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Summary
Background Better understanding of the association between characteristics of patients hospitalized with coronavi-
rus disease 2019 (COVID-19) and outcome is needed to further improve upon patient management.

Methods Immunophenotyping Assessment in a COVID-19 Cohort (IMPACC) is a prospective, observational study
of 1164 patients from 20 hospitals across the United States. Disease severity was assessed using a 7-point ordinal
scale based on degree of respiratory illness. Patients were prospectively surveyed for 1 year after discharge for post-
acute sequalae of COVID-19 (PASC) through quarterly surveys. Demographics, comorbidities, radiographic find-
ings, clinical laboratory values, SARS-CoV-2 PCR and serology were captured over a 28-day period. Multivariable
logistic regression was performed.

Findings The median age was 59 years (interquartile range [IQR] 20); 711 (61%) were men; overall mortality was
14%, and 228 (20%) required invasive mechanical ventilation. Unsupervised clustering of ordinal score over time
revealed distinct disease course trajectories. Risk factors associated with prolonged hospitalization or death by day
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28 included age � 65 years (odds ratio [OR], 2.01; 95% CI 1.28�3.17), Hispanic ethnicity (OR, 1.71; 95% CI
1.13�2.57), elevated baseline creatinine (OR 2.80; 95% CI 1.63� 4.80) or troponin (OR 1.89; 95% 1.03�3.47), base-
line lymphopenia (OR 2.19; 95% CI 1.61�2.97), presence of infiltrate by chest imaging (OR 3.16; 95% CI
1.96�5.10), and high SARS-CoV2 viral load (OR 1.53; 95% CI 1.17�2.00). Fatal cases had the lowest ratio of SARS-
CoV-2 antibody to viral load levels compared to other trajectories over time (p=0.001). 589 survivors (51%) completed
at least one survey at follow-up with 305 (52%) having at least one symptom consistent with PASC, most commonly
dyspnea (56% among symptomatic patients). Female sex was the only associated risk factor for PASC.

Interpretation Integration of PCR cycle threshold, and antibody values with demographics, comorbidities, and labo-
ratory/radiographic findings identified risk factors for 28-day outcome severity, though only female sex was associ-
ated with PASC. Longitudinal clinical phenotyping offers important insights, and provides a framework for
immunophenotyping for acute and long COVID-19.

Funding NIH.

Copyright � 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

We did a systematic search of the PubMed database
from January 1st, 2020 until April 24th, 2022 using the
search terms: “hospitalized” AND “SARS-CoV-2” OR
“COVID-19” AND “Prospective” AND “Antibody” OR
“PCR” OR “long term follow up” and applying the follow-
ing filters: “Multicenter Study” AND “Observational
Study”. No language restrictions were applied. While
clinical, laboratory, and radiographic features associated
with severe COVID-19 in hospitalized adults have been
described, description of the kinetics of SARS-CoV-2
specific assays available to clinicians (e.g. PCR and bind-
ing antibody) and their integration with other variables
is scarce for both short and long term follow up. The
current literature is comprised of several studies with
small sample size, cross-sectional design with laboratory
data typically only recorded at a single point in time
(e.g., on admission), limited clinical characteristics, vari-
able duration of follow up, single-center setting, retro-
spective analyses, kinetics of either PCR or antibody
testing but not both, and outcomes such as death or,
mechanical ventilation that do not allow delineation of
variations in clinical course.

Added value of this study

In our large longitudinal multicenter cohort, the descrip-
tion of outcome severity, was not limited to survival ver-
sus death, but encompassed a clinical trajectory
approach leveraging longitudinal data based on time in
hospital, disease severity by ordinal scale based on
degree of respiratory illness, and presence or absence
of limitations at discharge. Fatal COVID-19 cases had
the lowest ratio of antibody to viral load levels over
time as compared to non-fatal cases. Integration of PCR
cycle threshold and antibody values with demo-
graphics, baseline comorbidities, and laboratory/radio-
graphic findings identified additional risk factors for
outcome severity over the first 28 days. However,
female sex was the only variable associated with persis-
tence of symptoms over time. Persistence of symptoms
was not associated with clinical trajectory over the first
28 days, nor with antibody/viral loads from the acute
phase.

Implications of all the available evidence

The described calculated ratio (binding IgG/PCR Ct
value) is unique compared to other studies, reflecting
host pathogen interactions and representing an accessi-
ble approach for patient risk stratification. Integration of
SARS-CoV-2 viral load and binding antibody kinetics
with other laboratory as well as clinical characteristics in
hospitalized COVID-19 patients can identify patients
likely to have the most severe short-term outcomes, but
is not predictive of symptom persistence at one year
post-discharge.
Introduction
A comprehensive understanding of the interplay
between pathogen, and host in modulating the disease
course will enable identification of potential biomarkers,
and host-directed therapeutic interventions against
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), and post-acute sequalae of coronavirus disease
2019 (COVID-19) (PASC). Mobilization of the global
scientific community has produced significant findings
www.thelancet.com Vol 83 Month , 2022
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with unprecedented speed.1 However, these studies had
limitations including small sample size, cross-sectional
design with laboratory data typically only recorded at a
single point in time (e.g., on admission), limited clinical
characteristics, variable duration of follow up, single-
center setting, retrospective analyses, and basic out-
comes (e.g. death, mechanical ventilation). Integration
of longitudinal data is an attractive approach to charac-
terize disease severity, and better understand patient
outcomes by encompassing the totality of the disease
course in terms of patient complications, persistence of
symptoms and resource utilization. In contrast to
categorical analysis of outcomes at a prespecified
timepoint, using a longitudinal approach provides
insights into mechanisms underlying the diverse
clinical course observed in a large group of geo-
graphically, and demographically diverse hospitalized
patients with COVID-19.

The National Institute of Allergy and Infectious
Diseases (NIAID), National Institutes of Health
(NIH) prospective longitudinal cohort study, Immu-
noPhenotyping Assessment in a COVID-19 Cohort
(or IMPACC [NCT04378777]), enrolled symptomatic,
molecularly confirmed hospitalized COVID-19
patients from 20 different hospitals across the US.
IMPACC prospectively collected clinical, laboratory,
and radiographic data along with longitudinal bio-
logic sampling of blood, and respiratory secretions
for in-depth immunologic, and virologic testing with
a one year follow up post discharge.2
Methods

Ethics
NIAID staff conferred with the Department of Health
and Human Services Office for Human Research Pro-
tections (OHRP) regarding potential applicability of the
public health surveillance exception [45CFR46.102(l)
(2)] to the IMPACC study protocol. OHRP concurred
that the study satisfied criteria for the public health sur-
veillance exception, and the IMPACC study team sent
the study protocol, and participant information sheet
for review, and assessment to institutional review
boards (IRBs) at participating institutions. Twelve insti-
tutions elected to conduct the study as public health sur-
veillance, while 3 sites with prior IRB-approved
biobanking protocols elected to integrate and conduct
IMPACC under their institutional protocols (University
of Texas at Austin, IRB 2020-04-0117; University of Cal-
ifornia San Francisco, IRB 20-30497; Case Western
reserve university, IRB STUDY20200573) with
informed consent requirements. Participants enrolled
under the public health surveillance exclusion were pro-
vided information sheets describing the study, samples
to be collected, and plans for data de-identification, and
use. Those that requested not to participate after
www.thelancet.com Vol 83 Month , 2022
reviewing the information sheet were not enrolled. In
addition, participants did not receive compensation for
study participation while inpatient, and subsequently
were offered compensation during outpatient follow-
ups.
Study design and setting
The study followed the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines for reporting observational studies.3 The
design of the IMPACC study has been previously pub-
lished2 (see online supplement).
Study participants
Patients 18 years and older admitted to 20 US hospitals
(affiliated with 15 academic institutions) were enrolled
within 48 h of hospital admission. Only symptomatic
cases with confirmed positive SARS-CoV-2 PCR were
followed longitudinally.
Data collection, study variables, and biologic samples
Specific data elements were acquired via review of elec-
tronic medical records: participant demographic charac-
teristics, and comorbidities, presenting signs, or
symptoms, and onset, medications, diagnostic investi-
gations (predefined laboratory values, and radiographic
findings), and relevant clinical outcomes (oxygen- and
ventilatory-support requirement, medications used,
complications). Biologic samples consisted of blood,
and mid-turbinate nasal swabs (staff or self collected;
with step-by-step instructions provided to both staff and
study participants). The timepoints were as follows:
enrollment (day 1), and days 4, 7, 14, 21, and 28 post
hospital admission (and if feasible, in discharged
patients, days 14, and 28). Data lock on the data col-
lected through day 28 from admission was performed
on November 11th, 2021. Selected information was avail-
able after discharge for self-reported vaccination status,
recurrent SARS-CoV2 infection, and persistence of
symptoms, as well as mortality in patients with at least
one follow-up at 3, 6, 9 and/or 12 months after dis-
charge. Data lock on the survey data was performed on
April 7, 2022. The full study data collection forms are
provided in the online supplement and deidentified
data is available upon request.
Outcomes
Clinical severity of illness was assessed using a 7-point
ordinal scale (OS) adapted from the World Health Orga-
nization COVID-19, and NIAID disease ordinal severity
scales,4 (OS1= Not hospitalized, no limitations; OS2=
Not hospitalized, activity limitations, or requires home
O2; OS3= Hospitalized, not requiring supplemental O2;
OS4= Hospitalized, requiring O2; OS5= Hospitalized on
3
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non-invasive ventilation, or high-flow O2; OS6= Hospi-
talized on invasive mechanical ventilation, and/or extra-
corporeal membrane oxygenation (ECMO);
OS7=Death). The 7-point OS for respiratory status was
calculated at each inpatient timepoint. Length of hospi-
tal stay, complications, and other protocol-defined out-
comes were assessed over 28 days and persistence of
symptoms, reinfections as well as 28 day and delayed
mortality were assessed for the duration of the study.
SARS-CoV-2 PCR
SARS-CoV-2 viral load was assessed by a central labora-
tory from nasal swab samples at each time point by RT-
PCR of the viral N1, and N2 genes (see online
supplement).5
Viral sequencing
Viral sequencing was performed by a central laboratory
from one or more nasal swab samples per patient,
ranked by lowest Ct value, to obtain at least one com-
plete genome per patient. This yielded a total of 660
available genomes from 453 patients (see online
supplement).6
Serology
At the time of publication, anti-SARS-CoV-2 spike (S),
and receptor binding domain (RBD) antibodies, quanti-
tated by enzyme-linked immunosorbent assay (ELISA)
in serum,7 were available for the first 891 participants
(see online supplement).
Statistics
Longitudinal measures of ordinal scale over time were
clustered using group-based trajectory modeling, a like-
lihood-based approach commonly used to group time
series of clinical data. These models were implemented
in an unsupervised fashion using SAS PROC TRAJ,
using either 3, 4, 5, or 6 groups. For each specification
of group number, polynomial curves up to cubic degree
were allowed for each group. All models included tim-
ing of symptom onset relative to hospital admission as
fixed effect. The best-fitting model, with respect to num-
ber of clusters and polynomial order, was selected using
Akaike Information Criteria (AIC). A detailed descrip-
tion of the model implementation is provided in the
online supplement.

Demographic, and clinical characteristics are
reported as mean (standard deviation [SD]), median
(interquartile range [IQR]), or frequency (percentage)
compared across clinical trajectory groups using one-
way ANOVA, Kruskal-Wallis tests, or chi-square tests as
appropriate. Where distributions were skewed, continu-
ous laboratory values were log-transformed prior to
parametric analysis. In addition, clinical laboratory
values were dichotomized to normal and abnormal as
defined based on site-specific normal range. For several
of the laboratory data considered, the proportion of
missing values made imputation infeasible. Further,
because labs were collected for clinical care rather than
per protocol, it is likely that the missingness mecha-
nism is associated with measurement value. For these
reasons, labs that were not drawn were assumed to be
normal (as not believed to be informative for clinical
care) rather than implement a probabilistic imputation
approach. The extent of missing data is noted where
applicable. A series of multivariable logistic regression
models was fit to identify demographic, and clinical risk
factors associated with disease severity. All models
included random intercept by enrollment site, and cova-
riates were selected through a multi-step selection pro-
cess (see Supplement). The covariates selected for the
final model and included as fixed effects (see Figure 4)
are: age, sex, race, Hispanic ethnicity, diabetes, chronic
respiratory disease, presence of infiltrate on chest x-ray,
lymphocyte count, creatinine level, troponin level, and
N1 CT value. Ordinal and logistic regressions identified
laboratory variables associated with the overall ordinal
clinical trajectory trend, and discriminative of two differ-
ent trajectory groups at baseline. A mixed-effect general-
ized additive model identified variables whose 28 day
longitudinal values differ across clinical trajectory
groups. This model included fixed effects for age and
sex, and random effects for enrollment site and partici-
pant. Further details of the model specifications, and
approaches for model selection are provided in the
online supplement.

All analyses were performed in SAS (v9.4, Cary,
NC), and R (v4.1, XXX) using an alpha-level of 0.05.
Role of the funders
The study was funded by project grants and cooperative
agreements awarded by the National Institute of Allergy
and Infectious Disease (NIAID). NIAID project scien-
tists participated collaboratively in study design, data
analyses, interpretation, and writing of the report but
not in data collection. The manuscript content is solely
the responsibility of the authors and does not necessar-
ily represent the official views of the National Institute
of Allergy and Infectious Diseases, the National Insti-
tutes of Health or any other Agency of the United States
Government.

The authors are solely responsible for the study
design, data collection, interpretation, manuscript prep-
aration, and decision to submit the manuscript.
Results
Between May 5th, 2020 and March 19th, 2021, 1,286
patients were enrolled across 20 US hospitals; 1243 met
eligibility criteria, and 1164 were included in the final
www.thelancet.com Vol 83 Month , 2022



Figure 1. Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Cohort Diagram.
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analysis cohort with 589 being included in the post-hos-
pitalization survey cohort (Figure 1). Clinical character-
istics, baseline radiographic findings, and laboratory
testing of the study cohort are provided in Table 1. The
median age was 59 years (IQR 20), and 711 (61%) were
men. 259 (22%) were Black/African American, and 363
(31%) were Hispanic/Latinx. 1096 (94%) had at least
one comorbidity, including hypertension (677; 58%),
diabetes (427; 37%), chronic respiratory disease (234;
20%), asthma (174; 15%), chronic cardiac disease (315;
27%), and chronic kidney disease (178; 15%). Current,
or prior history of smoking, or vaping was reported in
377 (32%) patients. 58 (5%) were organ transplant recipi-
ents, and 21 (2%) were patients living with HIV. The
median body mass index (BMI) was 31.3 kg/m2 (IQR
9.6). Most patients (872; 75%) presented within 2 weeks
of onset of symptoms. 276 (24%) were admitted directly
to the intensive care unit (ICU) with 137 (12%) initially
requiring mechanical ventilation, or ECMO. Almost
half of the cohort presented with elevated D- dimer
(>0.5 mg/L) (596; 51%), and C-reactive protein (CRP)
(�10 mg/L) (499; 43%). 139 (12%) patients had severe
lymphopenia (<500 cells/microliter), and 59 (5%) had
thrombocytopenia (<100,000 cells/microliter) at
enrollment. A subset presented with evidence of renal
insufficiency (creatinine �1.5 mg/dL; 186; 16%), liver
dysfunction (alanine transaminase (ALT) �1.5 site spe-
cific upper limit of normal; 203; 17%), and/or myocar-
dial injury (95 out of 445 available values with troponin
>0.4 ng/mL; 8%). Most patients had opacities consis-
tent with pneumonia on chest imaging on enrollment
www.thelancet.com Vol 83 Month , 2022
(800; 72%). The median SOFA (Sequential Organ Fail-
ure Assessment) score at baseline was 1 (IQR: 2).

The median length of hospital stay was 6 days (IQR
7). Twenty-eight day mortality was 9%, and did not dif-
fer across the duration of the study (divided into quar-
ters; p=0.84) (Figure 1 Supplement); the overall
mortality 12 months post hospital discharge was 14%.
At day 28, 70 (6%) remained hospitalized. During their
hospitalization, 228 (20%) required invasive mechani-
cal ventilation, 176 (15%) experienced ICU level care
escalation, and 958 (82%) had at least one pre-specified
complication (Table 1 Supplement) including acute
renal injury/failure (249; 21%), shock requiring use of
pressors (173; 15%), bacteremia (113; 10%). 791 (68%)
received systemic steroids (786; 68%), and 725 (62%)
received remdesivir (Table 2 Supplement).

To capture the dynamics of clinical course of disease,
we analyzed patient characteristics through an unsuper-
vised clustering of respiratory OS over time. Five disease
course trajectories were identified (Figure 2): brief length
of stay (trajectory 1: n=258; 22%); intermediate length of
stay (trajectory 2: n=310; 27%); intermediate length of
stay with discharge limitations (trajectory 3: n=276;
24%); prolonged hospitalization (trajectory 4:
n=212;18%); and fatal (trajectory 5: n=108; 9%).

Selected demographic characteristics, key comorbid-
ities, radiographic, and laboratory findings were signifi-
cantly associated with trajectory groups by univariate
analysis (Table 1). In terms of symptoms at presenta-
tion, shortness of breath (p<0.001), and altered mental
status (p<0.001) were associated with more severe
5



Overall
(n=1164)

Trajectory 1
(n=258)

Trajectory 2
(n=310)

Trajectory 3
(n=276)

Trajectory 4
(n=212)

Trajectory 5
(n=108)

Overall
p-value

Age, median (IQR) in years 59 (20) 55 (22) 56 (22) 59.5 (21) 61.5 (17) 70 (18) <.001

Sex, No. (%) Male 711 (61) 148 (57) 195 (63) 151 (55) 143 (67) 74 (69) 0.012

Race, No. (%)a White 559 (48) 113 (44) 138 (45) 144 (52) 98 (46) 69 (64) <.001

Black 257 (22) 78 (30) 78 (25) 62 (22) 25 (12) 16 (15)

Asian 51 (5) 10 (4) 14 (5) 14 (5) 9 (4) 4 (4)

Ethnicity, No. (%)c Non-Hispanic 753 (65) 186 (72) 212 (68) 183 (66) 102 (48) 70 (65) <.001

Hispanic 363 (31) 67 (26) 85 (27) 83 (30) 99 (47) 29 (27)

Comorbidities, No. (%) None 68 (6) 14 (5) 18 (6) 22 (8) 11 (5) 3 (3)

Hypertension 677 (58) 138 (53) 184 (59) 149 (54) 129 (61) 77 (71) 0.013

Diabetes 427 (37) 97 (38) 96 (31) 92 (33) 91 (43) 51 (47) 0.006

Chronic lung diseasei 234 (20) 29 (11) 57 (18) 70 (25) 38 (18) 40 (37) <.001

Asthma 174 (15) 43 (17) 48 (15) 38 (14) 34(16) 11(10) 0.542

Chronic cardiac disease 315 (27) 63 (24) 81 (26) 77 (28) 46 (22) 48 (44) <.001

Chronic kidney disease 178 (15) 35 (14) 38 (12) 48 (17) 28 (13) 29 (27) 0.004

Chronic liver disease 58 (5) 13 (5) 18 (6) 10 (4) 13 (6) 4 (4) 0.647

Chronic neurologic disorder 143 (12) 28 (11) 37 (12) 40 (14) 21 (10) 17 (16) 0.395

Organ Transplantation 58 (5) 10 (4) 17 (5) 16 (6) 11 (5) 4 (4) 0.807

HIV/AIDS 21 (2) 8 (3) 5 (2) 5 (2) 2 (1) 1 (1) 0.424

Malignancy 119 (10) 26 (10) 28 (9) 30 (11) 18 (8) 17 (16) 0.299

Drug, or alcohol abuse 88 (8) 30 (12) 22 (7) 16 (6) 13 (6) 7 (6) 0.084

Smoking/Vapingj 377 (32) 84 (33) 96 (31) 88 (32) 61 (29) 48 (44) 0.068

BMI category in kg/m2, No. (%)c Overweight (25.1-29.9) 300 (26) 76 (29) 79 (25) 61 (22) 58 (27) 26 (24) 0.023

Class 1-2 Obesity (30�39.9) 473 (41) 103 (40) 140 (45) 104 (38) 86 (41) 40 (37)

Class 3 Obesity (40+) 165 (14) 36 (14) 38 (12) 45 (16) 31 (15) 17 (16)

Symptom onset to

hospitalization (days),

median (IQR)

7 (7) 7 (7) 7 (6) 7 (7) 6 (5.5) 6 (8) 0.862

Symptom onset to

hospitalization

in days, No (%)b

�3 242 (21) 55 (21) 64 (21) 60 (22) 36 (17) 27 (25) 0.026

4�7 325 (28) 66 (26) 96 (31) 62 (22) 74 (35) 27 (25)

8�14 305 (26) 77 (30) 92 (30) 73 (26) 42 (20) 21 (19)

>14 81 (7) 15 (6) 16 (5) 20 (7) 20 (9) 10 (9)

Level of respiratory

support, No. (%)

Mechanically ventilated, or

ECMO (OS=6)

137 (12) 1 (0) 9 (3) 3 (1) 84 (40) 40 (37) <.001

Non-invasive ventilation,

or high flow nasal O2 (OS=5)

267 (23) 13 (5) 53 (17) 60 (22) 104 (49) 37 (34)

Table 1 (Continued)
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Overall
(n=1164)

Trajectory 1
(n=258)

Trajectory 2
(n=310)

Trajectory 3
(n=276)

Trajectory 4
(n=212)

Trajectory 5
(n=108)

Overall
p-value

Supplemental oxygen

(not high flow) (OS=4)

491 (42) 93 (36) 196 (63) 159 (58) 22 (10) 21 (19)

None (OS=3) 267 (23) 150 (58) 52 (17) 53 (19) 2 (1) 10 (9)

SpO2/FiO2 ratio category, No. (%)c 235, or lower 271 (24) 2 (1) 35 (11) 31 (11) 138 (65) 65 (60) <.001

236�315 179 (15) 14 (5) 66 (21) 61 (22) 26 (12) 12 (11)

315, or higher 653 (56) 230 (89) 196 (63) 170 (62) 34 (16) 23 (21)

SOFA Score, median (IQR) 1 (2) 0 (1) 0 (2) 0 (2) 3 (6) 3 (7.5) <.001

Radiographic findings

on chest imaging, No. (%)

No infiltrate 296 (27) 99 (42) 83 (28) 67 (26) 28 (14) 19 (18) <.001

Unilateral infiltrates 103 (9) 21 (9) 37 (13) 24 (9) 13 (6) 8 (8)

Bilateral infiltrates 697 (63) 113 (48) 174 (59) 167 (64) 165 (80) 78 (74)

Decreased lymphocyte count No. (%)d <500/microliter 139 (12) 13 (5) 28 (9) 30 (11) 37 (17) 31 (29) <.001

Decreased platelet count, No. (%)c <100,000/microliter 59 (5) 9 (3) 9 (3) 16 (6) 11 (5) 14 (13) <.001

D-dimere, No. (%) >0.5 mg/L 596 (51) 130 (50) 156 (50) 135 (49) 109 (51) 66 (61) 0.288

ALTd, No. (%) >1.5x site-specific upper

limit of normal

203 (17) 30 (12) 71 (23) 41 (15) 48 (23) 13 (12) <.001

Creatininec, No. (%) >=1.5 mg/dL 186 (16) 28 (11) 35 (11) 40 (14) 45 (21) 38 (35) <.001

CRPe, No. (%) >=10 mg/L 499 (43) 90 (35) 142 (46) 119 (43) 94 (44) 54 (50) 0.036

Troponinf, No. (%) >0.4 ng/mL 95 (8) 20 (8) 25 (8) 15 (5) 15 (7) 20 (19) <.001

Detectable SARS-CoV-2 RBD IgG, %g 59 59 65 55 63 46 0.153

Detectable SARS-CoV-2 S IgG, %g 82 78 84 78 86 82 0.318

SARS-CoV-2 N1 CT value, median (IQR)h 27.4 (8.7) 29.1 (8.9) 28 (8.1) 27.4 (7.8) 26 (9.2) 25.5 (6.8) 0.005

Table 1: Demographics, clinical characteristics, comorbidities, radiographic findings, and laboratory testing of cohort participants at baseline (N=1164).
a 29% other/declined/unknown/missing.
b less than 10% missing data.
c less than 5% missing data.
d less than 20% missing data.
e less than 40% missing data.
f 62% did not have troponin level on admission.
g available on 891 participants.
h available on 1010 participants.
i not including asthma.
j current, or former.

p-value from chi-square test for categorical variables, and Kruskal-Wallis test for continuous variables (age, SOFA score).

Trajectory 1= brief length of stay; trajectory 2= intermediate length of stay; trajectory 3= intermediate length of stay with discharge limitations; trajectory 4= prolonged hospitalization; trajectory 5= fatal.
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Figure 2. Classification of clinical trajectories.
Longitudinal trajectories of clinical respiratory status were classified into one of five groups. Mean ordinal score for each group

are shown with IQR determined by normal approximation (i.e. group-specific mean +/� 0.674 SD) (panel a), estimated at each of
the six visit timepoints as determined by study protocol. Separate group-specific mean plots are shown (panels b-f) with points rep-
resenting observed participant-level (jittered) ordinal scores by days from admission.

Trajectory 1= brief length of stay (green); trajectory 2= intermediate length of stay (teal); trajectory 3= intermediate length of
stay with discharge limitations (blue); trajectory 4= prolonged hospitalization (orange); trajectory 5= fatal (red).

Ordinal scores: OS1= Not hospitalized, no limitations; OS2= Not hospitalized, activity limitations, or requires home O2; OS3= Hos-
pitalized, not requiring supplemental O2; OS4= Hospitalized, requiring O2; OS5= Hospitalized on non-invasive ventilation, or high-
flow O2; OS6= Hospitalized on invasive mechanical ventilation, and/or ECMO; OS7=Death. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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disease, while gastrointestinal symptoms were associ-
ated with milder trajectories (p<0.001). The interval
between onset of symptoms and hospitalization was not
consistently associated with worsening outcome
(Table 1). Higher markers of inflammation (i.e., CRP,
lactate dehydrogenase, ferritin) differed by trajectories,
but did not differ significantly between trajectories 4,
and 5. An increased number of complications was noted
with trajectories associated with higher OS (Table 1 Sup-
plement).
www.thelancet.com Vol 83 Month , 2022



Figure 3. (a) N1 Ct baseline: Shown are the SARS-CoV-2 N1 gene Ct values during the first study collection timepoint which occurred
at any time from admission until up to approximately 48 h after admission. Shown are median values (horizontal lines), mean values
(black points), interquartile ranges (boxes), and 1.5 IQR (whiskers), as well as all individual points.

(b) N1 Ct over time: Shown are the SARS-CoV-2 N1 gene Ct values collected during the first 28 days of hospital admission. Trend
lines for each trajectory represent the fit of a generalized additive model (GAM) to capture non-linear trends in the data.

(c) RBD IgG baseline: Shown are the anti-RBD IgG values during the first study collection timepoint which occurred at any time
from admission until up to approximately 48 h after admission. Shown are median values (horizontal lines), mean values (black
points), interquartile ranges (boxes), and 1.5 IQR (whiskers), as well as all individual points.

(d) RBD IgG over time: Shown are the RBD IgG values collected during the first 28 days of hospital admission. Trend lines for each
trajectory represent the fit of a generalized additive model (GAM) to capture non-linear trends in the data.

(e) Ratio anti-RBD IgG/N1 Ct over time: Shown are the trends of the scaled ratio of anti-RBD IgG values divided by scaled SARS-
CoV-2 N1 gene Ct values for time points collected during the first 28 days of hospital admission, emphasizing the divergence of tra-
jectory 5 from the other 5 trajectories in this measure.

Trajectory 1= brief length of stay (green); trajectory 2= intermediate length of stay (teal); trajectory 3= intermediate length of
stay with discharge limitations (blue); trajectory 4= prolonged hospitalization (orange); trajectory 5= fatal (red). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 4. Forest Plot Models.
(a) Adjusted odds ratios for factors associated with more severe (groups 4, 5) versus less severe (groups 1,2,3) disease. (N=1164).
(b) Adjusted odds ratios for factors associated with 28-day mortality (group 5) versus prolonged hospitalized course (group 4)

(N=320).
Trajectory 1= brief length of stay; trajectory 2= intermediate length of stay; trajectory 3= intermediate length of stay with dis-

charge limitations; trajectory 4= prolonged hospitalization; trajectory 5= fatal.
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N1 SARS-CoV-2 PCR median cycle threshold (Ct)
values at enrollment were significantly lower (indicating
higher viral RNA levels) in patients with a more severe
disease course (Figure 3a) with progressively lower Ct
values from trajectory 1 through 5 (p=0.0053). This pat-
tern persisted throughout the 28 day-period; namely,
more severe trajectories maintained higher viral RNA
levels (Figure 3b) (p<0.001). In the majority of trajecto-
ries, we observed a steady decline in viral RNA levels in
the first week after hospitalization. However, uniquely
in trajectory 5, the rate of decline was attenuated
between the first, and second week of hospitalization,
and plateaued at a Ct value below 30 during the
2nd week of hospitalization (p = 0.009), indicating
www.thelancet.com Vol 83 Month , 2022
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persistence of viral RNA. In the other 4 trajectories, viral
RNA levels continued to decline between 14, and
28 days after hospitalization. Viral RNA levels followed
a similar pattern when analyzed by days from symptom
onset S (Figure 4 Supplement). Similar observations
were also seen with N2 SARS-CoV-2 PCR (Figure 2
Supplement, Figure 4 Supplement). Adjustment for
administration of remdesivir, or systemic glucocorti-
coids during the hospital course did not alter these find-
ings (Figure 3 Supplement). Viral sequencing, available
in less than half of the cohort, revealed few variants of
concern or interest that circulated during the study con-
duct [7 patients with alpha (B.1.1.7), 12 with epsilon
(B.1.427 and B.1.429) and 4 with iota (B1.429)] (Figure
5 Supplement).

Anti-S, and RBD IgG antibodies (Figure 3c, d, and
Figure 2 Supplement) were detectable on admission in
81.6%, and 58.8% of patients, respectively (Table 1). As
expected, antibody levels were higher in patients who
presented more than 7 days after symptom onset com-
pared to those who presented within 7 days of symptom
onset (Figure 4 Supplement). In the subset of individu-
als presenting more than 7 days after symptom onset,
significantly lower levels of anti-RBD antibody were
observed in trajectory 5 compared to other trajectories
(p=0.03�0.04). We observed a rapid increase in anti-
RBD, and anti-S IgG levels in the first 7 days after
admission followed by a moderate rise between 7, and
21 days, reaching a plateau towards the end of the 28-
day period.

Analysis of the relationship between antibody levels
and antibody to viral load ratio revealed associations
with clinical trajectories. We calculated the scaled ratio
of anti-RBD antibody levels to Ct values, and observed
that trajectory 5 had significantly lower values of this
ratio compared to the other four trajectories over the 28-
day window period (p = 0.001) (Figure 3e).

Multivariable analyses comparing patients with short
or intermediate length of stay (trajectories 1 to 3) to
patients who had prolonged hospitalization or died (tra-
jectories 4, and 5), suggested that those with more
severe illness were more likely to be 65 years, or older
(odds ratio [OR], 2.01; 95% CI 1.28�3.17), of Latinx eth-
nicity (OR, 1.71; 95% CI 1.13�2.57), had elevated base-
line creatinine (OR 2.80; 95% CI 1.63� 4.80), or
troponin (OR 1.89; 95% 1.03�3.47), baseline lymphope-
nia (OR 2.19; 95% CI 1.61�2.97), presence of infiltrate
by chest imaging (OR 3.16; 95% CI 1.96�5.10), and
high SARS-CoV-2 viral burden (Ct < 27.4 (median
value) (OR 1.53; 95% CI 1.17�2.00) (Figure 4). In multi-
variate analyses comparing patients who died (trajectory
5) with those with a prolonged hospitalization (trajectory
4), death was independently associated with older age
(OR 1.81; 95% CI 1.24�2.64), chronic respiratory dis-
ease (OR 2.11; 95% 1.34�3.34), chronic kidney disease
(OR 2.65; 95% CI 1.63�4.33), and low baseline platelet
count (OR 2.68; 95% CI 1.13�6.36) (Figure 4).
www.thelancet.com Vol 83 Month , 2022
589 participants completed at least one quarterly sur-
vey post discharge and did not differ from non-respond-
ents based on baseline demographics or period of
enrollment but did per trajectory group assignment
(Table 3 Supplement). 108 deaths were reported prior to
day 28 and 59 deaths were reported after day 28 mostly
in patients in trajectory group 4 (n=36, 61%; p<0.001).
Ten (2%) patients reported 11 SARS-CoV-2 reinfections
post discharge. Vaccines were not available in the US
for the general population until after study enrollment
had largely been completed. 62% of patients reported
receiving a COVID-19 primary vaccination series after
discharge with 36% reporting booster doses, mostly
with mRNA based vaccines (52% Pfizer BioNtech, 40%
Moderna and 8% Johnson and Johnson for the primary
series and 60% Pfizer BioNtech, 39% Moderna and 1%
Johnson and Johnson products for the boost). 305
respondents (52%) reported symptoms after discharge.
In those reporting any symptom after discharge, the
median number of symptoms or organ systems affected
was 1.0 (IQR=1.5). Among those reporting any symp-
toms, the symptoms were as follows: dyspnea (56%),
muscle aches/myalgia (40%), cough (38%), headache
(37%), fatigue/malaise (35%), loss of smell or taste
(27%), red eye (26%), sore throat (14%), nausea or vom-
iting (13%) and fever, chills in less than 10%. The fre-
quency of symptoms did not change during the follow
up period (Figure 6 Supplement). The presence of
symptoms at follow up was only associated with female
sex in a univariate analysis (p=0.02) and not with trajec-
tory group, Ct values, or antibody levels (Figure 7 Sup-
plement).
Discussion
We identified five longitudinal clinical phenotypes
based on respiratory OS in our cohort of hospitalized
COVID-19 in hospitalized patients, and explored the
relationship between demographic data, clinical fea-
tures, readily available laboratory testing (immunologic,
hematological, biochemical, and virologic), and radio-
graphic findings with disease trajectories. Similar to
other cohorts, we found that age �65 years,8 Latinx eth-
nicity, certain comorbidities, presence of chest radio-
graphic infiltrate, and selected biomarkers at baseline
were associated with more severe disease course, and
worse outcomes. While many of these risk factors have
previously been linked with mortality in other
cohorts,9�12 our data is based on a multi-center prospec-
tive longitudinal study to comprehensively identify risk
factors associated with trajectory of disease course over
time. The clinical trajectory approach has advantages
over the conventional cross-sectional approach by fully
leveraging longitudinal data to analyze patient out-
comes based on time in hospital, and disease severity.

In addition, our data demonstrate that higher SARS-
CoV-2 viral burden at presentation is associated with
11
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worse disease severity, consistent with prior reports in
small case series.12,13 Our report is unique in validating
this observation in a larger cohort, and in demonstrat-
ing the association between longitudinal assessment of
viral load, and clinical disease course. Cohort patients
with fatal outcome had delayed clearance of detectable
virus by PCR as well as the lowest levels of anti-RBD,
and anti-S IgG, suggesting that impaired functional
antiviral immune response necessary to clear the virus,
may play a key role in fatal cases.The described calcu-
lated ratio (IgG/Ct value) is unique compared to other
studies,14�16 and may represent an accessible approach
for patient risk stratification based on clinical laboratory
testing.

The IMPACC cohort was diverse, with 31% partici-
pants being Hispanic/Latinx, and 22% black/African
American, reflecting communities disproportionately
affected by COVID-19,12 and with wide geographic dis-
tribution within the USA. Consistent with prior reports,
Hispanic/Latinx ethnicity was associated with increased
risk for more severe disease, although ultimately neither
race nor ethnicity were associated with death when
assessing multivariable risk between the more severely
ill groups (trajectories 4, and 5). Our data are consistent
with prior retrospective cohorts which failed to demon-
strate increased mortality in hospitalized disadvantaged
minority populations,17 unlike population based data on
increased overall mortality in these communities.12

The overall 28-day mortality was 9%,and remained
stable through the duration of the study. This finding is
consistent with other reports18 where mortality
remained relatively unchanged after the first 2 months
of widespread circulation of SARS-CoV-2 in the US
(March, and April 2020), but suggests no significant
impact of care interventions for hospitalized patients
with COVID-19 on mortality during the period of this
study. In contrast to the hospitalized COVID-19 pro-
spective patient cohort studied early during the pan-
demic in the UK (ISARIC WHO CCP-UK), our
IMPACC study population showed lower overall mortal-
ity (9% vs 26%)10 though the characteristics of the
study populations were different (with more major co-
morbidities noted in the IMPACC cohort and an older
age in the ISARIC WHO CCP-UK cohort).

Our prospective study did not demonstrate an associ-
ation of obesity with poor outcome as was reported by
others.10,19 This could in part be due to the fact that the
majority of the patients (940; 81%) in IMPACC had a
BMI above 25 kg/m2. It could be that impaired meta-
bolic health20 (characterized by dyslipidemia, and insu-
lin resistance) may be more predictive than BMI per se.
A recent meta-analysis suggested that the effects of BMI
on COVID-19 severity were less evident.21 Additionally,
although chronic respiratory disease tended to be more
prevalent in patients with more severe illness, asthma
was not a major confounding disease for COVID-19
severity in our cohort, possibly due to a previously
reported protective role of type 2 immune inflamma-
tion.22 Our ongoing longitudinal immunologic analyses
may identify pathways distinguishing the impact of co-
morbidities such as diabetes, obesity, and asthma on
disease outcome from COVID-19.

While other small cohorts provide conflicting data on
effects of antivirals23 and glucocorticoids24 on viral
clearance, we did not find any relationship between viral
clearance, and the use of remdesivir, or glucocorti-
coids.25 Within the two most severe groups, viral RNA
levels were highest in patients who received glucocorti-
coids, potentially reflecting nonrandom assignment of
this therapy to more severe cases. In trajectory group 5,
modest differences were observed in the slope of viral
RNA levels potentially reflecting greater persistence of
virus in individuals not treated with glucocorticoids, but
this result is difficult to evaluate given that few patients
were still alive at day 28.

Surveys conducted post-discharge in our study dem-
onstrated that 51% of patients suffered from at least one
symptom of PASC, which is in line with results from
multiple other studies.26,27 Female sex was a risk factor
for PASC though the overall cohort was male predomi-
nant, reflecting a higher risk associated with male sex
for hospitalization due to COVID-19. Though all symp-
toms improved compared to the acute presentation,
conjunctivitis was more frequent at follow up than at
presentation, as described by others.28,29 Some studies
indicate that the risk of developing PASC may be dimin-
ished by vaccination.30 However, our cohort completed
enrollment prior to the nationwide rollout of vaccina-
tion, and therefore cannot address the characteristics of
PASC in vaccine breakthrough cases.31
Caveats and limitations
Though IMPACC was racially, ethnically, and geograph-
ically diverse, the cohort excluded pregnant women
known to be at risk for severe COVID-19,32 and children
with multisystem inflammatory syndrome.33 The cohort
only recruited symptomatic, hospitalized patients and
therefore our findings are not generalizable to asymp-
tomatic or outpatient cases. We also did not collect
information on socioeconomic status, thought to be a
contributor of mortality in COVID-19.34 Additionally,
PCR cannot distinguish between viable, and non-viable
virus.35 Prior studies have shown that the interval
between symptom onset to viral clearance in culture did
not exceed 12 days, and was much shorter than clear-
ance of viral nucleic acid materials by PCR.36 In addi-
tion, particularly early in the pandemic, missed
collection of nasal samples at days 14, and 28 in patients
discharged from the hospital before these time points,
and absence of further sampling once patients died
could affect estimates of viral load, or serologies over
time. While most participants were vaccinated by the
time of follow-up; self-reporting of re-infection and
www.thelancet.com Vol 83 Month , 2022
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small numbers precluded assessment of vaccine effec-
tiveness. Our cohort was also fully enrolled prior to the
widespread circulation of the SARS-CoV-2 B.1.617.2
(Delta), and B.1.1.529 (Omicron) variants which are
associated with higher transmission, and possibly dif-
ferent severity of COVID-19. We assessed binding anti-
body levels rather than neutralizing antibody levels,
though other studies have shown binding, and neutral-
izing antibody titers correlate well.37 Finally, the conva-
lescent survey, planned at the beginning of the
pandemic, did not include an extensive list of symptoms
currently associated with PASC. While the severity of
symptoms was not captured, ongoing efforts aim to ana-
lyze the impact of these persistent symptoms on quality
of life, collected prospectively using patient-reported
outcome measures.
Conclusion
In this large, diverse, prospective cohort study of
hospitalized patients in 20 sites across the U.S., we
found that high baseline viral load, and its persis-
tence were associated with more severe disease. Fatal
cases were associated with the lowest levels of anti-
RBD and S IgG. These findings suggest an impaired
functional antiviral immune response necessary to
clear the virus may play a key role in short-term
mortality. The described calculated ratio (binding
IgG/PCR Ct value) is unique compared to other
studies, reflecting host pathogen interactions and
appears to be an accessible approach for patient risk
stratification. Immunophenotyping of blood, upper,
and lower respiratory samples collected from this
cohort is ongoing, and will enable identification of
immune endotypes associated with severity of illness
and/or persistence of symptoms. Furthermore, this
effort will identify predictive and prognostic charac-
teristics and generate hypotheses regarding the cellu-
lar and molecular basis of disease and recovery.
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