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A B S T R A C T

Background: Consecutive negative SARS-CoV-2 PCR test results are being considered to estimate viral clear-
ance in COVID-19 patients. However, there are anecdotal reports of hospitalization from protracted COVID-
19 complications despite such confirmed viral clearance, presenting a clinical conundrum.
Methods:We conducted a retrospective analysis of 222 hospitalized COVID-19 patients to compare those that
were readmitted post-viral clearance (hospitalized post-clearance cohort, n = 49) with those that were not re-
admitted post-viral clearance (non-hospitalized post-clearance cohort, n = 173) between February and October
2020. In order to differentiate these two cohorts, we used neural network models for the ‘augmented cura-
tion’ of comorbidities and complications with positive sentiment in the Electronic Hosptial Records physician
notes.
Findings: In the year preceding COVID-19 onset, anemia (n = 13 [26.5%], p-value: 0.007), cardiac arrhythmias
(n = 14 [28.6%], p-value: 0.015), and acute kidney injury (n = 7 [14.3%], p-value: 0.030) were significantly
enriched in the physician notes of the hospitalized post-clearance cohort.
Interpretation: Overall, this retrospective study highlights specific pre-existing conditions that are associated
with higher hospitalization rates in COVID-19 patients despite viral clearance and motivates follow-up pro-
spective research into the associated risk factors.
Funding: This work was supported by Nference, inc.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

To date, over 103 million people worldwide have been infected
with SARS-CoV-2, with nearly 2.23 million deaths as of December
2020 [1]. At this point in the pandemic, there are reports that some
patients who have cleared the virus have tested positive after docu-
mented negative tests or have developed new symptoms requiring
hospitalization after documented negative tests [2�6]. A recent case
series [7] reported four patients with apparent SARS-CoV-2 reinfec-
tion after an index hospitalization, despite resolution of symptoms
and radiographic abnormalities and two consecutive negative tests
separated by a day. A single center cohort study of 414 patients with
SARS-CoV-2 reported a reinfection rate of 16.7% among cleared
patients [5], while a second cohort study of 262 patients with SARS-
CoV-2 reported a reinfection rate of 14.5% among cleared patients
[4].

Further, probing the comorbidities associated with pre and post
SARS-CoV-2 infection is a comprehensive approach to reveal the bio-
logical phenomenon causing varying disease severity levels across
COVID-19 patients. Accordingly, many meta-analyses identified that
individuals with pre-existing disease conditions such as cancer [8],
cerebrovascular disease [9], type 2 diabetes mellitus [10], chronic
obstructive pulmonary disease (COPD) [11,12], hypertension [12,13],
and chronic kidney disease [14,15] are more susceptible to COVID-19
infection. Likewise, a few post-SARS-CoV-2 clearance follow-up stud-
ies (3�6 months) have reported chronic fatigue, mental illness,
breathlessness and insomnia being the most common disorders
observed in the discharged patients [16,17]. However, the details on
the outcomes of patients who require hospitalization after docu-
mented clearance of SARS-CoV-2 remain unknown. These hospital-
izations can have enormous implications beyond individual
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Research in Context

Evidence before this study

There are several case series reports that suggest that individu-
als infected with SARS-CoV-2 may continue to experience
symptoms weeks or months after their initial infection.

Added value of this study

This study provides a comparison of 222 hospitalized COVID-19
patients that were re-admitted vs. not re-admitted to the hos-
pital following confirmed viral clearance of SARS-CoV-2, as
determined via two or more consecutive negative PCR tests.
We find that in the year preceding COVID-19, acute kidney
injury, anemia, and cardiac arrhythmia were significantly
enriched in the physician notes of the hospitalized post-clear-
ance cohort.

Implications of all the available evidence

This study shows that hospitalized COVID-19 patients who
were re-admitted to the hospital following confirmed viral
clearance of SARS-CoV-2 had higher rates of pre-existing condi-
tions including: acute kidney injury, anemia, and cardiac
arrhythmias. This suggests that these pre-existing conditions
may be risk factors for the post-clearance complications of
COVID-19 which require hospitalization.
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outcomes in shaping how we guide our public health strategy, allo-
cate healthcare resources, and identify those at greatest risk.

Comparing the patient records of hospitalized patients that are
readmitted post-viral clearance with a control group of patients that
were not re-admitted post-viral clearance will enable us to identify
whether there are pre-existing conditions that are associated with
COVID-19 patients’ hospitalization, despite confirmed clearance of
SARS-CoV-2 virus. Here, we refer to this study cohort as the hospital-
ized post-clearance cohort, and we refer to this control group as the
non-hospitalized post-clearance cohort. The availability of clinical
covariates and outcomes of patients at Mayo Clinic sites and associ-
ated health systems provides us an opportunity to perform this anal-
ysis. In order to differentiate the hospitalized post-clearance cohort
and the non-hospitalized post-clearance cohort, we use neural network
models for the ‘augmented curation’ [18] of pre-existing conditions
and complications from the EHR physician notes. We perform the
comparisons over the following time horizons: (1) Pre-COVID-19:
Day �365 to Day �11 relative to the first positive PCR test for SARS-
CoV-2, (2) SARS-CoV-2 positive: Day �10 relative to the first positive
PCR test up to the estimated viral clearance date, and (3) Post viral
clearance: Day 1 to Day 90 relative to the estimated viral clearance
date.

2. Methods

2.1. Institutional review board (IRB)

This retrospective research was conducted under IRB 20�003,278,
‘Study of COVID-19 patient characteristics with augmented curation
of Electronic Health Records (EHR) to inform strategic and opera-
tional decisions’. Under this IRB, all the authors had access to the EHR
records for all Mayo Clinic patients that were tested using a PCR
based method for SARS-CoV-2. The study was deemed exempt by the
Mayo Clinic institutional review board and waived from consent.
Subjects without research authorization on file were excluded. For
further information regarding the Mayo Clinic Institutional Review
Board (IRB) policy, and its institutional commitment, membership
requirements, review of research, informed consent, recruitment,
vulnerable population protection, biologics, and confidentiality pol-
icy, please refer to www.mayo.edu/research/institutional-review-
board/overview.

2.2. Patient and public involvement

The development of the research question and outcome measures
was informed by prior literature and information from the Centers
for Disease Control and Prevention (CDC) on risk factors for severe
COVID-19 illness [19]. No patients were involved in the design of the
study, but physicians from the Mayo Clinic who are involved with
the COVID-19 research taskforce and the clinical care for COVID-19
patients were involved with the study design and execution. Individ-
uals that opted out of participation in retrospective research studies
were not included in this analysis.

2.3. Study design

This is an observational study in a cohort of individuals who
underwent polymerase chain reaction testing (PCR) for suspected
SARS-CoV-2 infection at the Mayo Clinic and hospitals affiliated to
the Mayo health system after February 15, 2020. Of 22,223 patients
with at least one positive SARS-CoV-2 PCR test, 1355 had two docu-
mented negative tests following their last positive test result with an
estimated viral clearance date (date of the first negative test) more
than 90 days prior to the date of this analysis (October 27, 2020).
Among these 1355 patients, 222 patients were admitted to the hospi-
tal prior to their estimated viral clearance date, and among these
patients, 49 patients were readmitted to the hospital following the
estimated viral clearance date. We define the hospitalized post-
clearance cohort to consist of these 49 patients. We note that this
cohort does not include patients who simply remained in the hospital
following their estimated clearance date. On the other hand, 173
patients were admitted to the hospital pre-clearance, but were not
readmitted to the hospital following the estimated clearance date.
We refer to this group of 173 patients as the non-hospitalized post-
clearance cohort. The EHR physician notes of the patients were ana-
lyzed for both cohorts. All authors had access to the EHR physician
notes under IRB during the study period. In Fig. 1, we provide a sche-
matic of the study design and the key findings from this study. In
Table 1, we provide the general clinical characteristics for the two
cohorts, such as the demographics, COVID-19 pre-clearance hospital-
ization status, relative clearance date, and comorbidities. The demo-
graphics give the age, sex, race, and ethnicity information related to
each patient. The COVID-19 pre-clearance hospitalization status indi-
cates whether the patient was admitted to the hospital during the
index COVID-19 infection. Next, the relative clearance date provides
the number of days between the first positive PCR test and two nega-
tive PCR tests. Last, the comorbidities mainly focus on asthma, cancer,
chronic kidney disease, chronic obstructive pulmonary disease, obe-
sity, obstructive sleep apnea, type 1 diabetes mellitus, and type 2 dia-
betes mellitus.

For hospitalized post-clearance and non-hospitalized post-clear-
ance cohorts, we considered phenotypes observed in clinical notes
during three the following time periods as follows (i) Pre-COVID-19
(ii) SARS-CoV-2 positive (iii) Post viral clearance. The Pre-COVID-19
time period captures the phenotypes in the clinical notes in the year
leading up to the SARS-CoV-2 infection. This period ends at Day �11
relative to the first positive PCR testing date to avoid capturing phe-
notypes that may be attributed to the SARS-CoV-2 infection. The sec-
ond time period, SARS-CoV-2 positive, captures the phenotypes in
the clinical notes which may have co-occurred with the SARS-CoV-2
viral infection. This period begins at Day �10 relative to the first posi-
tive PCR test, to account for the fact that most patients are infected
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Fig. 1. Overall study design. (A) Trajectory of a COVID-19 patient transitioning from pre-COVID-19 (time up to 365 days before first positive PCR test) through the SARS-CoV-2 pos-
itive phase (interval after first positive test but before the first of two consecutive negative PCR test results) into the post viral clearance phase (period up to 90 days after the first of
two negative PCR test results), (B) Demonstrates procedure for assigning patients to the hospitalized post-clearance cohort and non-hospitalized post-clearance cohort patients can
be hospitalized at varying points in time including during the index infection (time from first positive PCR test results to first of two negative PCR test results) and following viral
clearance - two cohorts are defined from the overall population, Hospitalized Post-Clearance Cohort in which patients are admitted or readmitted to the hospital following their
estimated clearance date and Non-Hospitalized Post-Clearance Cohort in which patients are admitted during the index infection, but not following the estimated clearance date, (C)
For each patient if the two defined cohorts a deep language (BERT) model is used to extracted phenotypes of interest from the clinical notes recorded between 365 days prior to
infection and up to 90 days after clearance for each patient - occurrences of these phenotypes are stratified into pre-COVID-19, COVID-19 pre-clearance, and COVID-19 post-clear-
ance time periods and statistical tests are run to find significant differences in phenotypes between the two cohorts.
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with SARS-CoV-2 several days before their first positive PCR test. The
final time period, Post viral clearance, captures the phenotypes in the
clinical notes after the patient has cleared the SARS-CoV-2 viral infec-
tion. This period starts on the day after the estimated viral clearance
date, which is the first of 2 or more consecutive negative PCR tests for
the patient. This period extends until Day 90 relative to the estimated
viral clearance date to capture phenotypes observed in the three
months after the patient has cleared the SARS-CoV-2 virus from their
system.

We note that these time periods may vary for each patient
depending upon the course of their SARS-CoV-2 infections. In
particular, the Pre-COVID-19 and Post viral clearance time periods
are always 355 and 90 days, respectively, however the SARS-CoV-2
positive time period depends upon the duration of the SARS-CoV-2
viral infection for each patient. In Fig. 2, we present the distribution
of the number of days from viral clearance to re-hospitalization for
the post-clearance hospitalized cohort.

As a note on data completeness, the demographics, hospital sta-
tus, and relative clearance date covariates were available for all of the
patients in the study population. For the phenotypes, which were
derived from clinical notes, we assume that patients without clinical
notes did not have any of the listed comorbidities or complications.



Table 1
General characteristics of study population (patients who “cleared” after previously being SARS-CoV-2 positive) for hospitalized and non-
hospitalized post-clearance cohorts. Demographic variables and comorbidities in the hospitalized and non-hospitalized post-clearance cohorts.
Frequency and proportions (n (%)) are shown for the categorical variables, and mean, median, standard deviation, and interquartile range (IQR) are
shown for the continuous variables. The columns are: (1) Hospitalized post-clearance: clinical characteristics of the cohort of patients who are
admitted or readmitted to the hospital following the estimated clearance date of SARS-CoV-2 infection, (2) Non-Hospitalized post-clearance: clini-
cal characteristics of the control group of patients who are not admitted to the hospital following the estimated clearance date, (3) BH-corrected p-
value: Benjamani-Hochberg corrected p-values using Fisher’s exact test for comparisons of proportions and Mann-Whitney U test for continuous
covariates.

Clinical covariate Hospitalized Post-Clearance Non-Hospitalized Post-Clearance BH-adjusted p-value

Total number of patients 49 173
Age in years
- Mean
- Median
- Standard deviation
- IQR

58.9
61.8
18.5
(47.6, 72.5)

58.5
58.9
16.7
(49.4, 71.6)

0.959

Relative Cleared Date in days (standard deviation)
- Mean
- Median
- Standard deviation
- IQR

21.7
20.0
13.5
(14.0, 31.0)

21.7
20.0
12.8
(14.0, 29.0)

0.993

Sex
- Female
- Male

25 (51.0%)
24 (49.0%)

71 (41.0%)
102 (59.0%)

0.697
0.697

Race
- White
- Asian
- Black
- Other

32 (65.3%)
1 (2.0%)
4 (8.2%)
12 (24.5%)

104 (60.1%)
18 (10.4%)
22 (12.7%)
29 (16.8%)

0.849
0.697
0.843
0.697

Ethnicity
- Hispanic
- Non-Hispanic
- Other

9 (18.4%)
39 (79.6%)
1 (2.0%)

39 (22.5%)
127 (73.4%)
7 (4.0%)

0.849
0.843
0.849

Comorbidities
- Asthma
- Cancer
- Chronic kidney disease
- Chronic obstructive pulmonary disease
- Obesity
- Obstructive sleep apnea
- Type 1 diabetes mellitus
- Type 2 diabetes mellitus

5 (10.2%)
8 (16.3%)
9 (18.4%)
4 (8.2%)
7 (14.3%)
6 (12.2%)
1 (2.0%)
11 (22.4%)

9 (5.2%)
21 (12.1%)
15 (8.7%)
5 (2.9%)
16 (9.2%)
15 (8.7%)
2 (1.2%)
31 (17.9%)

0.476
0.536
0.271
0.333
0.536
0.536
0.536
0.536
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2.4. Augmented curation of clinical notes

A BERT-based neural network [20] was applied to identify pheno-
types of interest in the clinical notes of the study population. The
model was previously developed to classify the sentiment of general
Fig. 2. Distribution of time to hospital readmission for post-clearance hospitalized
cohort. The x-axis corresponds to the number of days from the estimated viral clear-
ance date to the date of hospital readmission post-clearance. The y-axis corresponds to
the percentage of patients in the post-clearance hospitalized cohort.
phenotypes [18] and thrombotic event phenotypes [21] in the
encounter notes of COVID-19 patients. The categories of this classifi-
cation model include: Yes (confirmed diagnosis), No (ruled out diag-
nosis), Maybe (possibility of disease), and Other (alternate context,
e.g. family history of disease). This model was trained using nearly
250 different phenotypes and 18,500 sentences and achieves 93.6%
overall accuracy and over 95% precision and recall for Yes/No senti-
ment classification [18]. For this study, the phenotypes of interest
included a specific list of comorbidities and complications along with
their synonyms. The comorbidities list consists of asthma, cancer,
chronic kidney disease, chronic obstructive pulmonary disease, obe-
sity, obstructive sleep apnea, type 1 diabetes mellitus, and type 2 dia-
betes mellitus. The complications list includes acute respiratory
distress syndrome / acute lung injury, acute kidney injury, anemia,
cardiac arrest, cardiac arrhythmias, disseminated intravascular coag-
ulation, heart failure, hyperglycemia, hypertension, myocardial
infarction, pleural effusion, pulmonary embolism, respiratory failure,
sepsis, septic shock, stroke/cerebrovascular incident, venous throm-
boembolism / deep vein thrombosis

We ran the model to classify the sentiment for all of the above
phenotypes in all of the clinical notes for each patient in the time
periods considered in this study. Only sentences containing a phe-
notype with a positive sentiment (labeled “Yes” by the model)
with a confidence of 0.95 or above were deemed positive men-
tions. Repeated sentences for the same patient are ignored. For
each patient, in each time period we consider the phenotype to be
present if there are at least 3 positive mentions in the clinical
notes.
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2.5. SARS-CoV-2 PCR tests conducted by mayo clinic hospitals and
health system

In the context of PCR testing, patients seen at Mayo Clinic in
Rochester MN were tested by either a laboratory-developed test or
the Roche cobas SARS-CoV-2 assay [22,23]. Patients seen at Mayo
Clinic’s Florida hospitals and Arizona hospitals were tested using the
Roche cobas test and Abbott diagnostic test respectively [24].

2.6. Statistical significance tests

Fisher’s exact tests were applied pairwise across each of the base-
line covariates (age, days to relative clearance, sex, race, ethnicity),
comorbidities (refer to Table 1), and complications (refer to Table 2)
in comparing the case and control cohorts, generating both a p-value
and a relative risk value. These tests were applied using the SciPy
package [25] in Python. The p-values were adjusted for multiple com-
parisons using the Benjamini-Hochberg (BH) correction. In cases
where the relative risk cannot be computed because the incidence in
the non-hospitalized cohort is zero, it is listed as “Undefined”.

Role of the funding source: The funder was involved in the
design and conduct of the study and data management. All the
authors had access to the EHR records for all Mayo Clinic patients
that were tested using a PCR based method for SARS-CoV-2. All
authors approved the manuscript prior to publication.

3. Results

COVID-19 patients hospitalized post-viral clearance have higher
rates of pre-COVID-19 acute kidney injury, anemia, and cardiac
arrhythmias as underlying conditions.

In order to understand the patient characteristics that differenti-
ated the ‘hospitalized post-clearance’ and ‘non-hospitalized post-
clearance’ groups, we compared the clinical covariates in both the
groups by analyzing phenotypes recorded with a positive sentiment
in the patient history of both groups.

In Table 1, we present the demographics of the case and control
cohorts, along with the comorbidities observed during pre-COVID-19
time period. For all of the demographic covariates, the cohorts are
relatively well-balanced, and there are no statistically significant dif-
ferences. Further, although the rates of comorbidities are elevated in
the hospitalized post-clearance cohort, none of these differences are
statistically significant.

In Table 2, we present the incidence of complications identified in
the clinical notes from the (i) Pre-COVID-19 (ii) SARS-CoV-2 positive
(iii) Post viral clearance time periods. For the pre-COVID-19 time
period, we observe that three phenotypes are enriched in the hospi-
talized post-clearance cohort: (1) anemia (n: 13 (26.5%), relative risk:
3.8, 95% C.I.: [1.9,7.6], p-value: 0.007), (2) cardiac arrhythmias (n: 14
(28.6%), relative risk: 2.9, 95% C.I.: [1.5,5.4], p-value: 0.015), and (3)
acute kidney injury (n: 7 (14.3%), relative risk: 4.9, 95% C.I.: [1.7,13.6],
p-value: 0.030). We also note that these phenotypes are elevated in
the hospitalized post-clearance cohort during the SARS-CoV-2 posi-
tive phase, however these differences during that time period were
not statistically significant (p-values shown in Table 2). This suggests
that for some clinical covariates, observations in the year leading up
to SARS-CoV-2 infection may have more predictive power of post-
clearance hospitalization than observations made exclusively during
the index infection.

In Fig. 3, we present the temporal distribution of phenotypes in
the clinical notes for anemia, cardiac arrhythmias, and acute kidney
injury for the pre-COVID-19 time period. We observe that both
cohorts have higher rates of reports for all three phenotypes in the
time period of �50 days to �10 days relative to the first positive PCR
testing date. In addition, we observe that acute kidney injury is
reported more frequently in the clinical notes from �200 days to
�280 days relative to the first positive PCR testing date. These clus-
ters of notes may reflect groups of patients who were admitted to the
hospital with these phenotypes around the same time.

Post-clearance of SARS-CoV-2 virus, COVID-19 patients experi-
ence complications including cardiovascular, renal, pulmonary, and
immunological conditions

In Table 2, we also include the rates of complications for the two
cohorts of interest for the two time periods following PCR diagnosis
of SARS-CoV-2: SARS-CoV-2 positive phase and post-clearance phase.
For the COVID-19 post-clearance time period, we observe the follow-
ing complications at higher rates in the hospitalized post-clearance
cohort: acute kidney injury, anemia, acute respiratory distress syn-
drome / acute lung injury, anemia, cardiac arrhythmias, hyperten-
sion, pleural effusion. Among these, the most significantly enriched
phenotypes are: anemia (relative risk: 28.2, 95% C.I.: [3.6,108.7], p-
value < 0.001) and pleural effusion (relative risk: 6.5, 95% C.I.:
[2.5,15.3], p-value < 0.001).

In Fig. 4, we show rates of these phenotypes over the +/- 90 days’
time window centered around the estimated viral clearance date for
each patient. For most of these complications, we observe for the hos-
pitalized post-clearance cohort that the majority of reports in the
clinical notes occur within the first three weeks following the esti-
mated viral clearance date. An exception is for pleural effusions,
which occurs relatively frequently in the notes of the hospitalized
post-clearance cohort in the two months following the clearance
date. In addition, we observe moderate amounts of reports for ane-
mia, cardiac arrhythmias, and hypertension around 50 to 70 days
post-clearance.

4. Discussion

The topic of hospitalization and readmission in COVID-19 patients
has been under major focus for mitigating national healthcare costs,
particularly among 30-day readmissions that account for $17 billion
in avoidable Medicare expenditures [26]. Prior studies have investi-
gated hospitalization and readmission after recovery from other
acute illnesses, such as influenza and community-acquired pneumo-
nia [27], heart failure [28], and decompensated cirrhosis [29]. In the
case of influenza, the most common cause of short-term readmission
is due to non-influenza pneumonia [27]. These outcomes are associ-
ated with notably higher costs of care and increased mortality [27].
Given the widespread prevalence of SARS-CoV-2, similar outcomes
warrant detailed studies in patients hospitalized after SARS-CoV-2
clearance.

Our analysis uses augmented curation methods to identify com-
plications and comorbidities from the physician notes, rather than
relying upon ICD codes. The statistical analysis identifies specific
comorbidities in the year preceding PCR diagnosis of SARS-CoV-2
which are associated with increased rates of post-viral clearance hos-
pitalization. We found that patients re-hospitalized after SARS-CoV-2
clearance had significantly higher odds of having pre-COVID-19 ane-
mia, cardiac arrhythmias, and acute kidney injury compared to hospi-
talized controls. This finding may be useful for risk stratification of
patients who have cleared the SARS-CoV-2 viral infection and have
been discharged from the hospital. Furthermore, we observe that
rates of re-hospitalization post-clearance are higher among patients
who experience pleural effusions during their index infection. In
addition, complications of acute kidney injury, acute respiratory dis-
tress syndrome / acute lung injury, anemia, cardiac arrhythmias,
hypertension, and pleural effusions were also enriched in the hospi-
talized post-clearance cohort. These findings suggest that patients
may be re-hospitalized post-clearance for a broad range of health
conditions, including cardiac, respiratory, and renal conditions. One
possible hypothesis is that many of these hospitalizations post-clear-
ance were not due to reinfection per se, but rather secondary to a sys-
temic inflammatory response.



Table 2
Comparison of complications in the hospitalized and non-hospitalized post-clearance cohorts. Complications in the hospitalized and non-hospitalized post-clearance
cohorts, along with results from statistical significance tests stratified by time periods including: pre-COVID-19 infection, between SARS-CoV-2 infection and clearance, and
post-COVID-19 infection. Phenotypes are identified in the physician notes via the neural network model with a minimum number of 3+ distinct mentions with a positive
sentiment in the time horizon required to record a phenotype. Features which are significantly different between the two cohorts are highlighted in green. The columns
are: (1) Time window: time window of interest, (2) Phenotype: phenotype of interest, (3) Hospitalized post-clearance: number of patients in the hospitalized post-clear-
ance cohort with the phenotype recorded in the specified time horizon, (4) Non-Hospitalized post-clearance: number of patients in the non-hospitalized post-clearance
cohort with the phenotype recorded in the specified time horizon, (5) BH-corrected p-value: Benjamani-Hochberg corrected p-values using Fisher’s exact test for compari-
sons of proportions, (6) Relative risk (95% CI): Ratio of the phenotype incidence in the hospitalized post-clearance cohort to the phenotype incidence in the non-hospital-
ized post-clearance cohort, along with 95% confidence interval bounds. In cases where the relative risk cannot be computed because the incidence in the non-hospitalized
cohort is zero, it is listed as “Undefined”.

Time Window Phenotype Hospitalized Post Clearance
(49 patients)

Non-Hospitalized Post-
Clearance (173 patients)

BH-corrected p-value Relative risk (95% CI)

Pre-COVID-19 Acute kidney injury 7 (14.3%) 5 (2.9%) 0.030 4.9 (1.7, 13.6)
Pre-COVID-19 Acute Respiratory Distress

Syndrome / Acute Lung
Injury

1 (2.0%) 2 (1.2%) 0.769 1.8 (0.3, 15.4)

Pre-COVID-19 Anemia 13 (26.5%) 12 (6.9%) 0.007 3.8 (1.9, 7.6)
Pre-COVID-19 Cardiac arrhythmias 14 (28.6%) 17 (9.8%) 0.015 2.9 (1.5, 5.4)
Pre-COVID-19 Heart failure 7 (14.3%) 7 (4.0%) 0.066 3.5 (1.3, 9.1)
Pre-COVID-19 Hyperglycemia 1 (2.0%) 11 (6.4%) 0.755 0.3 (0.1, 2.4)
Pre-COVID-19 Hypertension 16 (32.7%) 46 (26.6%) 0.755 1.2 (0.8, 2.0)
Pre-COVID-19 Myocardial infarction 0 (0.0%) 3 (1.7%) 1.000 0.0 (0.0, 9.5)
Pre-COVID-19 Pleural effusion 3 (6.1%) 7 (4.0%) 0.755 1.5 (0.5, 5.6)
Pre-COVID-19 Pulmonary embolism 0 (0.0%) 6 (3.5%) 0.755 0.0 (0.0, 4.7)
Pre-COVID-19 Respiratory failure 1 (2.0%) 5 (2.9%) 1.000 0.7 (0.2, 5.6)
Pre-COVID-19 Sepsis 2 (4.1%) 4 (2.3%) 0.821 1.8 (0.4, 8.8)
Pre-COVID-19 Septic shock 1 (2.0%) 1 (0.6%) 0.755 3.5 (0.4, 32.7)
Pre-COVID-19 Stroke / Cerebrovascular

incident
0 (0.0%) 1 (0.6%) 1.000 0.0 (0.0, 28.0)

Pre-COVID-19 Venous thromboembolism /
Deep vein thrombosis

3 (6.1%) 4 (2.3%) 0.584 2.6 (0.7, 10.6)

SARS-CoV-2 positive phase Acute kidney injury 7 (14.3%) 10 (5.8%) 0.318 2.5 (1.0, 6.0)
SARS-CoV-2 positive phase Anemia 8 (16.3%) 11 (6.4%) 0.318 2.6 (1.1, 5.9)
SARS-CoV-2 positive phase Acute Respiratory Distress

Syndrome / Acute Lung
Injury

10 (20.4%) 19 (11.0%) 0.318 1.9 (0.9, 3.7)

SARS-CoV-2 positive phase Cardiac arrest 0 (0.0%) 1 (0.6%) 1.000 0.0 (0.0, 28.0)
SARS-CoV-2 positive phase Cardiac arrhythmias 14 (28.6%) 29 (16.8%) 0.318 1.7 (1.0, 2.9)
SARS-CoV-2 positive phase Heart failure 4 (8.2%) 7 (4.0%) 0.525 2.0 (0.7, 6.4)
SARS-CoV-2 positive phase Hyperglycemia 5 (10.2%) 10 (5.8%) 0.525 1.8 (0.7, 4.9)
SARS-CoV-2 positive phase Hypertension 11 (22.4%) 35 (20.2%) 0.795 1.1 (0.6, 2.0)
SARS-CoV-2 positive phase Myocardial infarction 1 (2.0%) 1 (0.6%) 0.525 3.5 (0.4, 32.7)
SARS-CoV-2 positive phase Pleural effusion 13 (26.5%) 12 (6.9%) 0.007 3.8 (1.9, 7.6)
SARS-CoV-2 positive phase Pulmonary embolism 0 (0.0%) 4 (2.3%) 0.712 0.0 (0.0, 7.1)
SARS-CoV-2 positive phase Respiratory failure 8 (16.3%) 16 (9.2%) 0.437 1.8 (0.8, 3.9)
SARS-CoV-2 positive phase Sepsis 3 (6.1%) 5 (2.9%) 0.525 2.1 (0.6, 8.1)
SARS-CoV-2 positive phase Septic shock 3 (6.1%) 3 (1.7%) 0.328 3.5 (0.8, 14.8)
SARS-CoV-2 positive phase Venous thromboembolism /

Deep vein thrombosis
0 (0.0%) 6 (3.5%) 0.525 0.0 (0.0, 4.7)

Post-viral clearance Acute kidney injury 6 (12.2%) 1 (0.6%) 0.002 21.2 (2.6, 86.5)
Post-viral clearance Acute Respiratory Distress

Syndrome / Acute Lung
Injury

6 (12.2%) 2 (1.2%) 0.006 10.6 (2.2, 37.6)

Post-viral clearance Anemia 8 (16.3%) 1 (0.6%) <0.001 28.2 (3.6, 108.7)
Post-viral clearance Cardiac arrhythmias 4 (8.2%) 1 (0.6%) 0.021 14.1 (1.7, 64.5)
Post-viral clearance Heart failure 2 (4.1%) 0 (0.0%) 0.067 Undefined (0.8, Infinity)
Post-viral clearance Hyperglycemia 2 (4.1%) 0 (0.0%) 0.067 Undefined (0.8, Infinity)
Post-viral clearance Hypertension 7 (14.3%) 5 (2.9%) 0.016 4.9 (1.7, 13.6)
Post-viral clearance Myocardial infarction 1 (2.0%) 1 (0.6%) 0.424 3.5 (0.4, 32.7)
Post-viral clearance Pleural effusion 11 (22.4%) 6 (3.5%) <0.001 6.5 (2.5, 15.3)
Post-viral clearance Respiratory failure 3 (6.1%) 1 (0.6%) 0.067 10.6 (1.2, 53.6)
Post-viral clearance Sepsis 3 (6.1%) 2 (1.2%) 0.093 5.3 (1.0, 23.9)
Post-viral clearance Septic shock 2 (4.1%) 1 (0.6%) 0.144 7.1 (0.8, 42.8)
Post-viral clearance Venous thromboembolism /

Deep vein thrombosis
2 (4.1%) 0 (0.0%) 0.067 Undefined (0.8, Infinity)
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There are several limitations of this study due to the observational
nature of the data. First, we are not controlling for PCR testing fre-
quency, so the study population which receives access to multiple
PCR tests to confirm SARS-CoV-2 infection clearance may not be rep-
resentative of the COVID-19 patient population in general. The phe-
notypes of complications and comorbidities which are identified in
the notes with positive sentiment may include some false positives
or false negatives based upon the neural network model predictions.
In addition, the control groups for the hospitalized post-clearance
cohorts were not propensity matched due to the limited cohort size.
However, patients in the hospitalized cohort did not differ in demo-
graphic characteristics, and compared to prior investigations on this
subject, the size of our cohort is a strength of the study. Next, the cur-
rent time points chosen to align the patient journeys are anchored by
the first positive PCR test and the first of the two or more negative
tests. However the true viral clearance date for each patient is



Fig. 3. Distributions of comorbidities in the hospitalized and non-hospitalized cohorts for days�365 to�11 relative to the first positive PCR test. The phenotypes include: (A)
Acute respiratory distress syndrome / acute lung injury, (B) Anemia, and (C) Cardiac arrhythmias. In the subplot for a single phenotype, the x-axis corresponds to the date relative to
the first positive PCR date, and the y-axis corresponds to the percentage of patients with mentions of the phenotype with positive sentiment in their clinical notes on that relative
date. In the title for each plot, we show the (phenotype, threshold for positive sentiment mentions) pair which is enriched in the pre-COVID-19 phase, along with the associated p-
value. In the legend for each plot, we show the number and percentage of patients with the phenotype for the hospitalized post-clearance cohort in blue and for the non-hospital-
ized post-clearance cohort in orange.
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unknown. As an alternative study design, aligning the patient jour-
neys based upon their hospitalization events could help identify the
conditions that are enriched with respect to each hospitalization
event. There is a limitation of the augmented curation model which
is used to identify complications and comorbidities, because it only
determines whether or not the phenotype was mentioned with posi-
tive sentiment in a clinical note, and does not take into account the
temporal component. Therefore, although we know that certain phe-
notypes are enriched in the cohorts which are admitted to the hospi-
tal/ICU post-clearance, the dates of these complications are
uncertain. There is research ongoing to develop natural language
processing based neural network models which can differentiate
effectively between active and historical phenotype diagnoses [30],
which could strengthen these conclusions for future analyses. Finally,
we note that this study was from a single health system, so the
underlying clinical characteristics of the study population are biased
to reflect the clinical characteristics of individuals that receive medi-
cal treatment in certain regions of the United States (Arizona, Florida,
Minnesota). A follow-up study will be required to generalize the find-
ings to a broader population.

The phenotypes described here relate to EHR based mentions of
conditions. Future work would include a complementary analysis
based on lab tests relevant to the identified phenotypes such as esti-
mated Glomerular Filtration Rate (eGFR), Blood Urea Nitrogen test,
Hemoglobin, Hematocrit, Alanine transaminase (ALT), Aspartate
transaminase (AST), and Bilirubin. A longitudinal analysis integrating
clinical notes-based augmented curation and lab-measurements will
be useful in formulating a case definition of long-term COVID-19
(long-COVID). Overall, our findings motivate additional studies to
explore the biological mechanisms of SARS-CoV-2 driven long-term
adverse effects in order to find appropriate prophylactic and thera-
peutic interventions. This study also emphasizes the need for detailed
curation of structured and unstructured clinical data to better under-
stand the dynamics of viral clearance, underlying conditions, and
long-term complications.
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Fig. 4. Distributions of complications in the hospitalized and non-hospitalized cohorts for days �90 to 90 relative to the virus clearance date. The phenotypes include: (A)
Anemia, (B) Pleural effusion, (C) Acute kidney injury, (D) Acute respiratory distress syndrome/acute lung injury, (E) Hypertension, and (F) Cardiac arrhythmias. In the subplot for a
single phenotype, the x-axis corresponds to the date relative to the virus clearance date, and the y-axis corresponds to the percentage of patients with mentions of the phenotype
with positive sentiment in their clinical notes on that relative date. The clearance date (day = 0) is indicated by a vertical line. In the title for each plot, we show the phenotype which
is enriched in the post-clearance phase, and in the right-hand side of each plot, we show the associated p-value. In the legend for each plot, we show the total number of patients in
the hospitalized post-clearance cohort in blue and in the non-hospitalized post-clearance cohort in orange.
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