the median household income for the patient’s zip code from the U.S. Census
Bureau’s American Community Survey (ACS) for 2014-2018 [14]. Prior to study start, this
study was approved and deemed exempt by the University of Pennsylvania Institutional
Review Board (UPenn IRB). A waiver of informed consent was granted by the UPenn IRB and
a limited dataset was generated from the EHR using the minimum necessary protected health
information that was authorized by the UPenn IRB.

Baseline comorbidities designated by the CDC as underlying conditions that may increase
risk of severe illness from COVID-19 [15] were abstracted from the EHR for the year prior to
admission and classified using the International Classification of Diseases, 10" Revision (ICD-
10). We considered diabetes (Type 1 or Type 2), obesity, chronic kidney disease, chronic liver
disease, chronic respiratory disease, cardiovascular disease, cancer, and immune deficiency.
More specific categorizations were considered for cardiovascular disease (coronary artery dis-
ease, hypertension, congestive heart failure, and other) and chronic respiratory disease
(COPD, asthma, and chronic oxygen requirement). Further details are in the S1 Appendix.

Statistical analysis

Descriptive statistics were calculated for baseline characteristics at time of first COVID-19 hos-
pital admission. The median value of vital signs on the closest day to admission with data was
selected as the baseline value. Blood pressure at admission was classified as low if systolic
blood pressure (SBP) < 90 millimeters of mercury (mm Hg) or diastolic blood pressure (DBP)
< 60 mm Hg; otherwise, subjects were classified as having high blood pressure if SBP > 130
mm Hg or DBP > 80 mm Hg. Associations between patient baseline characteristics were eval-
uated using the chi-squared test.

Patient outcomes included hospital discharge, readmission, and mortality within 56 days (8
weeks) of first hospital admission. We chose this analysis time horizon as nearly all patients
(98.5%) had died or were discharged within eight weeks of first admission. Cumulative inci-
dence curves for mortality and discharge for the first hospital stay were computed [16]. Dis-
charge and death were analyzed as competing risks, as death following COVID recovery is
presumed to be occurring at a different rate than for patients requiring hospitalization. For
this analysis, the discharge outcome of interest was defined as discharge followed by survival
to day 56; patients who remained in hospital for longer than 56 days were censored at day 56.
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A multi-state model was created to investigate the determinants of risk for each of the
potential outcome (states) patients experience throughout the disease course and incorporated
data from all events on a patient within the follow-up period. Separate multivariable Cox mod-
els were fit for each transition between the three states of hospitalization, discharge, and death,
within 56 days of their first COVID-19 hospital admission. Transitions from hospitalization to
discharge, hospitalization to death, discharge to hospitalization, and discharge to death were
considered, with death as the only absorbing state.

Using this multi-state framework, two sets of predictors were used to create transition-spe-
cific Cox regression models using the ‘mstate’ (Version 0.3.1) and ‘survival’ packages in the R
software [17-19]. The primary model (model 1) included baseline age, sex, race, ethnicity,
income, BMI, blood pressure, admitting hospital, admission epoch (Mar-Apr 2020, May-June
2020, July-Oct 2020, Nov-Dec 2020, Jan-Mar 2021), and an indicator of admission to an inten-
sive care unit at the first hospital admission in order to control for baseline COVID-19 sever-
ity. For the transitions beginning in the hospital, the multi-state approach also allowed for the
inclusion of a variable indicating whether a specific hospital stay was a first or re-admission
with a diagnosis of COVID-19. ICU admission was defined as admission to the ICU or place-
ment on mechanical ventilation on the day of admission, to account for the mixed function
COVID-19 units established outside of traditional intensive care units. Because disease severity
at admission could mediate the effect of comorbidities on patient outcomes, a second model
(model 2) was fit with these same patient characteristics plus EHR-documented comorbidities
instead of the ICU-level admission variable.

Statistical tests were two-sided and done at the 0.05 significance level. A complete case anal-
ysis approach was taken, as only 22/6255 (0.35%) of patients had missing values for any vari-
able of interest. Analysis was done using R software (Version 4.0.2) [19].

Results

Our study cohort included 6255 hospitalized patients with a total of 6953 admissions. Table 1
shows patient characteristics at admission by time period, with overall characteristics in S1
Table. The overall median (IQR) age was 62.0 years (47.0, 75.0) and 48.1% were male. About
half of the patients were Black (44.1%) and 46.0% were White; 9.4% were of Hispanic/Latinx
ethnicity. Among all hospitalized, 14.8% received ICU-level care on day of first admission. A
majority of patients resided in zip codes with median household income less than $75,000.
Reflecting the local epidemic, admissions for COVID-19 surged in early spring of 2020, waned
over the summer until September 2020 before increasing to a peak in December 2020, with
subsequent declines continuing through March of 2021 (S1 Fig).

Table 1 shows time trends in patient demographics for COVID-19 hospital admissions.
There was a marked shift in age, as younger patients (< 40 years) shifted from being the least
common group in March-April 2020 to the most common group in July-October 2020, then
returned to being the least common group in January-March 2021. There was also a notable
shift in the racial distribution of hospitalized patients, as 51.5% of admitted patients in March-
April 2020 identified as Black compared to only 35.0% in January-March 2021. Table 2 shows
trends in severity of illness at presentation and reported comorbidities. In the later months,
fewer individuals received ICU-level care on day of admission. The use of mechanical ventila-
tion also decreased markedly; 9.4% of hospitalized patients in March-April 2020 received
mechanical ventilation at admission, compared to 3.4% of patients admitted during January-
March 2021, and the rates of mechanical ventilation at any time during the hospitalization
declined from 21.7% to 10.7%. These time trends were similar across the five hospitals.
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Table 1. Patient characteristics at COVID-19 hospital admission by timing of admission.

Characteristic Mar-Apr n (%) May-Jun n (%) Jul-Oct n (%) Nov-Dec n (%) Jan-Mar n (%) P-Value
Age in years
< 40 150 (12.1) 222 (27.1) 208 (28.1) 261 (14.8) 276 (16.4) < 0.001
40-59 335 (27.0) 192 (23.5) 198 (26.8) 453 (25.6) 466 (27.6)
60-74 405 (32.6) 214 (26.2) 193 (26.1) 571 (32.3) 538 (31.9)
75 + 353 (28.4) 189 (23.2) 140 (18.9) 484 (27.4) 407 (24.1)
Sex
Female 639 (51.4) 441 (54.0) 393 (53.2) 920 (52.0) 853 (50.6) 0.52
Male 604 (48.6) 376 (46.0) 346 (46.8) 849 (48.0) 834 (49.4)
Race
Black 640 (51.5) 410 (50.2) 355 (48.0) 765 (43.2) 591 (35.0) < 0.001
White 476 (38.3) 330 (40.4) 318 (43.0) 822 (46.5) 928 (55.0)
Other 127 (10.2) 77 (9.4) 66 (8.9) 182 (10.3) 168 (10.0)
Ethnicity
Non-Hispanic 1129 (90.8) 688 (84.2) 656 (88.8) 1654 (93.5) 1542 (91.4) < 0.001
Hispanic/Latinx 114 (9.2) 129 (15.8) 83 (11.2) 115 (6.5) 145 (8.6)
Income
< $50,000 567 (45.6) 380 (46.5) 323 (43.7) 731 (41.3) 561 (33.3) < 0.001
50,000-$74,999 169 (13.6) 158 (19.3) 183 (24.8) 344 (19.4) 396 (23.5)
$75,000-$99,999 297 (23.9) 175 (21.4) 160 (21.7) 418 (23.6) 446 (26.4)
$100,000 or more 207 (16.7) 104 (12.7) 71(9.6) 271 (15.3) 278 (16.5)
Admitting Hosptial
Site 1 339 (27.3) 224 (27.4) 217 (29.4) 517 (29.2) 465 (27.6) < 0.001
Site 2 128 (10.3) 149 (18.2) 114 (15.4) 308 (17.4) 349 (20.7)
Site 3 139 (11.2) 137 (16.8) 163 (22.1) 312 (17.6) 279 (16.5)
Site 4 335 (27.0) 121 (14.8) 77 (10.4) 294 (16.6) 336 (19.9)
Site 5 302 (24.3) 186 (22.8) 168 (22.7) 338 (19.1) 258 (15.3)
Total N 1243 (19.9) 817 (13.1) 739 (11.8) 1769 (28.3) 1687 (27.0)

N = 6255. Overall chi-squared test p-values are presented. Percentages may not add up to 100% due to missing data in income (n = 15). Income: Median household

income in patient’s 5-digit zip code, as determined by the 2014-2018 5-year American Community Survey (ACS).

https://doi.org/10.1371/journal.pone.0268528.t001

Many patients had relevant comorbidities at admission (Table 2). There were 72.8%
who were obese or overweight, and 2.8% were underweight [20]. Over half of all patients
(52.0%) had a history of cardiovascular disease. Chronic respiratory disease was present in
16.2% of patients. Diabetes (19.8%), kidney disease (12.5%), and cancer (10.0%) were also
prevalent.

Comorbidities differed by race and ethnicity (S2 and S3 Tables). Black patients were signifi-
cantly more likely to have at least one comorbid condition (71.3% versus 56.6% in Whites and
48.2% other races, p < 0.001). Diabetes, kidney disease, respiratory disease, and cardiovascular
disease were significantly more common in Blacks than Whites and other races. Blacks were
also more likely to require ICU-level care on admission (15.2% versus 13.6% for Whites and
18.8% for other races (p = 0.002)). In contrast, Hispanic/Latinx patients were younger (38.3%
versus 15.7% < 40 years) and less likely to have one or more comorbid conditions compared
to non-Hispanic/Latinx (42.8% vs 64.2%, p<0.001).

Race was associated with residential zip code median household income (p < 0.001); 72.4%
of Black patients resided in areas with median income < $50,000 compared to 13.7% for
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Table 2. Severity of illness markers and comorbid conditions based on ICD-10 Codes recorded within one year prior to the COVID-19 hospital admission.

Illness Markers Mar-Apr (%) May-Jun (%) Jul-Oct (%) Nov-Dec (%) Jan-Mar (%) P-value
ICU-level care 207 (16.7) 136 (16.6) 148 (20.0) 234 (13.2) 202 (12.0) <0.001
Mechanical ventilation 117 (9.4) 50 (6.1) 24 (3.2) 47 (2.7) 58 (3.4) <0.001
Blood pressure

Low 222 (17.9) 117 (14.3) 99 (13.4) 218 (12.3) 224 (13.3) 0.001

Normal 502 (40.4) 338 (41.4) 295 (39.9) 704 (39.8) 704 (41.7)

High 517 (41.6) 362 (44.3) 344 (46.5) 845 (47.8) 757 (44.9)
Body mass index (BMI) 0.12

BMI< 18.5 43 (3.5) 30 (3.7) 13 (1.8) 46 (2.6) 44 (2.6)

18.5 <BMI < 25 271 (21.8) 203 (24.8) 165 (22.3) 397 (22.4) 359 (21.3)

25 <BMI < 30 367 (29.5) 215 (26.3) 217 (29.4) 492 (27.8) 493 (29.2)

30 < BMI < 35 241 (19.4) 164 (20.1) 154 (20.8) 380 (21.5) 341 (20.2)

35 < BMI < 40 140 (11.3) 82 (10.0) 94 (12.7) 207 (11.7) 199 (11.8)

BMI > 40 158 (12.7) 101 (12.4) 86 (11.6) 196 (11.1) 224 (13.3)

Unknown 23 (1.9) 22 (2.7) 10 (1.4) 51(2.9) 27 (1.6)
Morbidities in EHR Mar-Apr (%) May-Jun (%) Jul-Oct (%) Nov-Dec (%) Jan-Mar (%) P-value
Diabetes 268 (21.6) 185 (22.6) 146 (19.8) 354 (20.0) 287 (17.0) 0.005
Kidney disease 161 (13.0) 89 (10.9) 97 (13.1) 248 (14.0) 184 (10.9) 0.04
Liver disease 32(2.6) 31(3.8) 28 (3.8) 62 (3.5) 58 (3.4) 0.50
Chronic respiratory disease 172 (13.8) 145 (17.7) 118 (16.0) 296 (16.7) 282 (16.7) 0.12
COPD 61 (4.9) 47 (5.8) 41 (5.5) 116 (6.6) 100 (5.9) 0.69
Asthma 103 (8.3) 85 (10.4) 58 (7.8) 125 (7.1) 103 (6.1) 0.003
Chronic oxygen requirement 7 (0.6) 6(0.7) 6 (0.8) 5(0.3) 10 (0.6) 0.43
Cardiovascular disease 624 (50.2) 447 (54.7) 377 (51.0) 968 (54.7) 836 (49.6) 0.009
Hypertension 362 (29.1) 256 (31.3) 220 (29.8) 539 (30.5) 437 (25.9) 0.02
Congestive heart failure 161 (13.0) 114 (14.0) 92 (12.4) 231 (13.1) 216 (12.8) 0.92
Coronary artery disease 79 (6.4) 56 (6.9) 47 (6.4) 136 (7.7) 120 (7.1) 0.63
Cancer 109 (8.8) 70 (8.6) 78 (10.6) 180 (10.2) 187 (11.1) 0.17
Immune deficiency 25 (2.0) 16 (2.0) 22 (3.0) 56 (3.2) 58 (3.4) 0.08

N = 6255. Overall chi-squared test p-values are presented. Blood pressure, classified as low if systolic blood pressure (SBP) < 90 millimeters of mercury (mm Hg) or
diastolic blood pressure (DBP) < 60 mm Hg; otherwise, classified as high blood pressure if SBP > 130 mm Hg or DBP > 80 mm Hg; BMI, Body mass index; COPD,
Chronic obstructive pulmonary disease; EHR, Electronic health record; ICD-10, International Classification of Diseases; ICU, Intensive care unit

https://doi.org/10.1371/journal.pone.0268528.t1002

Whites and 27.5% for other races. Hispanic/Latinx patients resided in higher income areas
compared to other ethnicities.

Hospital outcomes

At eight weeks following initial COVID-19 admission, 797 patients (12.7%) had died, 5362
(85.7%) had been discharged without a recorded death, and 96 (1.5%) remained in hospital. Of
the 797 deaths, 207 (26.0%) occurred after an initial discharge. Fig 1 shows the temporal trends
in cumulative incidence curves for death and discharge, with overall incidence curves shown
in S2 Fig. Mortality rates decreased significantly from March-April 2020 to July-October 2020
before rising slightly again in November 2020-March 2021. Conversely, hospital discharge
rates increased significantly from March-October 2020 before dropping during the winter.
Multivariable associations from the multistate models are discussed in detail below. Figs 2
and 3 and S3 and S4 present the cause-specific hazard ratios (HRs) for our base model (model
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Days Since Hospitalization
At Risk: At Risk:
Mar-Apr 1243 417 178 102 64 39 Mar-Apr 1243 417 178 102 64 39
May-Jun 817 221 89 42 22 18 May-Jun 817 221 89 42 22 18
Jul-Oct 739 175 74 41 32 19 Jul-Oct 739 175 74 41 32 19
Nov-Dec 1769 478 180 98 52 35 Nov-Dec 1769 478 180 98 52 35
Jan-Mar 1687 448 176 102 49 29 Jan-Mar 1687 448 176 102 49 29
Overall 6255 1739 697 385 219 140 Overall 6255 1739 697 385 219 140

Fig 1. Cumulative incidence curves for death and discharge by month. N = 6255.

https://doi.org/10.1371/journal.pone.0268528.9001

1) that adjusted for baseline disease severity and S5-S8 Figs present the HRs for model 2 that
adjusted for baseline comorbidities.

Associations with in-hospital mortality. Fig 2 shows the HR for the hospitalization to
death transition according to our base model (model 1), which adjusted for disease severity at
admission (requiring ICU care) and other baseline characteristics. Death was strongly associ-
ated with age (p<0.001), with the HR steadily increasing with advanced age. Severe disease,
captured by low blood pressure (HR 3.61, 2.99-4.37) and ICU-level care at admission (2.09,
1.77-2.48), and hospital re-admission (2.08, 1.64-2.65) were both associated with increased
mortality hazard. Race, sex, and income were not predictors of mortality, while Hispanic/
Latinx ethnicity was significantly associated with a lower HR (0.68, 0.50-0.94). The mortality
hazard varied by admitting hospital, with admission to Site 2 (HR 1.71, 1.30-2.25) and Site 4
(1.96, 1.49-2.56), the two non-urban centers in our study, associated with increased mortality
hazard compared to Site 1.

In our second model, which adjusted for comorbidities instead of ICU care at admission
(model 2, S5 Fig), we did not find any additional associations with death. Other associations
were similar to model 1.

Associations with hospital discharge. Fig 3 presents the cause-specific hazard ratios for
the hospitalization to discharge transition for model 1 and S6 Fig presents model 2. (Note that for
hospital discharge, a higher hazard ratio reflects a relative benefit rather than a relative harm.)
Age was again an important risk factor in both models (p <0.001); the discharge hazard
decreased with older age, with the 75+ age group having a HR of 0.56 (95% CI: 0.51, 0.61) in
model 1. In both models, male sex, underweight and low blood pressure were each associated
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Characteristic Level HR (95% CI) p-Value
Age in years <40 reference ‘

40-59 1.92 (1.13 - 3.26) f——— .02

60-74 3.78 (2.29 - 6.22) ——— <.001

75+ 6.89 (4.19 - 11.33) —— <.001
Sex Female reference '

Male 1.01 (0.87 - 1.18) —_— .88
Race White reference .

Black 0.95 (0.77 - 1.18) ——— .65

Other/Unknown  0.99 (0.77 - 1.27) —— .92
Ethnicity Non-Hispanic reference .

Hispanic/Latinx ~ 0.68 (0.50 - 0.94) — .02
Hospital Site 1 reference .

Site 2 1.71 (1.30 - 2.25) Do—— <.001

Site 3 0.88 (0.66 - 1.18) —— .40

Site 4 1.96 (1.49 - 2.56) P <.001

Site 5 0.93 (0.73 - 1.19) — .59
Income < $50K reference .

$50K-75K 0.94 (0.73 - 1.22) — .64

$75K + 1.04 (0.80 - 1.35) —— .78
Body mass index BMI < 18.5 1.27 (0.89 - 1.83) —_—— .19

18.5 <BMI < 25 reference .

25 <BMI < 30 0.86 (0.70 - 1.05) — .14

BMI = 30 0.89 (0.73 - 1.09) — .26

Missing 4.46 (2.44 - 8.16) —_— <.001
Admission month Mar-Apr 2020 reference .

May-Jun 2020 0.69 (0.53 - 0.89) —_— .005

Jul-Oct 2020 044 (0.32-0.61) —=— <.001

Nov-Dec 2020 0.55 (0.44 - 0.67) —_ <.001

Jan-Mar 2020 0.68 (0.55 - 0.83) — <.001
Blood pressure Normal reference .

Low 3.61(2.99 - 4.37) ! <.001

High 0.81(0.65-1.01) — .06
ICU at admission 2.09 (1.77 - 2.48) ! —— <.001
Re-admission 2.08 (1.64 - 2.65) —— <.001

1 2 5 10

Fig 2. Multi-state multivariable Cox regression model for hospitalization to death transition (model 1). N = 6233; 22 observations deleted
due to missingness in zip code (15) and blood pressure (7). Site 1 (n = 1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5

(n = 1252) are unique hospitals in the University of Pennsylvania Health System. Blood pressure, classified as low if systolic blood pressure
(SBP) < 90 millimeters of mercury (mm Hg) or diastolic blood pressure (DBP) < 60 mm Hg; otherwise, classified as high blood pressure if
SBP > 130 mm Hg or DBP > 80 mm Hg; CI: Confidence interval; ICU, intensive care unit; Income, Median household Income in patient’s
5-digit zip code, as determined by the 2014-2018 5-year American Community Survey (ACS); HR, hazard ratio.

https://doi.org/10.1371/journal.pone.0268528.9002

with a decreased discharge hazard. Admission after March-April 2020 and unknown BMI were
associated with an increased discharge hazard in both models. ICU at admission (0.45, 0.41-0.48)
in model 1, and diabetes (0.93, 0.87-1.00), kidney disease (0.83, 0.76-0.90), chronic respiratory
disease (0.91, 0.85-0.98), heart failure (0.70, 0.64-0.75), and cancer (0.85, 0.78-0.92) in model 2,
were each associated with a decreased discharge hazard. History of hypertension (1.15, 1.08-1.23)
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Characteristic Level HR (95% CI) p-Value
Age in years <40 reference

40-59 0.66 (0.61-0.71) —— <.001

60-74 0.55 (0.51 - 0.59) — <.001

75 + 0.56 (0.51-0.61) —— <.001
Sex Female reference

Male 0.86 (0.82 - 0.91) - <.001
Race White reference ¢

Black 1.03 (0.97 - 1.11) —— .32

Other/Unknown  0.99 (0.90 - 1.09) —— .87
Ethnicity Non-Hispanic reference

Hispanic/Latinx ~ 0.92 (0.84 - 1.01) —— .09
Hospital Site 1 reference

Site 2 1.39 (1.27 - 1.52) == <.001

Site 3 1.27 (1.17 - 1.37) Do <.001

Site 4 1.13 (1.03 - 1.24) —— .01

Site 5 0.95 (0.88 - 1.03) —— .22
Income < $50K reference :

$50K-75K 0.90 (0.84 - 0.97) —— .008

$75K + 0.90 (0.83 - 0.97) — .010
Body mass index BMI < 18.5 0.80 (0.68 - 0.94) — .007

18.5 < BMI <25 reference '

25<BMI <30 1.01 (0.94 - 1.08) —_— .84

BMI = 30 0.98 (0.91 - 1.04) —— .49

Missing 1.73 (1.43 - 2.09) : —— <001
Admission month Mar-Apr 2020 reference .

May-Jun 2020 1.21 (1.10 - 1.33) D o— <.001

Jul-Oct 2020 1.33 (1.21 - 1.46) P <.001

Nov-Dec 2020 1.19 (1.10 - 1.28) D o— <.001

Jan-Mar 2020 1.20 (1.11 - 1.30) Do <.001
Blood pressure Normal reference .

Low 0.52 (0.48 - 0.57) —— <.001

High 1.08 (1.02 - 1.14) o .008
ICU at admission 0.45 (0.41 - 0.48) ! <.001
Re-admission 1.36 (1.24 - 1.50) —— <.001

06 08 1 121416

Fig 3. Multi-state multivariable Cox regression model for hospitalization to discharge transition (model 1). N = 6233; 22 observations
deleted due to missingness in zip code (15) and blood pressure (7). Site 1 (n = 1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5
(n = 1252) are unique hospitals in the University of Pennsylvania Health System. Blood pressure, classified as low if systolic blood pressure
(SBP) < 90 millimeters of mercury (mm Hg) or diastolic blood pressure (DBP) < 60 mm Hg; otherwise, classified as high blood pressure if
SBP > 130 mm Hg or DBP > 80 mm Hg; CI: Confidence interval; ICU, intensive care unit; Income, Median household Income in patient’s
5-digit zip code, as determined by the 2014-2018 5-year American Community Survey (ACS); HR, hazard ratio.

https://doi.org/10.1371/journal.pone.0268528.9003

and coronary artery disease (1.12, 1.01-1.25) were associated with and increased discharge haz-
ard. Admitting hospital was also an important risk factor with Site 2, Site 3, and Site 4 all associ-

ated with an increased hazard for discharge in both models.
Associations with death after discharge. Most patients (5569 of 6255, 89.0%) were dis-

charged from their initial hospital admission within 56 days. Of the 797 deaths within the first
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56 days of admission, 207 (19%) occurred after a first discharge. 102 (49.3%) of these 207 post-
discharge deaths occurred during a readmission, while the other 105 occurred outside of a
Penn hospital. Notably, 11.2% of the oldest patients (75 years-old and older) who were dis-
charged died by day 56. In contrast, the rates of post-discharge deaths by Day 56 for ages 60—
74, 40-59, and < 40 years were 2.7%, 1.0%, and 0.4%, respectively (p < 0.001). S3 Fig shows
the cause-specific hazard ratios (HR) for the discharged to death transition according to our
base model (model 1). Older age (HR 12.43, 1.64-94.3 for Age 60-74; 57.8, 7.87-424 for age 75
+, each compared to age <40), underweight BMI (2.08, 1.08-4.02) and ICU during first admis-
sion (2.29, 1.48-3.55) were associated with an increased hazard for death, while obese BMI
(0.39, 0.22-0.68) was associated with a decreased death hazard. The results from model 2 (S7
Fig) also revealed chronic respiratory disease (1.61, 1.01-2.55), heart failure (2.03, 1.26-3.26),
and cancer (2.67, 1.68—4.24) as associated with an increased hazard for death.

Hospital re-admissions. 633 of the 5569 (11.4%) discharged patients were re-admitted at
least once within 56 days of first admission, with some patients re-admitted three or more
times. The median (IQR) time between admissions was 5 (1-12) days. S4 Fig shows the cause-
specific hazard ratios for the discharged to hospitalization transition according to model 1.
Older age (HR 1.48, 1.15-1.91 for ages 60-74; 2.43, 1.89-3.14 for 75+, each compared to age
<40), male sex (1.17, 1.01-1.37), low blood pressure at first admission (1.41, 1.10-1.82), and
ICU during first admission (1.83, 1.52-2.20) were each associated with an increased hazard for
re-admission. Other/unknown race (0.53, 0.38-0.74 compared to White), admission to Sites 2,
3,4, and 5 compared to Site 1, obese or overweight BMI, and admission after March-April
2020 were all associated with a decreased risk for hospital re-admission. S8 Fig shows the
results for model 2 which, indicate that kidney disease (1.50, 1.22-1.85), chronic respiratory
disease (1.67, 1.39-1.99), heart failure (1.68, 1.37-2.05), and cancer (1.51, 1.22-1.86) are all
associated with an increased re-admission hazard.

Outcomes by race and admitting hospital. Fig 4 (S9 Fig) shows the death (discharge)
outcomes by race and admitting hospital. In all sites combined, the cumulative incidence
curves suggest that Black race is associated with a decreased risk of death (Fig 4) and an
increased probability of discharge (S9 Fig), but there are no apparent systematic differences by
race when breaking down results by hospital. Black patients were admitted at a much a higher
proportion to the urban Philadelphia sites (sites 1, 3, 5), which were associated with an overall
lower hazard of death relative to the other two sites (Fig 2). Because the urban sites included
the majority of patients and had a higher proportion of Black patients, the unadjusted compar-
ison of outcomes by race shows overall better outcomes for Blacks compared to Whites (Fig 4).
In our base multivariable model, there was no association between Black race and outcome for
any of the transitions after adjustment for admitting hospital (Figs 2 and 3 and S3 and 54).
Adjusting for comorbidities in model 2 yielded similar results, although a small beneficial
effect for black race remained marginally significant for the hospital to discharge and discharge
to re-hospitalization transitions after adjusting for admitting hospital (S5-S8 Figs). In view of
the multiplicity and potential for misclassifications of comorbidities in the EHR, these border-
line associations need to be interpreted with caution.

Discussion

Concurrent changes in patient demographics and health care provider practice patterns over
the course of the pandemic complicate assessments of the role of individual risk factors on hos-
pital outcomes. Clinical management of COVID-19 has continually evolved, in terms of what
practices and therapies are employed and when patients receive ICU-level care. In our analysis
of 6255 patients hospitalized with COVID-19 in the UPHS, we found that as time progressed,
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Fig 4. Cumulative incidence curves for death by admitting hospital and race. N

= 6255; Site 1 (n = 1762), Site 2 (n = 1048),

Site 3 (n = 1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique hospitals in the University of Pennsylvania Health System.

https://doi.org/10.1371/journal.pone.0268528.9004

the percent of patients placed on mechanical ventilation decreased. Meanwhile, the mortality
in ventilated patients increased while overall mortality decreased, suggesting this measure was
increasingly reserved for a more severely ill patient population. In parallel, increased commu-
nity spread over time led to admissions of younger and overall healthier individuals, which
contributed to the drop in mortality rates mid-way through the pandemic; however, older age
groups made up a larger percent of admissions during both winter periods. With potential
new waves of infection, changes in circulating virus variants and expanded vaccine uptake will
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likely precipitate further shifts in the demographics and clinical outcomes of those acquiring
infection and experiencing severe illness.

In addition to exploring trends over time, our analysis employed a novel multi-state model
to investigate determinants of patient outcomes including death, discharge and hospital re-
admission. This approach allowed us to capture the movement of patients between these states
with more detail compared to the traditional approaches that have dominated the COVID-19
literature, which presented regression analyses for a single dichotomized (two-state) outcome
such as 30-day mortality. Unlike the traditional two-state Cox or logistic model approach, the
multi-state analysis also allows for data on multiple outcomes for a single patient, further
allowing for nuanced assessments, such as directly modeling the number of prior admissions
or risk factors affecting negative outcomes after discharge. The simplified, single outcome
strategies have been used in similar COVID-19 cohort studies to show that age, severe illness
at admission, existing comorbidities and socioeconomic factors may impact hospital outcomes
[5, 6, 21]. Our analysis largely corroborated these results but also highlighted the nuanced asso-
ciations with death, discharge, and re-hospitalization rates. There was appreciable variation in
mortality rates by admitting hospital that could not be explained by the observed patient char-
acteristics. These results are consistent with those of a recent study of nearly 40,000 patients
from 955 US hospitals, which found that standardized 30-day mortality rates varied from 9.1
to 15.6% [11]; however, there were few identified factors associated with these differences.
Analyses of outcomes post-discharge found that increasing age, male sex, admitting site, sever-
ity of disease at first admission (ICU level care and low blood pressure at admission), were
associated with increased risk of readmission or death after discharge. The rate of readmission
was elevated during the first few months of the pandemic, with the other time periods having
more similar readmission rates; whereas, the death rates after discharge were not different by
time period.

Our analyses found that, at time of hospital admission, Black patients had more risk factors
associated with poor outcomes compared to other races, including a higher proportion with
EHR-documented comorbidities, residing in a low-income zip code, and requirement of ICU-
level care at admission. Despite this finding, unadjusted comparisons of the mortality rates in
Black patients compared to White patients found that Black race was associated with better
outcomes. After adjusting for a wide set of demographic and clinical risk factors, however, we
did not find an effect of race on death. There were no strong associations in multivariate mod-
els for the other outcomes (transitions). Notably, we found that ignoring admitting hospital in
our analyses led to qualitatively different results regarding the impact of race. This is an exam-
ple of Simpson’s Paradox [22], which occurred because there were imbalances in racial
makeup across hospitals and the outcomes rates by hospital were very different. This type of
confounding may at least partially explain why our finding that hospital mortality risk did not
appreciably vary by race differed from other published reports, including a recent study of
nearly 10,000 hospitalized patients in New York City that reported Black race was associated
with a 30% reduction in hospital death compared to Whites [12]. Our results are consistent
with a recent study by Asch et al. 2021 of 44,217 Medicare Advantage enrollees aged 18 or
older who were admitted with COVID-19 to one of 1,188 hospitals across the US, which also
found that unadjusted differences in mortality by race were significant but were undetectable
after adjusting for admitting hospital [23]. In contrast to our study, however, Asch et al. [23]
found that in their Medicare population, Black patients were admitted in larger proportion to
hospitals with poorer outcomes. These investigators hypothesized that if Blacks were admitted
to better performing hospitals, they would have better outcomes overall. Our results support
this hypothesis. Further research is needed to understand whether public insurance status was
also affecting the two racial groups differently.
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Our results contribute to delineating the complex role of race and racial health disparities in
patient exposures, pre-existing comorbidities, and outcomes from COVID-19. Several authors
have discussed that structural factors are critical driving forces behind COVID-19 disparities
and that system level reforms and interventions are required to fully address them [24, 25].

In contrast to race, Hispanic/Latinx ethnicity was associated with a decreased mortality haz-
ard. This result should be interpreted with caution, however, given the relatively small number
of Hispanic/Latinx individuals in our study, who were also younger and had fewer comorbidi-
ties than non-Hispanic/Latinx patients. A key limitation of our analysis is the reliance on
EHR, which could introduce confounding if the level of completeness was disproportionally
affected by ethnicity.

Our findings corroborate the impact of COVID-19 in the elderly seen broadly. Patients
over age 75 were at greatest risk for death and/or readmission. Improved strategies for post-
discharge care of COVID-19 patients are needed to address the sustained vulnerability of these
patients [26].

There are limitations to the presented analyses. Passive data collection through routine elec-
tronic health records facilitates rapid research; however, the data are subject to a number of
limitations. The COVID-19 diagnosis was documented by a clinical diagnostic code in the
EHR and may have occurred after day of admission. Records of comorbidities at hospital
admission may be incomplete. Further, comorbidities diagnosed and treated outside the Penn
health care system may not have been captured. Information regarding discharge destination
(e.g. independent living or nursing home facility) was not available. Penn EHR may also have
missed readmissions or deaths that occurred outside the Penn system. Linkage with federal
and state registries will provide more complete data on survival, but these registries take time
to be updated. This work was initiated prior to the availability of the SARS-CoV-2 vaccine and
other therapeutic advances, so could not assess the impact of these factors. Future work is
needed to fully capture long-term outcomes of COVID-19.
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S1 Appendix. Hospital descriptions and ICD-10 Code comorbidity definitions.
(DOCX)

S1 Table. Overall patient characteristics at hospital admission. N = 6255. Percentages may
not add up to 100% due to missing data in income (n = 15). Income, Median household
income in patient’s 5-digit zip code, as determined by the 2014-2018 5-year American Com-
munity Survey.

(DOCX)

$2 Table. Comorbidity at hospital admission by race. N = 6255. Percentages may not add up
to 100% due to missing data in median household income or rounding elsewhere. P-values
were for the chi-squared test. Comorbidites included diabetes, cardiovascular disease, respira-
tory disease, kidney disease, liver disease, immune deficiency, and chronic oxygen require-
ment. See S1 Appendix for more details.

(DOCX)

$3 Table. Comorbidity at hospital admission by Hispanic/Latinx ethnicity. N = 6255. Per-
centages may not add up to 100% due to missing data in median household income or round-
ing elsewhere. P-values were for the chi-squared test. Any ICD-10 comorbidity included
diabetes, cardiovascular disease, respiratory disease, kidney disease, liver disease, immune defi-

ciency, and chronic oxygen requirement. See SI Appendix for more details.
(DOCX)
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S1 Fig. Number of unique patients admitted to a hospital in the UPHS with COVID-19
during each month from March 2020 to March 2021. Site 1 (n = 1762), Site 2 (n = 1048), Site
3 (n =1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique hospitals in the University of Penn-
sylvania Health System.

(TIF)

S2 Fig. Overall Cumulative incidence curves for death and discharge. N = 6255.
(TIF)

S3 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for discharge to death transition adjusted for disease severity and other patient character-
istics at admission (model 1). N = 6233. 22 observations deleted due to missingness in zip
code (15) and blood pressure (7). Income: Median Household Income in patient’s 5-digit zip
code, as determined by the 2014-2018 5-year American Community Survey; CI: Confidence
interval; Site 1 (n = 1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5

(n = 1252) are unique hospitals in the University of Pennsylvania Health System.

(TIF)

S4 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for discharge to re-hospitalization transition adjusted for disease severity and other
patient characteristics at admission (model 1). N = 6233. 22 observations deleted due to miss-
ingness in zip code (15) and blood pressure (7). Income: Median Household Income in patient’s
5-digit zip code, as determined by the 2014-2018 5-year American Community Survey; CI:
Confidence interval; Site 1 (n = 1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site
5 (n = 1252) are unique hospitals in the University of Pennsylvania Health System.

(TIF)

S5 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for hospital to death transition adjusted for comorbidities and other patient characteris-
tics at admission (model 2). N = 6240. 15 observations deleted due to missingness in median
household income. ICU Stay: Indicator for whether a patient spent any time in the ICU during
first hospital stay; CI: Confidence interval; Site 1 (n = 1762), Site 2 (n = 1048), Site 3

(n =1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique hospitals in the University of Penn-
sylvania Health System.

(TIF)

S6 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for hospital to discharge transition adjusted for comorbidities and other patient character-
istics at admission (model 2). N = 6240; 15 observations deleted due to missingness in
median household income. BMI: Body mass index; CI: Confidence interval; Site 1 (n = 1762),
Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique hospitals in
the University of Pennsylvania Health System.

(TIF)

S7 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for discharge to death transition adjusted for comorbidities and other patient characteris-
tics at admission (model 2). N = 6240; 15 observations deleted due to missingness in median
household income. BMI: Body mass index; CI: Confidence interval; Site 1 (n = 1762), Site 2
(n =1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique hospitals in the
University of Pennsylvania Health System.

(TIF)
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S8 Fig. Hazard ratio and 95% CI for the multi-state multivariable Cox regression model
for discharge to re-hospitalization transition adjusted for comorbidities and other patient
characteristics at admission (model 2). N = 6240; 15 observations deleted due to missingness
in median household income. BMI: Body mass index; CI: Confidence interval; Site 1
(n=1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique
hospitals in the University of Pennsylvania Health System.

(TIF)

$9 Fig. Cumulative incidence for discharge by admitting hospital and race. N = 6255. Site 1
(n=1762), Site 2 (n = 1048), Site 3 (n = 1030), Site 4 (n = 1163), Site 5 (n = 1252) are unique
hospitals in the University of Pennsylvania Health System.

(TIF)
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