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ABSTRACT

Background: Coronavirus disease 2019 (COVID-19) is a newly emerged infectious disease
that needs further clinical investigation. Characterizing the temporal pattern of combined
infections in patients with COVID-19 may help clinicians understand the clinical nature of
this disease and provide valuable diagnostic and therapeutic guidelines.

Methods: We retrospectively analyzed COVID-19 patients isolated in four study hospitals in
Korea for one year period from May 2021 to April 2022 when the delta and omicron variants
were dominant. The temporal characteristics of combined infections based on specific
diagnostic tests were analyzed.

Results: A total 0f 16,967 COVID-19 patients were screened, 2,432 (14.3%) of whom
underwent diagnostic microbiologic tests according to the clinical decision-making, 195 of
whom had positive test results, and 0.55% (94/16,967) of whom were ultimately considered
to have clinically meaningful combined infections. The median duration for the diagnosis
of combined infections was 15 (interquartile range [IQR], 5-25) days after admission. The
proportion of community-acquired coinfections (< 2 days after admission) was 11.7% (11/94),
which included bacteremia (10/94, 10.63%) and tuberculosis (1/94, 1.06%). Combined
infections after 2 days of admission were diagnosed at median 16 (IQR, 9-26) days, and
included bacteremia (72.3%), fungemia (19.3%), cytomegalovirus (CMV) diseases (8.4%),
Pneumocystis jerovecii pneumonia (PJP, 8.4%) and invasive pulmonary aspergillosis (IPA, 4.8%).
Conclusion: Among COVID-19 patients with risk factors for severe complications, 0.55%
had laboratory-confirmed combined infections, which included community and nosocomial
pathogens in addition to unusual pathogens such as CMV disease, PJP and IPA.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has posed an enormous global threat and is expected to remain
an endemic infection. The clinical presentation of COVID-19 is diverse, and its severity
ranges from asymptomatic cases to critical conditions associated with mortality.1,2 Risk
factors associated with severe complications and fatality of COVID-19, such as age, obesity,
smoking status and various underlying diseases, have been studied.3 Combined infection

by microorganisms other than SARS-CoV-2 in COVID-19 patients has also been reported to
be associated with increased mortality.4#¢ COVID-19 renders infected patients vulnerable to
infection by bacteria, fungi and other viruses due to impairment of the immune system by
the infection itself and damage to the lung, in addition to the use of certain therapeutics,
including steroids and antibiotics, for COVID-19 treatment.” The overall combined infection
rate in COVID-19 patients has been reported to be 0.6-45%. This wide variation stems

from the various types of infections and causative pathogens, as well as geographic and
demographic factors, which differ between studies.8 Coinfections at the initial presentation
or secondary infectious complications during the clinical course are important in predicting
and properly managing patients. Therefore, precisely defining the characteristics of
combined infections in COVID-19 patients may improve the quality of care available for
COVID-19 patients and determine the unique features of SARS-CoV-2 infection. This study
aimed to characterize such combined infections in terms of their temporal sequence and type
of infection by applying the most objective diagnostic methods in COVID-19 patients who had
risk factors for severe complications and were hospitalized by national policy in South Korea.

METHODS

Study design and subjects

All patients who were aged > 19 years with COVID-19, which was officially confirmed by
SARS-CoV-2 real-time reverse transcription polymerase chain reaction (RT-PCR) or a rapid
antigen assay, and who were hospitalized at four study hospitals (National Medical Center,
Seoul Medical Center, Boramae Medical Center and Veterans Health Service Medical Center
in Seoul, Korea) between May 1st, 2021, and April 30th, 2022, according to the government
mandate (for patients who had severe COVID-19 at presentation or risk factors for severe
complication such as underlying diseases and advanced age) were enrolled for screening.
There were two Korean peak epidemics (4th and 5th waves) of COVID-19 during the study
period, and the most prevalent variants were the delta and omicron variants, respectively.
The clinical decision regarding patient care was made solely by the physicians in charge.
Patients who underwent subsequent laboratory-based microbiologic tests within 3 months
of hospitalization were screened among the initially enrolled patients, and the patients
with positive test results were ultimately included in the final analysis. We excluded patients
with a prior history of COVID-19 and those whose clinical course could not be followed
because they were transferred from other hospitals at least 3 days after admission or because
they were transferred to other hospitals during hospitalization. The tests used were blood
culture, Mycobacterium tuberculosis tests (smear, culture and PCR), Aspergillus antigen assays,
cytomegalovirus (CMV) PCR or antigenemia assays, and Pneumocystis jirovecii PCR.
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Patients > 19 years admitted
to 4 hospitals with COVID-19 infection
from May 1, 2021 to April 30, 2022
N =16,967

Patients who did not undergo
microbiological testing
n =14,535

Patients who underwent
microbiological testing
n=2,432

Patients with negative
microbiological tests
n=2,237

Patients with positive
microbiological test
n=195

Patients who were decided not
to have clinically meaningful result
(contaminants or false positives)
n =101

Patients who were clinically decided
to have meaningful result or coinfection
n=94

Fig. 1. Flow diagram of the patient selection.
COVID-19 = coronavirus disease 2019.

Data collection

All the data were retrospectively collected from medical records. A positive microbiological
test was interpreted as a true positive if the physician decided that the test was significant, and
the patient was offered specific therapy (Fig. 1). Demographics such as age, sex, underlying
disease status, and temporal data regarding the onset of COVID-19 symptoms, hospitalization
and discharge were collected. The specific or ancillary medications for COVID-19 treatment,
including corticosteroids and other antimicrobial agents, were reviewed.

Definition

The ‘combined infection’ encompassed both the infectious disease(s) presenting together
with COVID-19 at admission (coinfection), which indicates an independent dual presence,
and secondary infectious complications during the clinical course in COVID-19 patients.
Bacteremia was defined if the usual pathogenic bacteria were isolated from at least one pair
of blood cultures. In the case of the isolation of common contaminants, true bacteremia
was defined when the physicians in charge treated the patients as having clinically
meaningful bacteremia. Tuberculosis (TB) was defined as a positive culture or nucleic acid
amplification test for M. tuberculosis in samples from clinically compatible patients. CMV
disease was defined as positive CMV antigenemia or quantitative CMV PCR tests resulting
in the administration of anti-CMV antiviral agents. P. jirovecii pneumonia (PJP) was defined
as a positive PCR test for P, jirovecii in patients treated with trimethoprim-sulfamethoxazole
or alternatives due to clinically suspected PJP. Invasive pulmonary aspergillosis (IPA) was
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defined as a positive aspergillosis antigen assay (galactomannan, GM) with an optical density
> 0.5 in blood sample combined with clinically suspected aspergillosis and compatible
radiological findings, leading to the therapeutic administration of antifungal agents. The
diagnostic criteria largely used Biomarkers-based Aspergillosis in Intensive Care Unit (ICU)
diagnostic algorithm (BM-AspICU), but the cut-off of GM index in blood sample was 0.5
rather than 1.0.9 The diagnostic date of the coexisting infections was defined as the date
when the sample with diagnostic value was obtained. The coinfections were categorized

into three groups—community-acquired (< 2 days), early hospital-onset (> 2 and < 30 days)
and late hospital-onset (> 30 and < 90 days)—regarding the date of hospital admission. The
anti-COVID-19 drugs included nirmatrelvir/ritonavir, molnupiravir, remdesivir, regdanvimab,
tocilizumab and baricitinib, which were available and permitted for use during the study
period in South Korea.

Statistical analysis

For the statistical analysis, Student’s #-test was used for continuous variables, and the y? test
or Fisher’s exact test was used for categorical variables. The distribution of coinfections was
analyzed using a box plot (IBM SPSS Statistics for Windows, version 26; IBM Corp., Armonk,
NY, USA). All tests were two-tailed, and a Pvalue < 0.05 was considered to indicate statistical
significance.

Ethics statement

This study was approved by the Institutional Review Boards of Boramae Medical Center (No.
20-2021-53) and the other participating centers. The requirement for informed consent was
waived because of the retrospective nature of this investigation and the minimal risk to the
study subjects. Personal identifiers were removed before data processing, and this study
complied with the tenets of the Declaration of Helsinki.

RESULTS

Study subjects

A total 0f16,967 patients with confirmed COVID-19 were hospitalized for one year during
the study period at the four study hospitals. Among them, 2,432 (14.3%) patients underwent
the specified microbiological tests according to the clinical decisions of the physicians

in charge, 195 patients had positive test results, and 0.55% (94/16,967) of patients had
clinically meaningful infections; consequently, these patients were administered specific
antimicrobial treatment (Fig. 1) and were included in the final analysis. The median age was
71.5 (interquartile range [IQR], 61.75-78) years, and at least one comorbidity was present in
92.6% of the patients (Table 1). The severity scores showed that the median National Early

Table 1. Baseline characteristics of COVID-19 patients with combined infections during hospitalization

Variables Total Fungemia Bacteremia Tuberculosis CMV PJP IPA
(n=94) (n=17) (n=70) (n=5) (n=7) (n=7) (n=4)
Age, yr 71.5(61.8-78) 75(68.5-78.5) 73 (63-79) 63 (52-86.5) 66 (60-76) 55(49-62) 59 (34.8-75.8)
Male sex 57 (60.6) 13 (76.5) 31 (44.3) 2 (40) 4(57.1) 5(71.4) 1(25)
BMI 23.3 23.3 23.5 17.6 20.8 23.2 24.4
(20.5-26.4) (21.9-24.5) (20.5-26.7) (12.9-25.1) (19.6-25.7) (21.6-26.1) (21.5-25.4)
Comorbidity > 1 87 (92.6) 17 (100) 64 (91.4) 4(80) 6(85.7) 7 (100) 4(100)
Hypertension 51 (54.3) 8 (47.1) 37 (52.9) 3 (60) 4(57.1) 4(57.1) 2 (50)
Diabetes mellitus 33(35.1) 4(23.5) 26 (37.1) 0 3 (42.9) 4(57.1) 2 (50)
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Table 1. (Continued) Baseline characteristics of COVID-19 patients with combined infections during hospitalization

Variables Total Fungemia Bacteremia Tuberculosis CMV PJP IPA
(n=94) (n=17) (n=70) (n=5) (n=7) (n=7) (n=4)

Diabetes mellitus with complication 4 (4.3) 0 3(4.3) 1(20) 0 0 1(25)
Congestive heart disease 4 (4.3) 2 (11.8) 3(4.3) 0 0 0 0
Myocardial infarction 11(11.7) 1(5.9) 10 (14.3) 0 0 1(14.3) 0
Peripheral artery disease 1(1.1) 0 1(1.4) 0 0 0 0
Cerebrovascular accident 15 (16.0) 2 (11.8) 12 (17.1) 0 1(14.3) 2 (28.6) 0
Hemiplegia 5(5.3) 1(5.9) 5(7.1) 0 0 0 0
Dementia 14 (14.9) 2(11.8) 13(18.6) 0 0 0 0
Chronic obstructive pulmonary 2(2.1) 1(5.9) 1(1.4) 0 0 0 0
disease
Connective tissue disease 5(5.3) 1(5.9) 3(4.3) 0 0 1(14.3) 1(25)
Chronic liver disease

Mild 2(2.1) 1(5.9) 2(2.9) 0 0 (o] (o]

Severe 3(3.2) 0 3(4.3) 0 0 0 0
Chronic kidney disease 6(6.4) 2(11.8) 4 (5.7) 0 0 1(14.3) 0
End stage renal disease 2(2.1) 0 1(1.4) 0 0 1(14.3) 0
Solid organ cancer

Localized 10 (10.6) 4(23.5) 6(8.6) 0 0 0 0

Metastatic 3(3.9) 1(5.9) 3(4.3) 0 0 0 0
Hematologic malignancy 5(5.3) 1(5.9) 5(7.1) 0 0 0 0
HIV 1(1.1) 0 0 0 0 1(16.7) 0
Receiving immunomodulating agents 13(13.8) 5(29.4) 9(12.9) 0 1(14.3) 1(14.3) 1(25)
ccl 4(3-6) 5(2-7) 4(3-6) 4(1-4) 3(2-3) 3(2-5) 2 (2-3.5)
COVID-19 severity: NEWS2 6 (3-10) 6(3.5-9.5)  6.5(3.75-11) 1(0.5-6) 6 (2-13) 2 (1-9) 7.5 (5.3-19)
COVID-19 severity: NIH scale

1 3(3.2) 0 2(2.9) 1(20) 0 0 0

2 11(11.7) 0 7 (10) 2 (40) 0 2 (28.6) 0

3 10 (10.6) 1(5.9) 9(12.9) 0 0 1(14.3) 1(25)

4 10 (10.6) 0 7 (10) 1(20) 1(14.3) 1(14.3) 0

5 60 (63.8) 16 (94.1) 45 (64.3) 1(20) 6(85.7) 3(42.9) 3(75)
COVID-19 therapy

None 16 (17.0) 1(5.9) 12(17.1) 2 (40) 1(14.3) 0 1(25)

Nirmatrelvir/ritonavir 3(3.2 0 3(4.3) 0 0 0 0

Remdesivir 74 (78.7) 16 (94.1) 54 (77.1) 3 (60) 6 (85.7) 7 (100) 3(75)

Regdanvimab 4 (4.3) 0 3(4.3) 0 1(14.3) 1(14.3) 0

Tocilizumab 10 (10.6) 2(11.8) 9(12.9) 0 0 0 0

Baricitinib 9(9.6) 2 (11.8) 7 (10) 0 4(57.1) 1(14.3) 2 (50)
Dexamethasone?, mg

None 17 (18.1) 0 13 (18.6) 4(80) 0 0 1(25)

6 27 (28.7) 6(35.3) 292 (31.4) 0 2 (28.6) 2 (28.6) 1(25)

> 6 50 (53.2) 11 (64.7) 35 (50) 1(20) 5(71.4) 5(71.4) 2 (50)
Duration of dexamethasone use 11 (8-18) 13 (10-20.5) 11 (8-18.5) 11.5(8-18) 10 (10-21) 10 (7-15) 10 (N/A)
Duration from admission to 15(5-25)  24(16.5-37.5) 8.5(1-18.3) 3(0-8.5) 32(19-35)  31(15-33)  16.5(10.8-17)
coinfection diagnosis, days
Community-acquired (< 2 days) 11 (11.7) 0 10 (14.3) 1(20.0) 0 0 0
Early hospital-onset (> 2 & < 30 days) 68 (72.3) 10(58.8) 54 (77.1) 4 (80.0) 3(42.9) 3(42.9) 4 (100)
Late hospital-onset (> 30 & < 90 days) 15 (16.0) 7 (41.2) 6 (8.6) 0 4(57.1) 4(57.1) 0
Duration of hospitalization, days 24 (10-48.3) 35(28-88)  23(11.8-42.5) 19 (6-51) 73 (21-112) 10(8-57)  111(62-118.8)
30-Day mortality

Survival 35(37.2) 7 (41.2) 25 (35.7) 3 (60) 2 (28.6) 4(57.1) 1(25)

Death 41 (43.6) 8 (47.1) 39 (45.7) 1(20) 4(57.1) 2 (28.6) 2 (50)

Unknown 18 (19.1) 92 (11.8) 13 (18.6) 1(20) 1(14.3) 1(14.3) 1(25)
In-hospital mortality 44 (46.8) 11 (64.7) 35 (50) 1(20) 3(42.9) 1(14.3) 2 (50)

Data are presented as the median (interquartile range) or number (%).

COVID-19 = coronavirus disease 2019, CMV = cytomegalovirus, PJP = Pneumocystis jirovecii pneumonia, IPA = invasive pulmonary aspergillosis, BMI = body mass
index, HIV = human immunodeficiency virus, CCI = Charlson Comorbidity Index score, NEWS2 = National Early Warning Score 2, NIH = National Institutes of

Health, N/A = not applicable.

2Dexamethasone or equivalent dose of steroids.
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Warning Score 2 (NEWS2) score at admission was 6 (IQR, 3-10), and the National Institutes
of Health (NIH) severity scale score was above moderate for 85.0% of the patients, while
63.8% of the patients were critically ill. At least one anti-COVID-19 drug was administered to
83.0% of the patients, and dexamethasone 6 mg or an equivalent dose of other steroids was
used in 81.9% of the patients. The in-hospital mortality rate was 46.8% (44/94). The 30-day
mortality rate was 43.6% (i.e., 41 of the 76 patients followed). The 30-day mortality rate for
the patients who had positive tests but were considered not to have clinically meaningful
combined infections categorized in the study was 17.8% (18/101) which was lower than that of
the study patients (46.8%, 44/94; P< 0.01).

Combined infections

The infections concurrently diagnosed in the COVID-19 patients at admission or during

the hospital course included 70 cases of bacteremia (74.5%), 17 cases of fungemia (18.1%),

7 cases of CMV disease (18.1%), 7 cases of PJP (7.4%), 5 cases of TB (5.3%) and 4 cases of
IPA (4.3%) (Table 1). Two or more coinfections were diagnosed in 12 (12.8%) patients. The
proportions of patients with community-acquired (< 2 days), early hospital-onset (> 2 & < 30
days), and late hospital-onset (> 30 & < 90 days) infections were 11.7% (11/94), 72.3% (68/94)
and 16.0% (15/94), respectively. The median duration from admission to the diagnosis of
combined infections was 15 (IQR, 5-25) days.

TB and bacteremia began to be identified in the early stages of hospitalization (Fig. 2). The
median time from admission to TB diagnosis was 4 (IQR, 0-8.5) days. Only pulmonary TB
was confirmed. Compared to the other combined infections, the TB group had a lower body
mass index (mean 18.53, P=0.027), lower NEWS2 score (mean 2.8, P=0.041) and a greater
percentage of patients with a low (asymptomatic to mild) NIH score (P=0.028) at admission
(Table 1). The median time from admission to the onset of the 1st bacteremia episode was

9 (IQR, 1-19) days, and 77.1% (54/70) of the bacteremia cases were categorized as early

9
Bacteremia NI ————— o ° -
12
cec | NN o *
6
E g — o :
S 24
£ rugema{ —
3 3
G Tuberculosis l} *
3
<3
> CMV - o

32
— .
31
e
17
Aspergillosis — 1

0 20 40 60 80 100
Hospital days

Fig. 2. Timelines of the diagnosis of combined infections in coronavirus disease 2019 patients after
hospitalization. “*” denotes an outlier value, and ‘0’ represents an extreme value. The number above the vertical
line within the box indicates the median value.

GPC = gram-positive cocci, GNB = gram-negative bacilli, CMV = cytomegalovirus, PJP = Pneumocystis jirovecii
pneumonia.
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Table 2. Causative microorganisms of bloodstream infections in coronavirus disease 2019 patients according to the length of hospitalization

Coinfections in COVID-19

Types Community-acquired (< 2 days) Early hospital-onset (> 2 & < 30 days) Late hospital-onset (> 30 & < 90 days)
Pathogens No. (%) Pathogens No. (%) Pathogens No. (%)
Fungemia (n = 17) Candida albicans 7 (70) Candida albicans 4(57.1)
Candida glabrata 1(10) Candida parapsilosis 2(27.6)
Candida tropicalis 1(10) Candida tropicalis 1(14.3)
Cryptococcus neoformans 1(10)
Bacteremia (n=70) CNS 6(28.6) CNS 8(19.0) CNS 4(57.1)
Escherichia coli 6(28.6) Enterococcus spp. 7 (16.7) Enterococcus spp. 2(27.6)
ESBL producing 3(14.3) Vancomycin resistant 3(7.1) Vancomycin resistant 2 (27.6)
MSSA 3(14.3) Klebsiella pneumoniae 7 (16.7) MRSA 1(14.3)
Klebsiella pneumoniae 3(14.3) Carbapenem-resistant 4(9.5) Escherichia coli 1(14.3)
Enterococcus spp. 2 (9.5) ESBL producing 1(2.4) Non-ESBL producing 1(14.3)
Pseudomonas aeruginosa 2(9.5)  Pseudomonas aeruginosa 6(14.3) Acinetobacter baumannii 1(14.3)
Stenotrophomonas maltophilia 1 (4.8) Carbapenem-resistant 1(2.4) Carbapenem-resistant 1(14.3)
Rothia dentocariosa 1(4.8) Acinetobacter baumannii 5(11.9)
Citrobacter freundii 1(4.8) Carbapenem-resistant 5(11.9)
Proteus mirabilis 1(4.8) MSSA/MRSA 1(2.4)/4(9.5)
Escherichia coli 4 (9.5)
Carbapenem-resistant 1(2.4)
ESBL producing 1(2.4)
Stenotrophomonas maltophilia 1(2.4)
Bacteroides fragilis 1(2.4)
Corynebacterium spp. 1(2.4)
Enterobacter cloacae 1(2.4)
Enterobacter aerogenes 1(2.4)

CNS = coagulase-negative staphylococci, ESBL = extended-spectrum beta-lactamase, MSSA = methicillin-sensitive Staphylococcus aureus, MRSA = methicillin-
resistant Staphylococcus aureus.

hospital-onset (> 2 & < 30 days) (Table 2). The infection foci of bacteremia were identified
as primary bacteremia (26 cases, 37.1%), central line associated bloodstream infection

(BSI, 21 cases, 30.0%), pneumonia (12 cases, 17.1%), urinary tract infection (UTI, 8 cases,
11.4%), intraabdominal infection (3 cases, 4.3%) and bone & joint infection (2 cases, 2.9%).
No significant difference from the other combined infection groups in terms of patient
characteristics, severity or COVID-19 treatment regimen was observed at admission (Table 1).
Commonly isolated bacteria included coagulase-negative staphylococci (22%), Escherichia
coli (13.4%), enterococci (13.4%), Klebsiella pneumoniae (12.2%), Staphylococcus aureus (11.0%),
Pseudomonas aeruginosa (9.8%) and Acinetobacter baumannii (7.3%) in the order of frequency.
Among the gram-negative bacteria, 41.5% (17/41) were multidrug resistant, and 12.2%
(5/41) were carbapenem-resistant Enterobacterales. The proportion of multidrug-resistant
gram-negative bacteria was 18.8% (3/16) in the community-acquired group, 56.5% (13/23)
in the early hospital-onset group and 50% (1/2) in the late hospital-onset group. The were 3
cases having subsequent 2nd episode of bacteremia which were 1st methicillin-resistant S.
aureus (MRSA) to 2nd methicillin-sensitive S. aureus, 1st Enterococcus to 2nd MRSA and 1st K.
pneumoniae to 2nd vancomycin-sensitive Enterococcus respectively.

The other combined infections tended to occur in the later phase of hospitalization (Fig. 2).
Fungemia consisted of mostly candidemia (16 cases) and one case of Cryptococcus neoformans
(Table 2). The earliest onset of fungemia occurred on the 6th day of hospitalization, and the
median time from hospitalization to fungemia onset was 24 (IQR, 16.5-37.5) days. There
were no significant differences in the characteristics of patients or the severity of COVID-19
or COVID-19 specific treatment regimens between patients with fungemia and those with
other combined infections (Table 1). The median time from hospitalization to CMV disease
diagnosis was 32 (IQR, 19-35) days. Compared with the other combined infection groups, the
CMV group had a greater percentage of patients who used baricitinib for COVID-19 treatment
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(57.1%, P < 0.001) and a longer total hospital stay (mean 66.6 days, P=0.018). The median
time from hospitalization to PJP diagnosis was 31 (IQR, 15-33) days. Compared with the
other combined infection groups, the PJP group had a lower mean age (52.7 years, P=0.024)
and included one human immunodeficiency virus (HIV) patient (P < 0.001) and one end stage
renal disease patient (P =0.021). The median time from hospitalization to IPA diagnosis was
16.5 (IQR, 10.8-17) days. Compared with those who received other combined infections, the
percentage of patients who received baricitinib for COVID-19 treatment was greater (50%, P =
0.005), and the mean hospital stay was longer (97.3 days, P=0.033).

DISCUSSION

This was a multicenter study involving four major public referral hospitals dedicated to the
care of a large volume of COVID-19 patients during the pandemic in South Korea and with the
capability of intensive care. Our study revealed that among the study patients who had severe
COVID-19 at presentation or who were minimally symptomatic but had risk factors for severe
complications, such as underlying disease and advanced age, 14.3% of the patients needed
further investigation for BSIs, TB, CMV disease, PJP and IPA, and clinically meaningful
coinfections were diagnosed and treated in 0.55% of the patients. The combined infections
were diagnosed within 2 days in 11.7% of the patients, between 2 and 30 days in 72.3% of the
patients, and between 1 and 3 months in 16.0% of the patients.

Bacteremia was a main issue of infection in our study. Several studies reported a bacteremia
rate of 1.6% or 1.7% in COVID-19 patients, which was higher than that in COVID-19-negative
patients.10,11 The incidence of bacteremia may be influenced by several factors, such as
differences in severity or the presence of different risk factors in the study population.12
Community-acquired (10 cases, 14.3%) and early hospital-onset (54 cases, 77.1%) comprised
91.4% of the 70 bacteremia cases in our study. The source of bacteremia was assessed

as primary bacteremia (26 cases, 37.1%), central line associated BSI (21 cases, 30.0%),
pneumonia (12 cases, 17.1%), UTI (8 cases, 11.4%), intraabdominal infection (3 cases,

4.3%) and bone & joint infection (2 cases, 2.9%). Old age (median 71.5 years), presence

of comorbidity (92.6%) and NIH severity above moderate at admission (85.0%) suggested
that combined symptomatic infection of community origin with COVID-19 might lead to
early hospital visit. However, the large proportion of primary bacteremia (26 cases, 37.1%)

at admission pointed out that the clinicians need more effort to appropriately evaluate the
diagnosis. The antibiotics resistance in each temporal stage might reflect the status of the
community or of individual hospitals. Extended-spectrum beta-lactamase (ESBL)-producing
E. colibacteremia diagnosed within 2 days of hospitalization may reflect the ESBL-producing
E. coli proportion of 24.6% among community-acquired UTI cases in South Korea.13,14 Early
hospital-onset (< 2 & < 30 days) bacteremia included antibiotic-resistant pathogens such as
MRSA, vancomycin-resistant enterococci and multidrug-resistant gram-negative bacteria,
which may be related with the length of hospitalization.15 In this study, the proportion of
multidrug-resistant organisms (MDRO) increased with the duration of hospitalization.

Witt et al.16 attribute this to factors such as increased use of medical devices, overuse of
antibiotics and the strain on healthcare systems, which led to lapses in standard infection
control practices and inadequate MDRO screening. These challenges have been reported

as significant contributors to the rise in MDRO infections observed during and after the
COVID-19 pandemic. The incidence of fungemia in COVID-19 patients also varies greatly
from 0.14% to 34.9% according to the study population.1%18 Our study revealed no cases
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of fungemia within 48 hours of admission, and the mean time to onset of fungemia was
26.8 days after admission. This finding is consistent with previous studies indicating

the correlation of fungemia with an increasing length of hospitalization.15> One case of
cryptococcal fungemia was observed in the early-onset period of our study. Considering the
quarantined hospitalization of the patient, COVID-19 itself or the related treatment might
have triggered this overt presentation.

TB and COVID-19 markedly differ in the chronicity of the pathogenesis. There is no evidence
that TB enhances SARS-CoV-2 infection, and vice versa. The combined presence of active

TB with COVID-19 is known to be a risk factor for increased mortality.19 TB has also been
diagnosed simultaneously with or subsequent to a COVID-19 diagnosis.20,21 While some
studies have reported increased severity of known active TB before COVID-19,2123 there is
controversy regarding whether TB diagnosed simultaneously with or subsequent to COVID-19
infection is a risk factor for severe complications.20,24 In our study, 20% (1/5) of pulmonary
TB cases were diagnosed simultaneously (within 2 days) with COVID-19, and the others were
diagnosed a median of 4 days after admission. The TB incidence in five of the 16,967 enrolled
patients in the general population in South Korea was close to the total TB incidence. Our
data indicate that coincidental occurrence of TB in COVID-19 patients is not unusual, but
vigilant suspicion of TB is needed to avoid a missed diagnosis.

Reactivation of CMV in COVID-19 patients may be due to direct injury to cellular immunity
caused by SARS-CoV-2 infection as well as the use of immunosuppressive treatment.2>

The use of corticosteroids for more than 15 days or the use of high-dose corticosteroids in
COVID-19 was a risk factor for CMV reactivation/disease during ICU stays.26 In our study,
the mean duration of steroid use in CMV-treated patients was 15.6 days, and 71.4% of
CMV-treated patients received > 6 mg dexamethasone. Univariate analysis showed that
57.1% of CMV-treated patients received baricitinib (P < 0.001). CMV disease was reported
to be related to the use of baricitinib in rheumatoid arthritis patients. Baricitinib has been
known to be associated with serious infections as the mechanism of pharmacologic action
implies, and CMV disease and IPA were such examples.2” However, the real-world data of
baricitinib related infections are awaiting further investigations. Combined use of other
immunosuppressive agents such as steroids and severe viral infection itself in COVID-19 must
be considered in the interpretation of CMV disease or IPA under baricitinib use. The longer
hospital stay in our patients with CMV disease or IPA might be related to the indication of
baricitinib in COVID-19 which implies critical severity.

The risk of PJP is known to be greater in patients with cancer, organ or hematopoietic stem
cell transplant recipients, patients receiving treatment for rheumatoid disease or patients
with impaired cell-mediated immunity.28 In non-HIV patients, the use of glucocorticoids
is a well-known risk factor for PJP.29 In our study, all patients coinfected with PJP not only
received corticosteroids for COVID-19 treatment but also included patients with HIV or solid
organ transplant recipients. Chong et al.30 reported that the overall mortality in COVID-19
patients with PJP was 41.6%, whereas it was 14.3% in our study. COVID-19 and PJP are
difficult to differentiate due to their similar clinical presentations. Since we used PCR to
detect P, jirovecii, we might have overestimated the rate of PJP, resulting in a lower mortality
rate. The younger age of our patients in the univariate analysis might be biased due to their
immunosuppressive underlying diseases such HIV, connective tissue disease and kidney
transplantation in young patients.
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Viral infection itself can cause coinfection involving IPA, and influenza and severe fever with
thrombocytopenia syndrome are such examples.31,32 Current evidence indicates that SARS-
CoV-2 infection is also associated with IPA.3336 One study reported that the prevalence of IPA
was 0-34.3% among COVID-19 patients in the ICU, with a mean prevalence of 10%.33 Black
fungus or mucormycosis is also a key complication of COVID-19,33 but our study did not
collect relevant data.

Several studies on the combined infections in COVID-19 patients have been reported in
South Korea. These studies included laboratory screening studies on combined respiratory
pathogens in the same specimens, the evaluation of risk factors for MDRO in COVID-19
pneumonia, a case report of fatal fungal coinfection, bacterial coinfection in a single center
(n =367) and the analysis of risk factors for secondary infections (n = 348).3742 Our study had
the largest study population and analyzed combined infections and their time-dependent
relationship in a multicenter setting. Our study may provide clinicians with a useful
predictive tool for serious coinfections in COVID-19 care in a time progressive manner. We
included BSI, TB, CMV disease, IPA and PJP in the analysis combined with the final clinical
decision of physicians in the real-world practice.

This study had a few limitations. First, we underestimated the overall incidence of combined
infections in COVID-19 patients. However, our result for combined infection might represent
the minimum value for each infection because we used the most objective diagnostic criteria.
As we limited the number of target infections to five categories and used laboratory results
as a diagnostic minimum, we underestimated the number of real combined infections,
excluding other infections and clinically diagnostic infections. The diagnostic ambiguity and
relatively low clinical significance of these methods in some infections led us to concentrate
on several problematic infections. Both overestimation and underestimation are also
possible for CMV, PJP and aspergillosis. As COVID-19 is not a classic host factor for these
opportunistic infections, the current diagnostic criteria may not be applicable to COVID-19
patients. A physical barrier to performing timely relevant tests in patients who were strictly
quarantined for COVID-19 was one of the clinical difficulties in the peak pandemic period.
Therefore, our results need to be interpreted in the context of relative incidence. Second, the
small number of our patients with positive combined infections led to insufficient statistical
comparisons between the positive subgroups; consequently, our results were presented
mostly descriptively. Nevertheless, most studies on combined infections in patients with
COVID-19 have been case studies, and systematic analyses have only been published for a
few types of combined infections. Our study has the advantage of being a multicenter study
covering a large COVID-19 population.

In summary, 14.3% of hospitalized COVID-19 patients with risk factors for severe
complications needed further laboratory evaluation for combined infections, and laboratory-
confirmed combined infections were detected in 0.55% of the patients. The combined
infections included common community and nosocomial pathogens in relation to the length
of hospitalization and the epidemiology of the community or hospital in addition to unusual
pathogens such as CMV disease, PJP and IPA. Predicting the causative organisms based on
the timing of coinfection and conducting appropriate clinical evaluations could help reduce
COVID-19-related complications.
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