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Background: Risk factors for progression of coronavirus 2019
(COVID-19) to severe disease or death are underexplored in U.S.
cohorts.

Objective: To determine the factors on hospital admission that
are predictive of severe disease or death from COVID-19.

Design: Retrospective cohort analysis.

Setting: Five hospitals in the Maryland and Washington, DC,
area.

Patients: 832 consecutive COVID-19 admissions from 4 March
to 24 April 2020, with follow-up through 27 June 2020.

Measurements: Patient trajectories and outcomes, categorized
by using the World Health Organization COVID-19 disease se-
verity scale. Primary outcomes were death and a composite of
severe disease or death.

Results: Median patient age was 64 years (range, 1 to 108
years); 47% were women, 40% were Black, 16% were Latinx, and
21% were nursing home residents. Among all patients, 131
(16%) died and 694 (83%) were discharged (523 [63%] had mild
to moderate disease and 171 [20%] had severe disease). Of
deaths, 66 (50%) were nursing home residents. Of 787 patients
admitted with mild to moderate disease, 302 (38%) progressed
to severe disease or death: 181 (60%) by day 2 and 238 (79%) by

day 4. Patients had markedly different probabilities of disease
progression on the basis of age, nursing home residence, co-
morbid conditions, obesity, respiratory symptoms, respiratory
rate, fever, absolute lymphocyte count, hypoalbuminemia, tro-
ponin level, and C-reactive protein level and the interactions
among these factors. Using only factors present on admission, a
model to predict in-hospital disease progression had an area
under the curve of 0.85, 0.79, and 0.79, at day 2, 4, and 7,
respectively.

Limitation: The study was done in a single health care system.

Conclusion: A combination of demographic and clinical vari-
ables is strongly associated with severe COVID-19 disease or
death and their early onset. The COVID-19 Inpatient Risk Calcu-
lator (CIRC), using factors present on admission, can inform clin-
ical and resource allocation decisions.

Primary Funding Source: Hopkins inHealth and COVID-19 Ad-
ministrative Supplement for the HHS Region 3 Treatment Center
from the Office of the Assistant Secretary for Preparedness and
Response.
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he first case of coronavirus disease 2019 (COVID-

19) in the United States was identified on 20 Janu-
ary 2020 in a returned traveler from Wuhan, China (1).
By early August 2020, about one quarter of the world's
cases and deaths were in the United States (2). Out-
comes range from asymptomatic infection to death (3,
4). Age; sex; smoking; race; body mass index (BMI); in-
flammatory markers; lymphopenia; and comorbid condi-
tions, such as hypertension and diabetes, have emerged
as risk factors for severe outcomes (4-6). Although older
age is an important risk factor for hospitalization and
death, younger persons may develop severe disease (7).
Further definition of factors present at hospital admission
that predict poor outcomes may help to inform allocation
plans for potentially scarce resources, such as ventilators
and therapeutics (8, 9), and help guide discussions with
patients and families.

We report a comprehensive analysis of the clinical
features, patient trajectories, and risk factors for pro-
gression to severe disease or death at the time of hos-
pital admission among all patients admitted to our
hospital system and used these data to develop the
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COVID-19 Inpatient Risk Calculator (CIRC) to quantify
the probability of progression to severe disease or
death among patients hospitalized with COVID-19.

METHODS
Study Design and Participants

This cohort study was conducted at Johns Hopkins Hos-
pital, Baltimore, Maryland; Bayview Hospital, Baltimore,
Maryland; Howard County General Hospital, Columbia,
Maryland; Suburban Hospital, Bethesda, Maryland; and
Sibley Hospital, Washington, D.C. These 5 hospitals com-
prise Johns Hopkins Medicine (JHM), a health care system
with 2513 beds (354 intensive care unit beds) serving ap-
proximately 7 million persons. The institutional review
boards of these hospitals approved this study as minimal
risk and waived consent requirements.

See also:

Web-Only
Supplement
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All patients consecutively admitted with confirmed
severe acute respiratory syndrome coronavirus 2 infec-
tion according to any nucleic acid test with an Emer-
gency Use Authorization from the US Food and Drug
Administration between 4 March and 24 April 2020
were included. Time zero for all analyses was the time
of the admission order.

Data Collection

The primary data source was JH-CROWN: The
COVID-19 PMAP Registry, which utilizes the Hopkins
Precision Medicine Analytics Platform (10) and includes
demographic characteristics, medical history, comorbid con-
ditions, symptoms, vital signs, respiratory events, medica-
tions, and laboratory results.

Outcome Measures and Definitions

Primary outcomes were defined by using the World
Health Organization (WHO) COVID-19 disease severity
scale (11). The WHO scale is an 8-point ordinal scale
ranging from ambulatory (1 = asymptomatic, 2 = mild
limitation in activity) to hospitalized with mild to
moderate disease (3 = room air, 4 = nasal cannula or
facemask oxygen), hospitalized with severe disease
(5 = high-flow nasal cannula or noninvasive positive
pressure ventilation, 6 = intubation and mechanical
ventilation, 7 = intubation and mechanical ventilation
and other signs of organ failure [hemodialysis, vaso-
pressors, extracorporeal membrane oxygenation]), and
death (score of 8). We defined severe disease as a
score of 5 to less than 8 and the composite outcome of
severe disease or death as a score of 5 to 8 on the
WHO scale.

Laboratory testing was determined by treating phy-
sicians. Natural language processing was used to iden-
tify presenting symptoms (Supplement Table, available
at Annals.org).

Statistical Analysis

To assess the association between patient charac-
teristics at admission and outcomes, a set of 24 demo-
graphic and clinical variables were selected on the
basis of their clinical relevance. Multiple comorbid con-
dition burden was assessed by using the 17-item mod-
ified Charlson Comorbidity Index (CCl) (12, 13). We im-
puted missing values by chained equations (MICE) with
predictive mean matching (MICE, R package, version
3.7.0) (14-16) with 10 rounds of multiple imputation
(Supplement Figure 1, available at Annals.org). For the
7 out of 694 discharged patients whom we know sub-
sequently died, we censored their outcomes at time of
discharge to minimize bias due to treating them differ-
ently from the discharged patients with unknown vital
status. To estimate the association between baseline
patient characteristics and a given cause-specific out-
come, we used Cox proportional hazard regression
models with baseline hazards stratified by admitting
hospital (17). Standard error estimates that account ap-
propriately for missing covariates were computed by
using the Rubin rules (18).

To protect against overfitting, models were initially
built by splitting the predictor variables into clinically
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meaningful subgroups or “blocks” (for example, “de-
mographic” or “comorbid conditions”), then adding the
best predictors from each block. For the composite
outcome of severe disease or death, no further variable
selection was performed. For the time-to-death mod-
els, with few events relative to the number of variables
of interest, we fit cause-specific proportional-hazards
models regularized with an elastic net penalty (glmnet,
R package, version 3.0.2) (19). This model was run on
each of the 10 imputed data sets, and variables with
nonzero coefficients in at least half of the models were
chosen for the final model (20). The composite CCl was
used instead of individual comorbidities to reduce the
risk for model overfitting. The Sao,/Fio, ratio was eligi-
ble for selection into the death model but not for the
composite outcome model to avoid reverse-causality
bias, because reaching severe disease is directly tied to
a worsening Sao,/Fio, ratio.

To address age interactions, we first fit models sep-
arately for 3 age groups for time to severe disease or
death (younger than 60 years, 60 to 74 years, and 75
years or older) and for 2 age groups for the time until
death (60 to 74 years and 75 years or older). Owing to
changes in statistical significance or in the direction of
model coefficients between age groups for sex, CCl,
and troponin (for time to severe disease or death) and
for the effect of nursing home (for time to death), we
refit our final models including age as a 3-level factor
and interactions with these factors.

There is clinical utility in predicting an individual's
risk for a severe outcome over time. Because discharge
and severe disease or death are competing risks, we
calculated a cumulative incidence of severe disease or
death for each individual's baseline covariate profile.
The cumulative incidence function at time t is the prob-
ability of the cause-specific outcome having occurred
by then. Unlike the prediction in a noncompeting risks
model, it requires estimation of a hazard model for the
outcome of interest and for the competing event. We es-
timated the discharge hazard with a Cox regression with
the same predictors as for the outcome of interest by us-
ing the CSC function in the R package risk regression (21).

To evaluate the cumulative incidence model's abil-
ity to discriminate higher from lower-risk patients, we
used the area under the cumulative-dynamic receiver-
operator characteristic curve (AUC(t)) (22). We used 10-
fold cross-validation so that the AUC(t) estimate did not
use the same data to fit the model and also assess its
quality. We then checked for heterogeneity by using a
hospital-specific cross validation where all patients
from a given hospital were held out of the training set
and then used in the validation set.

Analyses were done by using R, version 3.6.2 (23).

Role of the Funding Source

The data utilized were part of the JH-CROWN: The
COVID PMAP Registry, which is based on the contribu-
tion of many patients and clinicians and is funded by
Hopkins inHealth, the Johns Hopkins Precision Medi-
cine Program. Drs. Garibaldi, Muschelli, Robinson, and
Gupta and Mr. Schumock received funding from the
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COVID-19 Administrative Supplement for the HHS Re-
gion 3 Treatment Center from the Office of the Assis-
tant Secretary for Preparedness and Response. The
funders had no role in the design, analysis, or conduct
of the study or in the decision to submit the manuscript
for publication.

RESULTS
Study Population

During the study window, 832 patients were admit-
ted with COVID-19. Table 1 shows demographic char-
acteristics and comorbid conditions, and Table 2 shows
symptoms, vital signs, and laboratory values on admis-
sion. Median age was 63 years (interquartile range
[IQR], 49 to 75 years; range, 1 to 108 years). Patients
younger than 18 years (n = 3) were excluded from sub-
sequent analyses. Among 788 patients presenting to
the emergency department, median time from emer-
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gency department arrival to admission was 3.1 hours
(IQR, 2.1 to 4.5 hours). At administrative censoring on
24 June 2020, 694 patients (83%) had been dis-
charged, 131 (16%) had died, and 7 (0.8%) remained
hospitalized with severe disease. Among those who
had been discharged, 523 (63%) had mild to moderate
disease and 171 (21%) had severe disease. There were
notable differences in demographic and clinical charac-
teristics by peak severity of disease category (Tables 1
and 2) as well as by admission hospital (Supplement
Table 2, available at Annals.org). For example, the me-
dian age was higher among patients who died than
among those were survived. Ninety percent of deaths
occurred in patients aged 60 years or older. Patients
who died were more likely to have hypertension, coro-
nary artery disease, chronic kidney disease, and cancer,
but the prevalence of diabetes and chronic lung dis-
ease was similar across the groups. Vital signs and lab-

Table 1. Baseline Demographic Characteristics and Comorbid Conditions, Overall and by Peak Disease Severity

Characteristic Overall (N = 832)

Mild to Moderate

Severe Disease (n = 171)t Death (n = 131)

Disease (n = 523)*

Patients, Missing Patients, Missing Patients, n (%) Missing Patients, Missing
n (%) Data, n (%) n (%) Data, n (%) Data, n (%) n (%) Data, n (%)
Demographic
Median age (IQR), y 63 (49-75) 60 (45-72) 58 (51-70) 77 (68-85)
Female 389 (47) 257 (49) 75 (44) 55(42)
Pregnant 13(2) 11(2) 2(1) 0 (0)
Race and ethnicity 5(1) 3(1) 1(1) 1(1)
American Indian or Alaska Native 2(0.2) 1(0.2) 1(0.6) 0(0)
Asian 48 (6) 32 (6) 6(4) 10(7.7)
Black 336 (41) 209 (40) 72(42) 50 (38)
Latinx 135(16) 90(17) 34 (20) 9(7)
White, non-Hispanic 264 (32) 160 (31) 45 (26) 59 (45)
Other/multiracial 42 (5) 28 (5) 12(7) 2(1)
Admitted from skilled nursing facility 172 (21) 1(0) 81(15) 0(0) 22 (13) 1(1) 66 (50) 0(0)
Alcohol use 189 (26) 100 (12) 129 (28) 55(11) 39 (26) 21(12) 20(19) 23(18)
Smoking 96 (12) 47 (9) 12(7) 36(27)
Current smoker 42 (6) 21 (4) 13(8) 7(7.4)
Former smoker 197 (27) 111(23) 45 (28) 39 (41)
Median BMI (IQR), kg/m? 29 (25-34) 16(2) 28(25-34) 12(2) 32 (27-36) 0(0) 27 (24-33)  4(3)
DNR/DNI in first 24 h of admission 124 (15) 56 (11) 9(5) 59 (45)
Comorbid conditions
Cancer 87 (10) 43(8) 22(13) 21(16)
Congestive heart failure 127 (15) 45 (9) 42 (25) 36(27)
COPD 151(18) 95(18) 28 (16) 26 (20)
Hypertension 389 (47) 229 (44) 71(42) 87 (66)
Liver disease 34 (4) 16 (3) 15(9) 3(2)
Asthma 79(9) 54 (10) 16 (9) 8 (6)
Coronary artery disease 266 (32) 126 (24) 64 (37) 71 (54)
Chronic kidney disease 106 (13) 43 (8) 23(13) 36(27)
Immunosuppressed 22 (3) 13(3) 7(4) 2(1)
COPD/chronic lung disease 160 (19) 100 (19) 31(18) 27 (21)
Transplant 20(2) 14 (3) 4(2) 2(1)
Diabetes 252 (30) 147 (28) 57 (33) 45 (34)
AIDS/HIV 9(1) 5(1) 3(2) 1(0.8)
Charlson Comorbidity Index
0 300 (36) 217 (41) 62 (36) 21(16)
Tor2 374 (45) 235 (45) 74 (43) 63 (48)
3or4d 120 (14) 65(12) 21(12) 30(23)
>5 38(5) 6(1) 14 (8) 17 (13)

BMI = body mass index; COPD = chronic obstructive pulmonary disease; DNI = do no intubate; DNR = do not resuscitate; IOR = interquartile range.
* Includes patients with a World Health Organization ordinal score of 3 (not on oxygen) or 4 (on nasal cannula or facemask oxygen).

T Includes patients with a World Health Organization ordinal score of 5 (high-flow nasal cannula or noninvasive positive pressure ventilation),
6 (intubation and mechanical ventilation), and 7 (intubated; mechanical ventilation; and other signs of organ failure, including use of extracorporeal
membrane oxygen, hemodialysis, or vasopressors).

Annals.org Annals of Internal Medicine 3


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

ORIGINAL RESEARCH Trajectories Among Patients Hospitalized for COVID-19

Table 2. Vital Signs, Symptoms, and Laboratory Values at Admission, Overall and by Peak Disease Severity

Mild to Moderate
Disease (n = 523)*

Characteristic Overall (N = 832) Severe Disease (n = 171)t Death (n = 131)

Patients, n (%) Missing Patients, n (%) Missing Patients, n (%) Missing Patients, n (%) Missing
Data, n (%) Data, n (%) Data, n (%) Data, n (%)
Vital signs$
Respiratory rate, breaths/min 20 0(18.0-22.0) 5(1) 18 5(18.0-20.0) 4(1) 22 0(19.0-26.0) 0(0) 23.8(20.0-27.0) 1(1)
Heart rate, beats/min 4 (75-95) 5(1) 4 (74-93) 4(1) 5(78-95) 0(0) 86 (73-98) 1(1)
Maximum temperature, °C 37 8(37.2-38.6) 6(1) 37 7(37.2-38.4) 4(1) 38 3(37.4-39.1) 0(0) 37.9(37.1-38.6) 2(2)
FiO, 0.28 (0.20-0.36) 10(1) 0.20(0.20-0.28) 4(1) 0.40(0.28-0.50) 0(0) 0.44(0.28-0.80) 6 (5)
Sa0,/FiO, ratio 377 (275-480) 11(1) 471 (348-482) 5(1) 246 (184-346) 0(0) 223(121-339) 6(5)
MAP, mm Hg 6 (80-94) 5(1) 7 (81-95) 4(1) 4(77-92) 0(0) 82 (75-88) 1(1)
Intubated in the first 24 h 4 (10) 0(0) 7(27) 34 (26)
NIPPV or HFENC in the first 24 h 3(8) 0(0) 4 (26) 18 (14)
Presenting symptoms§
Cough 649 (78) 418 (80) 145 (85) 81(62)
Shortness of breath 689 (83) 409 (78) 157 (92) 117 (89)
Fever 691 (83) 436 (83) 148 (87) 102 (78)
Chills 343 (41) 241 (46) 78 (46) 23(18)
Muscle pain 353(42) 252 (48) 78 (46) 22(17)
Headache 156 (19) 125 (24) 29(17) 2(1)
Sore throat 191(23) 141(27) 36(21) 13(10)
New loss of taste or smell 134 (16) 105 (20) 22 (13) 7 (5)
Diarrhea 296 (36) 194 (37) 71(42) 28(21)
Vomiting 305(37) 208 (40) 65 (38) 29 (22)
Laboratory values||
Leukocyte count, x 10° cells/ul. 6.7 (4.9-9.1) 1(0) 6.4 (4.7-8.3) 1(0) 6.8 (5.2-9.6) 0(0) 8.1(5.8-11.0) 0(0)
Absolute lymphocyte count, 0.99(0.69-1.42) 12(1) 1.07 (0.76-1.55) 9(2) 0.89(0.61-1.22) 1(1) 0.80(0.53-1.22) 2(2)
x 102 cells/uL
Hemoglobin, g/dL 13.1(11.6-14.3) 1(0) 13.2(11.9-14.4) 1(0) 13.1(11.4-14.3) 0(0) 12.8(10.65-14.3) 0(0)
Platelet count, x 10° cells/ul 204 (157-261) 2(0) 204 (158-261) 2(0) 207 (157-261) 0(0) 200 (151-264) 0(0)
Albumin level, g/dL 3.70(3.30-4.10) 13(2) 3.80(3.50-4.20) 9(2) 3.60(3.27-3.90) 3(2) 3.50(3.00-3.80) 1(1)
ALT level, U/L 29 (19-48) 15(2) 29 (18-47) 11(2) 33(21-49) 3(2) 28(‘I7 43) 1(1)
AST level, U/L 39 (27-58) 40 (5) 36 (24-53) 27 (5) 45 (31-66) 5(3) 41(29-72) 8(6)
Bilirubin level, mg/dL 0.50(0.30-0.60) 13(2) 0.40 (0.30-0.60) 9(2) 0.50(0.40-0.63) 3(2) 0.50 (0.40-0.80) 1(1)
Creatinine level, mg/dL 1.00 (0.80-1.50) 2(0) 0.92 (0.80-1.24) 2(0) 1.10(0.80-1.80) 0(0) 1.60(1.00-2.25) 0(0)
GFR, mL/min per 1.73 m? 74 (44-97) 4(0) 83 (56-102) 4(1) 68 (40-94) 0(0) 39 (24-65) 0(0)
CRP level, mg/dL 8(3-14) 220 (26) 6(2-11) 150 (29) 2 (6-18) 6(21) 2(6-19) 4(26)
LDH level, U/L 341 (250-485) 373 (45) 300(223-413) 226 (43) 434(310 540) 5(38) 462 (322-628) 0(61)
D-Dimer level, mg/L FEU 0.93(0.52-1.83) 251 (30) 0.75(0.46-1.43) 173 (33) 1.00(0.59-1.70) 33(19) 2.06(1.10-4.00) 44 (34)
D-Dimer level >1 mg/L FEU 275 (47) 251 (30) 136 (39) 173 (33) 69 (50) 3(19) 68 (78) 4 (34)
Fibrinogen level, mg/dL 511(401-611) 604 (73) 482 (375-575) 387 (74) 607 (496-688) 110 (64) 482 (362-648) 104 (79)
Ferritin level, ng/mL 597 (283-1105) 272(33) 502 (212-872) 189 (36) 760 (360-1335) 44 (26) 849 (462-1695) 39 (30)
Interleukin-6 level, pg/mL 1(19-121) 650 (78) 23 (13-54) 421 (80) 85 (44-206) 116 (68) 152 (100-216) 111 (85)
Hemoglobin A;, % 6. 80 (5.90-8.63) 580(70) 6. 70 (5.80-8.70) 382(73) 6.80 (6.00-8.10) 97 (57) 7.55(6.78-8.92) 99(76)
Troponin level above the 194 (28) 150 (18) 6(16) 111 (21) 44 (30) 2(13) 78 (68) 7(13)
limit of detection
Pro-BNP level, pg/mL 214 (45-960) 401 (48) 121 (25-475) 278 (53) 231(74-1021) 63 (37) 978 (184-3824) 60 (46)

ALT = alanine aminotransferase; AST = aspartate aminotransferase; BNP = brain natriuretic peptide; CRP = C-reactive protein; FEU = fibrinogen
equivalent unit; GFR = glomerular filtration rate; HFNC = high-flow nasal cannula; IQR = interquartile range; LDH = lactate dehydrogenase; MAP =
mean arterial pressure; NIPPV = noninvasive positive pressure ventilation.

* Includes patients with a World Health Organization ordinal score of 3 (not on oxygen) or 4 (on nasal cannula or facemask oxygen).

T Includes patients with a World Health Organization ordinal score of 5 (HFNC or NIPPV), 6 (intubation and mechanical ventilation), and 7 (intu-
bated; mechanical ventilation; and other signs of organ failure, including use of extracorporeal membrane oxygen, hemodialysis, or vasopressors).
T All vital signs are reported as the median (IQR). Vital signs other than temperature were the median values (IQR) over the first 24 h after admission.
For temperature, we chose the highest value in the first 24 h after admission.

§ Symptoms were derived using natural language processing on clinical notes as described in the appendix.

|| Laboratory values are reported as the median (IQR). Laboratory values were the first value present in the 48 h before or after admission.
“Admission” was defined as the time that the admission order was placed. Overall, 788 patients (?5%) presented to an emergency department at
1 of the 5 system hospitals. The median time between arrival to the emergency department and admission order was 3.1 h (IQR, 2.1-4.5 h). "Missing
data” refers to values that were missing within the 48-h window before and after the admission order time. Supplement Figure 1 (available at
Annals.org) shows the missingness of key variables in a graphical display. To convert selected laboratory values to Sl units, multiply by the following
conversion factors: 1.0 for leukocyte count, absolute lymphocyte count, and platelet count (x 107 cells/L); 10.0 for hemoglobin and albumin (g/L);
17.104 for bilirubin (umol/L); 88.4 for creatinine (umol/L); 95.24 for CRP level (nmol/L); 0.0167 for LDH (ukat/L); 0.0294 for fibrinogen level (umol/L);
2.247 for ferritin (pmol/L); 1.0 for pro-BNP (ng/L).

oratory values also differed among peak disease cate-
gories (Table 2). Supplement Figure 2 (available at
Annals.org) shows demographic and clinical character-
istics by WHO peak illness severity score.

Clinical Course by Disease Outcome

Table 3 and Supplement Figure 3-Figure 4-Figure
5 (available at Annals.org) show patient trajectories by
peak WHO disease category. Forty-five patients (5%)
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had severe disease on arrival. Of the remaining 787
patients, 120 (15%) developed severe disease or died
by 12 hours, 149 (19%) by 24 hours, 185 (24%) by 48
hours, 215 (27%) by 72 hours, and 244 (31%) by 96
hours. The median time to severe disease or death
among the 302 patients who experienced that out-
come was 1.1 days (IQR, 0.07 to 3.4 days). Supplement
Figure 6 (available at Annals.org) shows the individual
patient trajectories and key events in those who died.
Most (n = 114 [87%]) had a do not resuscitate (DNR)/do
not intubate (DNI) order placed during their admission,
with 25 (19%) having a DNR/DNI on admission.

Median length of stay was 7.0 days (IQR, 3.1 to 13.2
days) and differed by peak disease state (mild to mod-
erate disease, 4.9 days [IQR, 2.6 to 8.6 days]; severe
disease, 19.0 days [IQR, 11.9 to 30.0 days]; and death,
8.5 days [IQR, 3.6 to 16.2 days]). Supplement Table 3
shows medications administered.

Of 179 (22%) mechanically ventilated patients, me-
dian time to ventilation was 1.2 days (IQR, 0.1 to 3.1
days). Median duration of mechanical ventilation was
10.5 days (IQR, 3.9 to 21.2 days) overall, 11.6 days (IQR,
6.7 to 22.9 days) for discharged patients (102 [57%])),
and 7.1 days (IQR, 1.3 to 16.6 days) for those who died
(70 [39%]). Six patients (0.7%) were placed on extracor-
poreal membrane oxygen; 3 died and 3 were dis-
charged. Seven patients remained hospitalized; 3 re-
mained intubated for a median of 66.5 days, and 4
were extubated after a median of 35.7 days. Of the 131
patients who died, 118 (90%) were older than 60 years,
66 (50%) were nursing home residents, and 63 (48%)
had baseline dementia.

Factors on Admission Associated With Time to
Severe Disease or Death

Age appreciably modified associations with sex,
multiple comorbid conditions (measured by CCl), and
detectable troponin level. Including these effect modi-
fiers in Cox models to describe disease progression,
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several demographic and clinical factors were signifi-
cantly associated (Appendix Table 1, available at
Annals.org). Compared with a reference group of pa-
tients aged 60 to 74 years (female, not from a nursing
home, CCl of 0, and no detectable troponin level), pa-
tients younger than 60 years and patients aged 75
years or older were less likely to develop severe dis-
ease (for both of the latter groups, a change in risk at 2
days from 10% to 5%). A higher CCl was associated
with an increased risk for progression in patients
younger than 60 years (a change in risk at 2 days from
10% to 12%) and patients aged 75 years or older (a
change in risk at 2 days from 10% to 11%) but a lower
risk for progression among patients aged 60 to 74
years (a change in risk at 2 days from 10% to 8%). A
detectable troponin level was associated with an in-
creased risk for progression to severe disease or death,
but this association was only statistically significant in
patients aged 60 to 74 years. Other factors were asso-
ciated with progression to severe disease or death in-
dependent of age; these included BMI (a change in risk
by 4 days from 13% to 16% for each 5-point increase),
respiratory symptoms (a change in risk by 4 days from
13% to 30%), CRP level, respiratory rate, albumin level,
and temperature greater than 38.0 °C (a change in risk by
4 days from 13% to 23%). Constitutional symptoms were
associated with a decreased risk for severe disease, as
was a higher absolute lymphocyte count.

Cumulative Incidence and Risk Probabilities by
Days After Hospital Admission

We generated cumulative incidence plots for com-
monly encountered patients with different baseline
conditions to illustrate specific factors associated with
progression to the composite outcome of severe dis-
ease or death (Figure). For example, an 81-year-old
Black woman with diabetes and hypertension, a BMI of
35 kg/m?, fever, a respiratory rate of 32 breaths/min, a

Table 3. Time Course of Disease Progression, Overall and by Peak Disease Severity

Time to Severe lliness or Overall Mild to Moderate Severe Disease Death
Death and DNR/DNI* (N = 832) Disease (n = 523)t (n=171)% (n=131)
Median time to severe illness or death (IQR) 1.1(0.1-3.4) - 1.0(0.1-2.7) 1.8(0.0-5.9)
Severe illness or death
Upon admission 45 (5) - 21(12) 23(18)
In the first 12 h 120 (14) - 65 (38) 51(39)
In the first 24 h 149 (18) - 86 (50) 59 (45)
By day 2 185 (22) - 113 (66) 68 (52)
By day 3 215 (26) - 134 (78) 77 (59)
By day 4 244 (29) - 150 (88) 88 (67)
DNR/DNI
Upon admission 52 (6) 26 (5.0) 1(0.6) 25(19)
In the first 12 h 108 (13) 51(9.8) 6(3) 51(39)
In the first 24 h 124 (15) 56 (11) 9(5) 59 (45)

DNI = do no intubate; DNR = do not resuscitate; IQR = interquartile range.

* “Admission” was defined as the time that the admission order was placed. Overall, 788 patients (95%) presented to an emergency department at
1 of the 5 health care system hospitals. The median time between arrival to the emergency department and admission order was 3.1 h (IQR, 2.1 to
4.5 h). The timing of DNI/DNR order among those who died is further shown in Supplement Figure 6 (available at Annals.org).

T Includes patients with a World Health Organization ordinal score of 3 (not on oxygen) or 4 (on nasal cannula or facemask oxygen).

T Includes patients with a World Health Organization ordinal score of 5 (high-flow nasal cannula or noninvasive positive pressure ventilation), 6
(intubation and mechanical ventilation), and 7 (intubated; mechanical ventilation; and other signs of organ failure, including use of extracorporeal

membrane oxygen, hemodialysis, or vasopressors).
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Figure. Cumulative incidence of severe disease or death for characteristic patients.

Patient | Description Cumulative Incidence of Severe Disease or Death
2 Days 4 Days 7 Days
81-year-old Black woman with diabetes and hypertension;
A BMI, 35 kg/m?; respiratory rate, 32 breaths/min; febrile; 80% 92% 96%
high CRP level; D-dimer level > 1 mg/L
69-year-old Black man with diabetes, coronary disease, 1.00
B and hypertension; BMI, 38 kg/m?; respiratory rate, 28% 41% 50% A
23 breaths/min
-]
47-year-old Black man with diabetes and hypertension; 8 g 0751
C BMI, 34 kg/m?; respiratory rate, 18 breaths/min; febrile; 18% 27% 32% E 5
detectable troponin level T o
=] B
< 8050
79-year-old White man with a CCl of 0; 24
D BMI, 24 kg/m?; respiratory rate, 19 breaths/min; afebrile; 10% 15% 18% —: o e
detectable troponin level E 2005 N
38 e b
E 60-year-old White woman with a CCl of 0; 6% 99 1% TSy -
BMI, 28 kg/m?; respiratory rate, 18 breaths/min; afebrile ° ° ° 0.00
39-year-old Latinx man with a CCl of 0; o o o ¥ B ¥ 7. 10
F BM\I, 23 kg/m?; respiratory rate, 18 breaths/min; afebrile 3% 5% 5% 0.0 5 Days Fror‘:ti"-\dmission 5 0.0

The cumulative incidences are calculated from the model in Appendix Table 1 (available at Annals.org). BMI = body mass index; CCl = Charlson
Comorbidity Score; CRP = C-reactive protein. Left. Cumulative incidences at day 2, 4, and 7 after admission for 6 characteristic patients. These
exemplars were chosen by selecting for key characteristics that are known to affect risk in our Cox models. Right. Cumulative incidence plots for
each characteristic patient. The plots show how some patients have a higher likelihood of progression to severe disease or death and progress at
a faster rate than others. For example, patient A has an 80% risk for severe disease or death by day 2, whereas patient F has only a 3% risk. The slope

of the curve for patient A is also steeper than that of the others.

high CRP level, and a D-dimer level greater than 1
mg/L has a probability of progressing to severe disease
or death of 80%, 92%, and 96% by days 2, 4, and 7,
respectively, after admission. In contrast, a 39-year-old
Latinx man with a BMI of 23 kg/m?, no comorbid con-
ditions, and no fever has a probability of progression of
3%, 5%, and 5% by days 2, 4, and 7.

Prediction Model for Progression to Severe
Disease or Death

The cause-specific hazard model in Appendix Ta-
ble 1 and the same model for the competing risk dis-
charge was applied to each person's baseline charac-
teristics to predict their risk (cumulative incidence) of
severe disease or death given their baseline covariate
profile. The AUC(t) at days 2, 4, and 7 is shown in Table
4. The value is largest at day 2 (0.85) but remains close
to 0.80 for the entire week. An interactive version of the

Table 4. Cross-validated Estimates of AUC(t) for Time to
Severe Disease or Death Outcome Prediction*

Cross-validation Method AUC(t)sE,

t = 2 Days t = 4 Days t = 7 Days
10-fold random 0.85(0.02) 0.7%90.02) 0.7%0.02)
5-fold hospital-specific 0.84(0.02) 0.78(0.02) 0.790.02)

AUC = area under the receiver-operating characteristic curve.

* The first row shows the 10-fold cross validation results where 10% of
patients are randomly kept out of the ten training data sets. The sec-
ond row shows a 5-fold hospital-specific cross validation where all
patients from each hospital are kept out of the training data set for
each of 5 training sets. The fact that there are no differences between
these two approaches suggests that there is little heterogeneity across
each of the 5 hospitals after controlling for baseline predictors. Be-
cause many patients progress to severe disease or death early on in
their hospital course, the excellent performance of the prediction
model at early time points can provide meaningful information for
clinicians at the beginning of a patient's hospital admission. Further
information is provided in Supplement Table 1 (available at Annals
.org).

6 Annals of Internal Medicine

COVID-19 Inpatient Risk Calculator (CIRC) is available
at https://rsconnect.biostat.jhsph.edu/covid_predict/.

Having 5 hospitals with diverse patient populations
was an opportunity to quantify the heterogeneity in
patient's risk among these hospitals, which we did by
estimating a separate hospital fixed effect for each hos-
pital. Controlling for baseline covariates that differ sub-
stantially across hospitals, a joint test that all hospitals
have the same baseline rate was not rejected (P =
0.385) (data not shown). We also performed a hospital-
specific cross-validation of the prediction error, leaving
out all patients from each hospital rather than a random
subset of patients. The AUC estimates do not statisti-
cally differ from the standard cross-validation, indicat-
ing that predictions for patients at a given JHM hospital
held out of the training set discriminate patients with
severe disease from those with nonsevere disease just
as well as predictions within hospitals used for training
the model.

Factors on Admission Associated With Time to
Death

When death alone was assessed, important risk fac-
tors included age, age interaction with nursing home,
CCl, and Sao,/Fio, ratio (Appendix Table 2, available at
Annals.org). Compared with a reference group of pa-
tients aged 60 to 74 years who were not admitted from
a nursing home, patients younger than 60 years had a
decreased risk for death (a change in baseline risk at 7
days from 2% to 1%) and patients aged 75 or older had
an increased risk for death (a change in baseline risk at
7 days from 2% to 7%). Admission from a nursing home
was associated with an increased risk for death, but this
association was only statistically significant in patients
younger than 75 years (a change in baseline risk at 7
days from 2% to 5%). The CCl and Sao,/Fio, ratio were
associated with death across all age groups. There
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were not enough events to create a reliable prediction
model for death as the main outcome.

DISCUSSION

Our study provides insight into the disease trajec-
tories of hospitalized patients with COVID-19 in the
United States and the risk factors associated with se-
vere outcomes. Rapid progression of disease after ad-
mission provides a narrow window to intervene to avert
these outcomes. Different combinations of risk factors
predict severe disease or death with probabilities rang-
ing from over 90% to as little as 5% (that is, 18-fold for
patients at highest risk compared with those at lowest
risk). Selected risk factors carry great importance in
prediction.

As seen elsewhere (24-26), older age and nursing
home residence were associated with a high risk for
death. Nursing home patients tend to be older, have
high comorbidity, and live in an environment where
COVID-19 can spread rapidly among staff and resi-
dents (27, 28). Underlying conditions, such as cognitive
impairment or chronic cough, can delay recognition of
symptoms and presentation to the hospital (27). With
approximately 1.4 million nursing home residents in
the United States (29), strategies to prevent and treat
COVID-19 in this population are needed.

One in 5 patients who died had DNR/DNI orders at
the time of admission, probably reflecting advanced di-
rectives. Presence of a DNR/DNI order affected the use
of specific interventions, measurement of disease se-
verity by using the WHO scale, and time to death. Al-
most all patients who died without receiving mechani-
cal ventilation had DNR/DNI orders. It is difficult to
know how end-of-life practices differed across doctors
and hospitals and whether DNR/DNI orders reflected
patient preference or rapid development of severe dis-
ease with perceived poor outcomes. The implementation
of advanced directives varies globally (30) and may con-
tribute to geographic differences in COVID-19 mortality.

As in other studies (31-34), BMI was strongly asso-
ciated with severe disease or death. This could be due
to obesity-related diabetes, cardiovascular disease,
and inflammation that impairs the immune response
and induces oxidant stress. Obesity can also impair the
mechanics of breathing (35, 36). This association is par-
ticularly important in the United States, where the age-
adjusted prevalence of obesity is 42%. Obesity preva-
lence is higher among Black persons, Latinx persons,
and persons aged 40 to 59 years and is linked to socio-
economic status, other comorbid conditions, and poor
health outcomes (37). In the United States, younger pa-
tients admitted to the hospital for COVID-19 are more
likely to be obese (38). The relationship between obe-
sity and COVID-19 outcomes in older patients is prob-
ably complicated by the fact that excess body weight in
frail older adults may be somewhat protective against
additional stressors (39).

Although 60% of patients were non-White, we did
not observe associations of race/ethnicity with severe
disease or death after adjustment for clinical factors.
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Easily measured baseline parameters (absolute
lymphocyte count; CRP, troponin, and albumin levels;
respiratory rate; and Sao,/Fio, ratio) were associated
with disease trajectory. Respiratory rate is included in
mortality prediction scores for hospitalized patients
(40-42) and has been associated with mortality in
COVID-19 (43). A lower Sao,/Fio, ratio is associated
with mortality because hypoxic respiratory failure is a
hallmark of severe COVID-19. A lower Sao,/Fio, ratio is
also associated with mortality in other causes of acute
respiratory distress syndrome and respiratory failure
(44, 45).

Our observed mortality of 16% is lower than the
20% to 28% reported from hospitalized cohorts in Italy,
China, the United Kingdom, and elsewhere in the
United States (4, 20-23, 46) but is similar to the 13%
mortality in the placebo arm of the Adaptive COVID-19
Treatment Trial (47). Lower mortality could be due to
our more complete observation of discharge outcome
or because the Johns Hopkins Hospital is one of the
Regional Ebola and Special Pathogens Treatment Cen-
ters (RESPTCs) funded to improve domestic prepared-
ness following the 2014-2016 Ebola outbreak (48, 49).
Furthermore, the health system did not exceed its ca-
pacity of hospital and intensive care unit beds.

The CIRC performed best at predicting progres-
sion to severe disease or death in the first 2 days of
hospital admission and thus offers valuable information
at the time of initial hospital evaluation. Within the 5
study hospitals, the model discriminated higher- from
lower-risk patients equally well regardless of whether
the patients were from the hospitals used to fit the
model. Although the model performed well at predict-
ing progression by hospital days 4 and 7, models that
incorporate longitudinal data will probably provide
more accurate predictions at these later time points.

Our study has limitations. First, the data are derived
from a single health system. However, we observed lim-
ited heterogeneity across the 5 hospitals after control-
ling for baseline predictors, suggesting that this model
could apply to other hospitals. Second, collection of
key laboratory values was not standardized across the
health system, or even at individual hospitals, which
contributed to missing data. Third, testing challenges
may have caused underascertainment of COVID-19-
positive cases in our health system (50). Fourth, we did
not have respiratory viral panels for all patients and did
not account for the possibility that coinfection with
other viral infections may have altered disease trajec-
tory. Fifth, the electronic health record may not have
documented all comorbid conditions. Sixth, some
symptoms, such as loss of taste or smell, may have
been underrepresented because they were not recog-
nized early on in the pandemic and severely ill patients
may have been unable to accurately report symptoms.
Seventh, our data set did not include symptom onset
because this metric is difficult to extract by using natu-
ral language processing. Finally, postdischarge out-
comes were not captured if they occurred outside of
the health system.
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In conclusion, we identified important factors easily
ascertained at admission that are associated with se-
vere COVID-19 outcomes. Specific subgroups had high
risk for progression to severe illness or death. Progres-
sion to severe disease or death can be rapid. A model
using factors on admission to the hospital can predict
outcome at days 2, 4, and 7 of hospitalization. Future
studies will focus on prediction using longitudinal data
to assist clinicians, patients, and families as they navi-
gate COVID-19.
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Appendix Table 1. Multivariate Association of Factors on Admission With Severe Disease or Death*

Characteristic Estimate Adjusted Hazard P Value
Ratio (95% CI)

Age <60y (vs. 60-74 y)t -0.61 0.54 (0.31-0.96) 0.04
Age =75y (vs. 60-74 y)t -0.71 0.49 (0.26-0.92) 0.03
Within age <75y, nursing home residence vs. no nursing home residence -0.24 0.79 (0.49-1.26) 0.32
Within age =75y, nursing home residence vs. no nursing home residence -0.22 0.80(0.52-1.23) 0.31
Within age <60y, male vs. female 0.31 1.36(0.88-2.12) 0.17
Within age 60-74 y, male vs. female -0.47 0.63(0.39-1.02) 0.06
Within age =75 y, male vs. female 0.10 1.11(0.72-1.71) 0.64
BMI (increments of 5 kg/mz) 0.17 1.19(1.10-1.28) <0.001
Non-White race vs. white race 0.08 1.08 (0.81-1.44) 0.60
Within age <60y, CCl per 1-point increase 0.19 1.21(1.02-1.43) 0.03
Within age 60-74 y, CCl per 1-point increase -0.23 0.80(0.68-0.94) 0.01
Within age 275y, CCl per 1-point increase 0.14 1.15(1.02-1.31) 0.03
Respiratory symptoms present vs. absent 0.81 2.26(1.15-4.43) 0.02
Gastrointestinal symptoms present vs. absent -0.14 0.87 (0.66-1.15) 0.32
Constitutional symptoms present vs. absent -0.57 0.56(0.36-0.87) 0.01
Loss of taste and smell present vs. absent -0.30 0.74(0.48-1.15) 0.18
Fever (temperature >38.0 °C) vs. no fever 0.56 1.76 (1.35-2.29) <0.001
Pulse (increments of 10 beats/min) -0.02 0.98 (0.90-1.06) 0.62
Respiratory rate < 18 breaths/min -0.25 0.78 (0.64-0.95) 0.02
Respiratory rate =18 breaths/min 0.13 1.14(1.11-1.16) <0.001
Log leukocyte count (K cells/mm?) -0.06 0.94(0.72-1.23) 0.66
Log absolute lymphocyte count (K cells/mm?) -0.29 0.74 (0.59-0.94) 0.01
Log ALT level (U/L) 0.02 1.02(0.84-1.22) 0.87
Hemoglobin level (every 1-point decrease in g/dL) 0.04 1.04(0.97-1.11) 0.23
Albumin level (every 0.5-g/dL decrease below 4 g/dL) 0.23 1.25(1.09-1.44) 0.002
GFR (increase of 10 mL/min per 1.73 m?) -0.03 0.97 (0.92-1.01) 0.16
Log CRP level (mg/dL) 0.20 1.22(1.00-1.48) 0.05
Log ferritin level (ng/mL) 0.1 1.12(0.96-1.31) 0.16
Within age <60y, detectable troponin level vs. not 0.19 1.20(0.67-2.17) 0.54
Within age 60-74 y, detectable troponin level vs. not 1.36 3.90(2.23-6.82) <0.001
Within age =75y, detectable troponin level vs. not 0.35 1.42(0.85-2.38) 0.19
D-dimer level > 1 mg/dL FEU 0.24 1.27 (0.93-1.72) 0.14

ALT = alanine aminotransferase; AST = aspartate aminotransferase; BMI = body mass index; CCl = Charlson Comorbidity Index; CRP = C-reactive
protein; FEU = fibrinogen equivalent unit; GFR = glomerular filtration rate.

* Based on 829 patients and 303 events per 4030 person-days observed. For ease of interpretation, we report hazard ratios by age group rather
than as main effects and interaction. Because age appreciably modified associations with sex, CCl, and detectable troponin level, these interactions
were included in the model. Vital signs other than temperature were the median values over the first 24 h after admission. For temperature, we
chose the highest value in the first 24 hours after admission. Symptoms were derived by using natural language processing on clinical notes as
described in the Supplement (available at Annals.org). Laboratory values were the first value present in the 48 h before or after admission. Overall,
788 patients (95%) presented to an emergency department at 1 of the 5 system hospitals. The median time between arrival to the emergency
department and admission order was 3.1 hours (interquartile range, 2.1-4.5 h). To be able to compare risks between patients with different
covariates at days 2, 4, and 7, we calculated baseline cumulative incidences for a white woman aged 60-74 y with a BMI of 30 kg/m?, CCl of 0, no
symptoms (respiratory, gastrointestinal, constitutional, or loss of taste or smell), leukocyte counts of 6.8 x 10° cells/uL, absolute lymphocyte count
of 1.0 x 10° cells/uL, ALT level of 30.0 U/L, albumin level of 3.7 g/dL, GFR of 71 mL/min per 1.73 m?, CRP level of 5.7 mg/dL, hemoglobin level of
12.9 g/L, ferritin level of 545 ng/mL, no detectable troponin level, D-dimer level <1 mg/dL FEU, heart rate of 85 beats/min, and respiratory rate of
21 breaths/min. The baseline cumulative incidences for this patient at day 2, 4, 7, and 14 were estimated to be 10%, 13%, 15%, and 15%
respectively.

T The reference group is female, not from a nursing home, CCl of 0, and no detectable troponin level.
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Appendix Table 2. Multivariate Association of Factors on Admission and Death*

Characteristic Estimate Adjusted Hazard Ratio (95% CI) P Value
Age <60y (vs. 60-74 y)T -0.69 0.50(0.26-0.97) 0.04
Age =75y (vs. 60-74 y)t 1.27 3.56 (2.00-6.32) <0.001
Within age <75y, nursing home residence vs. no nursing home residence 0.83 2.30(1.30-4.06) 0.004
Within age =75y, nursing home residence vs. no nursing home residence 0.35 1.42(0.87-2.29) 0.16
Male vs. female 0.34 1.40 (0.97-2.03) 0.07
BMI (increments of 5 kg/m?) -0.04 0.97 (0.86-1.09) 0.56
Non-White race vs. white race -0.33 0.72(0.49-1.07) 0.1
CCl (per 1 ptincrease) 0.12 1.13(1.02-1.25) 0.02
Sa0,/FiO, ratio = 375 (for every 50-unit decrease) 0.00 1.00(0.72-1.38) 0.99
Sa0,/FiO, ratio < 375 (for every decrease in 50) 0.35 1.42 (1.26-1.60) <0.001

BMI = body mass index; CCl = Charlson Comorbidity Index.

* Based on 829 patients and 124 events per 9082 person-days observed). Given the smaller number of death events relative to the number of
variables of interest, variable selection was warranted. We fit cause-specific proportional-hazards models regularized with an elastic net penalty, as
implemented in the glmnet R package. Age is divided into 3 groups (<60 'y, 60-74 y, =275 y) rather than treated as a continuous variable. In sensitivity
analyses, there were changes in statistical significance or in the direction of model coefficients between age groups for admission from a nursing
home. For ease of interpretation, we report hazard ratios for this factor by age groups rather than as main effects and interaction. The SaO,/FiO,
ratio was the median value over the first 24 h after admission. Symptoms were derived by using natural language processing on clinical notes as
described in the Supplement (available at Annals.org). “Admission” was defined as the time that the admission order was placed. Overall, 788
patients (95%) presented to an emergency department at 1 of the 5 system hospitals. The median time between arrival to the emergency
department and admission order was 3.1 h (interquartile range, 2.1-4.5 h). To be able to compare risks between patients with different covariates
at days 2, 4 and 7, we calculated baseline cumulative incidences at day 2, 4, 7, and 14 for a white woman aged 60-74 y who was not from a nursing
home and had a BMI of 30 kg/m?, CCl of 0, and SaO,/FIO, ratio of 365. These cumulative incidences were estimated to be 0.1%, 1%, 2%, and 3%
respectively.

T The reference group is patients not from a nursing home.
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