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N o U e

Abstract: Background: Liver involvement in Coronavirus disease 2019 (COVID-19) has been recog-
nised. We aimed to investigate the correlation of non-invasive surrogates of liver steatosis, fibrosis
and inflammation using transient elastography (TE) and FibroScan-AST (FAST) score with (a) clinical
severity and (b) 30-day composite outcome of mechanical ventilation (MV) or death among patients
hospitalized due to COVID-19. Method: Patients with non-critical COVID-19 at admission were
included. Liver stiffness measurement (LSM) and controlled attenuation parameter (CAP) were
assessed by TE. Clinical severity of COVID-19 was assessed by 4C Mortality Score (4CMS) and
need for high-flow nasal cannula (HFNC) oxygen supplementation. Results: 217 patients were
included (66.5% males, median age 65 years, 4.6% with history of chronic liver disease). Twenty-four
(11.1%) patients met the 30-day composite outcome. Median LSM, CAP and FAST score were 5.2 kPa,
274 dB/m and 0.31, respectively, and neither was associated with clinical severity of COVID-19 at
admission. In multivariate analysis FAST > 0.36 (OR 3.19, p = 0.036), 4CMS (OR 1.68, p = 0.002) and
HENC (OR 7.03, p = 0.001) were independent predictors of adverse composite outcome. Conclusion:
Whereas LSM and CAP failed to show correlation with COVID-19 severity and outcomes, FAST score
was an independent risk factor for 30-day mortality or need for MV.

Keywords: COVID-19; liver; non-alcoholic steatohepatitis; transient elastography; mortality

1. Introduction

Coronavirus disease 2019 (COVID-19) is respiratory disease with multisystem in-
volvement and is responsible for a worldwide pandemic [1]. Reported overall mortality
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of hospitalized patients is approximately 20%, with considerable variability due to age,
comorbidity, level of care and thresholds for hospitalization [2-6]. Risk factors for severe
clinical course include older age, male sex, comorbidity, arterial hypertension, diabetes
mellitus and obesity [2-7].

Non-alcoholic fatty liver disease (NAFLD) is considered the liver manifestation of
the metabolic syndrome that includes concomitant presence of obesity, hypertension,
diabetes mellitus and dyslipidaemia. NAFLD affects around 25% of adults worldwide,
with even greater prevalence among obese individuals (>50%) and those having additional
metabolic conditions [8,9]. In line with these facts, the presence of fatty liver might be
assumed as the risk factor for more severe forms of COVID-19 and adverse outcomes [10].
In addition, increased hepatic expression of angiotensin-converting enzyme II (ACE2)
receptors, as the gate for viral entry in the cells has been demonstrated in patients with non-
alcoholic steatohepatitis (NASH) [11]. Several studies have investigated liver involvement
in COVID-19, demonstrating worse clinical course of patients with elevated liver functional
tests (LFTs) and the presence of cirrhosis [12-14]. On the other hand, patients with non-
cirrhotic chronic liver disease (CLD) seem to have comparable survival to patients without
CLD. However, more specific data on the prevalence, severity and prognostic impact
of liver steatosis, fibrosis and non-alcoholic steatohepatitis (NASH), on the course of
COVID-19 are scarce with conflicting results published [15-18]. In fact, there are no
specific data considering the impact of NASH, as the inflammatory phenotype of NAFLD,
because liver biopsy as the gold standard method to diagnose NASH is rarely performed
in the setting of COVID-19. Recently, a non-invasive tool has been developed, called the
Fibroscan-AST (FAST) score. This score combines the results of liver stiffness measurement
(LSM), steatosis assessment by controlled attenuation parameter (CAP) and aspartate
aminotransferase (AST) and has been developed to identify patients with NASH, elevated
NAFLD activity score (NAS > 4) and significant fibrosis (fibrosis stage F > 2) amongst
those with NAFLD [19]. In theory, patients who already have liver inflammation due to
NASH (as opposed to those with bland steatosis without NASH, and those with a healthy
liver) might react with more profound inflammatory response upon contracting COVID-19
and thus have worse clinical outcomes.

In the present study we aimed to investigate the correlation of non-invasive surro-
gates of liver steatosis, fibrosis and inflammation using transient elastography (TE) and
FAST score with (a) severity of clinical presentation and (b) 30-day composite outcome of
mechanical ventilation (MV) or death among patients hospitalized with non-critical form
of COVID-19 at admission.

2. Patients and Methods
2.1. Patients

This study was performed in the university hospital that was completely re-purposed
to serve exclusively as the main regional centre of care for COVID-19 patients during
the 2020/2021 pandemic. Those considered for inclusion were non-critically-ill patients
admitted to general wards, capable of giving informed consent, over a 3-month period
(16 January to 17 April 2021). All patients had positive nasopharyngeal swab for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV2) by polymerase chain reaction
(PCR) and were admitted following initial examination in the emergency department. Stan-
dard work-up in emergency department included blood biochemistry, electrocardiogram,
peripheral blood oxygen saturation and chest X-ray. The clinical severity of COVID-19 was
initially assessed by using Modified Early Warning Score (MEWS) for each patient [20].
Patients with non-critical form of the disease (MEWS < 5) were admitted to the general
ward and those with MEWS > 5 were admitted to intensive care unit (ICU). Even if deemed
non-critical by MEWS, all patients required oxygen supplementation therapy, and in order
to further stratify them, the 4C Mortality Score (4CMS) was calculated for each patient who
was hospitalised [21].
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Data about the presence of pre-existing chronic liver disease (CLD), including the
presence of cirrhosis and previous decompensation, as well as about the alcohol consump-
tion were collected by history taking from each patient and supported by previous medical
records. Harmful alcohol intake was considered in patients consuming >30 g/day (males)
and >20 g/day (females).

Upon admission to the ward patients were treated by oxygen supplementation by
binasal catheters, masks, or high-flow nasal cannula (HFNC) as needed. Other treatment
such as dexamethasone or equivalent methylprednisolone dose, remdesivir and low-
molecular-weight heparin were instituted according to recommendations by national
guidelines [22]. Other therapy was commenced at the discretion of the attending physician,
including antibiotics, as well as other medications to treat acute complications and the
patients” underlying chronic conditions.

Liver stiffness measurements (LSM) and steatosis assessment by controlled attenuation
parameter (CAP) were performed within 72 h from the admission in patients meeting the
inclusion criteria: age > 18 years, signed informed consent, non-critical form of COVID-19
at admission (MEWS < 5), and absence of conditions affecting liver stiffness measurement
(LSM) (ALT > 5xULN, congestive liver disease, extrahepatic biliary obstruction, infiltrative
liver neoplasms) [23].

2.2. Methods
2.2.1. Transient Elastography

Transient elastography (TE) was used to perform LSM and CAP measurements by
using Fibroscan device integrated within General Electric Logiq S8 XD Clear ultrasound
platform. These examinations were performed in patients after overnight fasting, in the
supine position with the right arm in the maximal abduction during the short (34 s)
apnea period in the neutral breathing position, through the right intercostal approach as
recommended by international guidelines [23]. The choice of using Fibroscan M or XL
probe was made upon suggestion of automatic probe selection tool embedded within the
Fibroscan device [24]. Ten valid LSM had to be performed with the interquartile range of
LSM (IQR/Med) < 30%. CAP was automatically measured along with the LSM acquisi-
tions. All examinations were performed by experienced operators (each had previously
performed >500 TE examinations).

As the surrogate measure for the presence of significant fibrosis (F > 2) in the analysed
cohort LSM > 7 kPa was used, whereas LSM > 10 kPa was considered representative for
advanced fibrosis (F > 3) [25,26]. Presence of liver steatosis (S > 0) was considered in
patients with CAP > 274 dB/m [27].

2.2.2. Laboratory Tests

Results of blood biochemistry (complete blood counts (CBC), urea, AST, alanine
aminotransferase (ALT), gamma glutamyl transferase (GGT), alkaline phosphatase (ALP),
bilirubin, prothrombin time (Quick,%), C-reactive protein (CRP)) were obtained no more
than 48 h from the time of TE procedure and were recorded for the purpose of this study,
except for the patients having HFNC oxygen supplementation in which case we limited
this time period to 24 h because of their more unstable clinical course.

FAST score was calculated for each patient using the formula provided by New-
some PN et al: FAST = (e 1:65+1.07xIn(LSM)+266+10—8 x CAP3 — 63.3 x AST—1y
(1 +e —1.65+1.07 x In(LSM) + 2-66 * 10—8 x CAP3— 63.3 x ASTfl) [19]. USil’Ig the cut-offs of 0.35
and 0.67, FAST score had >90 sensitivity and >90% specificity, respectively to rule-out
and rule-in the presence of NASH, elevated NAFLD activity score (NAS > 4) and
significant fibrosis (fibrosis stage F > 2) amongst NAFLD patients in the original study.

As biochemical non-invasive scores for liver fibrosis have also been associated with
the outcomes of COVID-19 patients in some reports [28,29], we calculated the following
scores according to published formulae in order to compare their prognostic performance
to TE:
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AST to platelet ratio index (APRI), APRI = ((AST/ULN)/platelet count (x109/L))
% 100 [30];

Fibrosis-4 index (FIB-4), FIB4 = Age (years) x AST (IU/L)/platelet count (x109/L) x
ALT (IU/L)1/2 [31];

NAFLD fibrosis score (NFS) = —1.675 + (0.037  age (years)) + (0.094 x BMI (kg/m?))
+ (1.13 * Impaired fasting glucose/diabetes (yes = 1, no = 0)) + (0.99 * AST/ALT ratio) —
(0.013 * platelet count (x109/L)) — (0.66 * albumin (g/dL)) [32].

2.3. Statistical Analysis

Power analyses were based on assumption of 10% and 25% event rates in the sub-
groups of interest, type I error of 0.05 and 80% power, suggested that 200 patients had to be
included to obtain a statistically significant result. Normality of distribution of numerical
variables was tested using the Shapiro-Wilk test. Most of the analysed variables were
non-normally distributed and as such all numerical variables are presented as median and
interquartile range (IQR) and were compared between groups using the Mann-Whitney U
test. Categorical variables are presented as frequencies and percentages and were compared
between groups using the X? test or the Fisher test where appropriate. Variables acquired
by TE (LSM, CAP) and FAST score were compared to the clinically defined outcomes:
(a) severity of COVID-19 clinical presentation as assessed by 4CMS or the need for HFNC
oxygen supplementation and (b) 30-day mortality or need for MV. ROC curve analysis
was used to establish optimal cut-off values of different elastographic measurements for
prediction of 30-day mortality. Logistic regression was used to test independent contribu-
tion of particular variables to 30-day mortality prediction. p-values < 0.05 were considered
statistically significant. All analyses were performed using the MedCalc statistical software
version 20 (MedCalc Software Ltd., Ostend, Belgium).

3. Results
3.1. Patient Characteristics

Of 230 patients considered eligible, 217 patients with a non-critical form of COVID-19
at admission (MEWS < 5) were included in the study. In 13/230 patients, LSM was not
possible due to obesity or dyspnoea. There were 144 /217 (66.4%) males, median age was
65 years, IQR (55-70), median BMI was 28.3 kg/m?, IQR (25.4-31.5), 70/217 (32.3%) of
patients had diabetes and 118/217 (54.4%)—arterial hypertension. Among the participants,
45 (21.1%), 89 (41.8%) and 79 (37.1%) patients had BMI < 25 kg/m?, 25-30 kg/m? and
>30 kg/m?, respectively. History of liver disease was present in 10/217 (4.6%) patients
(4 with non-alcoholic fatty liver disease (NAFLD), 4 with alcoholic liver disease (ALD)
including 1 with cirrhosis, and 2 patients with chronic hepatitis B). Bilirubin, AST, ALT,
GGT and ALP were elevated in 11.5%, 55.3%, 42.4%, 44.2% and 6% patients, respectively.
Median time from the initial COVID-19 symptoms to admission was 5 days IQR (1-9). All
patients required oxygen supplementation, including 24 /217 (11.1%) patients who required
HENC. Median 4C COVID-19 mortality score was 7, IQR (5-9) with 24/217 (11.1%) patients
requiring ICU admission and mechanical ventilation (MV) and 22/217 (10.1%) patients
dying within 30 days of admission. Patient characteristics and outcomes are summarized
in Table 1.

Table 1. Patient characteristics in overall cohort and stratified according to the composite outcome of mechanical ventilation

or 30-day mortality.

Overall MYV or Death No MV or Death Yes p-Value
Total number 217 192 25 -
Age (years) 65 IQR (55-70) 64 IQR (55-70) 70 IQR (62-75) 0.014
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Table 1. Cont.

Overall MYV or Death No MV or Death Yes p-Value

l\ii’l‘e 144/217 (66.4%) 123/192 (64.1%) 21/25 (84%) 0.047
Female 73/217 (33.6%) 69/192 (35.9%) 4/25 (16%)
BMI (kg/m2) 28.3 IQR (25.4-31.5) 28.4 QR (25.4-31.6) 26.9 IQR (25.65-30.9) 0.342
P“’b&type 140/217 (64.5%) 121/192 (63%) 19/25 (76%) 0203
L 77/217 (35.5%) 71/192 (37%) 6/25 (24%) :

SCD (mm) 21 IQR (19-25) 22 IQR (18-25.25) 20 IQR (19-23) 0.652
Chronic liver disease 10/217 (4.6%) 8/192 (4.2%) 2/25 (8%) 0.323
LSM (kPa) 52 IQR (4.1-6.5) 5.1 IQR (4.18-6.53) 5.3 IQR (4.1-6.3) 0.873
LSM IQR (%) 13 IQR (9-20) 13 IQR (9-20) 13 IQR (8-18) 0.419
CAP (dB/m) 274 IQR (232-321) 273 IQR (233.5-322) 284 IQR (228-301) 0.643
CAP IQR (dB/m) 31 IQR (22-43) 31 IQR (22-43) 31 IQR (20-38) 0.487
FAST score 0.31 IQR (0.16-0.45) 0.3 IQR (0.14-0.45) 0.4 IQR (0.25-0.47) 0.112
WBC (x10°/L) 7.8IQR (5.45-11.1) 8 IQR (5.53-11.1) 6.9 IQR (3.8-10.9) 0.545
RBC (x10'2/L) 451QR (4.14-4.89) 451QR (4.14-4.88) 451QR (4.12-4.9) 0.872
Platelets (x10° /L) 237 IQR (173-327.5) 2435 IQR (178.25-334) 204 IQR (144-264) 0.087
PT (Quick, %) 101 IQR (90-108) 101.5 IQR (92-108) 89 IQR (76-107) 0.059
Bilirubin (umol/L) 10.6 IQR (8.6-15.4) 10.6 IQR (8.6-15.45) 10.7 IQR (8.1-15.2) 0.979
AST (IU/L) 39 IQR (27-61) 38 IQR (26-57) 58 IQR (35-84) 0.014
ALT (IU/L) 38 IQR (24-63) 37.5IQR (23.25-62) 41 IQR (27-67) 0.614
ALP (IU/L) 62 IQR (51-78.5) 61 IQR (50-77) 64 IQR (58-86) 0.166
GGT (IU/L) 42 IQR (25.5-82) 43 IQR (27-85.75) 37 IQR (24-56) 0.165
CRP (mg/L) 71.8 IQR (31.2-128.3 69.5 IQR (28.03-122.23) 100.4 IQR (48.8-138.2) 0.072
Albumin (g/L) 325 IQR (30-35) 33 IQR (30-35) 32 IQR (30-34) 0.433
4C mortality score 7 IQR (5-9) 7 IQR (4.5-9) 10 IQR (8.75-11) <0.001
HFNC oxygenation (N, %) 24/217 (11.1%) 14/192 (7.3%) 10/25 (40%) <0.001

Table legend: BMI, body mass index; CAP, controlled attenuation parameter; FAST, FibroScan-AST score; LSM, liver stiffness measurement;
IQR, interquartile range; SCD, skin-to-liver capsule distance; CRP, C-reactive protein; HFNC, high-flow nasal cannula; MV, mechanical
ventilation; ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; PT,
prothrombin time; RBC, red blood cells; WBC, white blood cells.

3.2. Correlations of LSM and CAP with Demographic, Biochemical and Clinical Parameters

Median LSM was 5.2 kPa, with 41/217 (18.9%) patients presenting with LSM of >7 kPa
and 12/217 (5.5%) patients with LSM > 10 kPa. LSM was higher in males (5.3 vs. 4.9;
p = 0.026), patients with history of chronic liver disease (8.05 vs. 5.1; p = 0.004), lower PT
(Rho = —0.15; p = 0.029), higher bilirubin (Rho = 0.2; p = 0.004) and higher GGT (Rho = 0.21;
p =0.002).

Median CAP was 274 dB/m and 109/217 (50.3%) patients had CAP > 274 dB/m.
CAP was significantly associated with higher BMI (Rho = 0.42; p < 0.001). No significant
associations of CAP with other laboratory and clinical parameters presented in Table 1
were found (p > 0.05 for all analyses).

There was no significant correlation between LSM and CAP in the overall cohort of
patients. However, in the subgroup of patients with chronic liver disease, a strong negative
correlation between LSM and CAP (Rho = —0.81; p = 0.005) was observed. Regarding the
patients with LSM > 7 kPa, 22 /41 (53.7%) had CAP > 274 dB/m, indicative of the presence
of liver steatosis.
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LSM and CAP were not associated with the severity of clinal presentation of COVID19
as defined by 4CMS or need for HENC oxygen supplementation (p > 0.05).

3.3. Correlations of FAST Score with Demographic, Biochemical and Clinical Parameters

Median FAST score was 0.31, with 119 (55.3%), 85 (39.5%) and 11 (5.1%) of patients
having FAST values < 0.35, 0.35—-0.67 and >0.67, respectively. FAST was expectedly
associated with LSM (Rho = 0.36; p < 0.001), CAP (Rho = 0.4; p < 0.001) and AST (Rho = 0.81;
p < 0.001), but also with higher values of ALT (Rho = 0.59; p < 0.001), GGT (Rho = 0.41;
p < 0.001), CRP (Rho = 0.28; p < 0.001) and BMI (Rho = 0.21; p = 0.003). FAST score was not
significantly associated with the severity of clinical presentation of COVID-19 as defined
by 4CMS or HFNC oxygen supplementation (p > 0.05).

3.4. Relationships between LSM, CAP, FAST Score and 30-Day Clinical Outcomes

When analysed as a continuous variable, higher FAST score was significantly asso-
ciated with the need for MV (median 0.4 vs. 0.29 in patients with and without MV use,
p = 0.046) but no significant association with death or composite outcome of MV or death
was present (p > 0.05 for both analyses). Neither LSM, nor CAP, evaluated as continuous
variables, showed a significant association with adverse outcomes (p > 0.05 for all analyses).

However, by using ROC curve analysis, we were able to establish optimal cut-offs for
FAST of >0.36 (AUROC 0.632) for prediction of 30-day mortality or need of MV. Patients
presenting with FAST > 0.36 (85/217 (39.2%)) experienced significantly higher risk of
mechanical ventilation (OR = 4.39; p = 0.002), death (OR = 3.01; p = 0.018) and composite
outcome of MV or death (OR = 3.81; p = 0.003). Thirty-day mechanical ventilation or death
rates in patients with FAST > 0.36 and <0.36 were 19.8% and 6.2%, respectively (Figure 1).
No similar cut-off level could be established for LSM and CAP.
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Figure 1. Thirty-day mechanical ventilation or death rates stratified according to the FAST > 0.36.
MYV, mechanical ventilation; FAST, FibroScan-AST score.

We further investigated the relationship of FAST > 0.36 with reduced survival, need
for MV and the composite outcome of MV or death in a series of multivariate logistic
regression models. In the first set of models adjusted for age and sex, FAST > 0.36 remained
significantly associated with higher occurrence of death (FAST > 0.36 OR 3.2, p = 0.021; age
OR 1.07, p = 0.006; male sex p = 0.075), higher need for MV (FAST > 0.36 OR 4.49, p = 0.003;
age OR 1.05, p = 0.024; male sex OR 3.98, p = 0.030) and higher occurrence of composite
outcome (FAST > 0.36 OR 3.86, p = 0.005; age OR 1.06, p = 0.011; male sex OR 4.3, p = 0.021).
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In the second set of models presented in Table 2, after further adjusting for 4CMS and
HFNC, FAST > 0.36 showed significant prognostic properties for predicting the need of
MYV and composite outcome of MV or death, independently of 4CMS and HFNC.

Table 2. Multivariate logistic regression models adjusted for age, sex and COVID-19 severity (4C mortality score, use of
HENC oxygenation) investigating association of FAST score with 30-day mortality, mechanical ventilation and mechanical

ventilation or death.

p-Value and OR with 95% C.I.

Mechanical Ventilation or Death
p-Value and OR with 95% C.I.

Mechanical Ventilation
p-Value and OR with 95% C.I.

30-Day Mortality

p=0285 p=0019* p=0036*

FAST > 0.36 OR =1.79 (0.61-5.23) OR =3.78 (1.24-11.5) OR = 3.11 (1.08-8.97)
Age (years) p=0321 p=0.136 p=0.199

gely OR = 0.95 (0.88-1.04) OR = 0.94 (0.87-1.02) OR = 0.95 (0.88-1.03)
Male sex p=0761 p=0.660 p=0542

OR = 0.83 (0.24-2.81) OR = 1.33 (0.36-4.92) OR = 1.49 (0.41-5.33)
) p=0004* p=0.001* p=0001*

4C mortality score OR = 1.83 (1.31-2.57) OR = 1.72 (1.25-2.38) OR = 1.71 (1.24-2.35)
p=0002* p<0.001* p<0.001*

HFNC oxygenation

OR =74 (2.15-24.44) OR =7.76 (2.4-25.08) OR =7.17 (2.24-22.92)

Table legend: BMI, body mass index; FAST, FibroScan-AST score; LSM, liver stiffness measurement; IQR, interquartile range; HFNC,
high-flow nasal cannula. * Statistically significant at level p < 0.05.

In addition, we evaluated how FAST > 0.36 would perform after adjusting for non-
invasive biochemical scores (APRI, NSF, FIB-4). All three scores were associated with worse
30-day composite clinical outcome in univariate analyses (p < 0.05). However, inclusion of
these scores in multivariate regression models did not change the relationships of FAST
score, HFNC and 4CMS with clinical outcomes. Neither of the biochemical scores remained
independently associated with the adverse composite outcome in this context. Furthermore,
FAST score was analysed in the model adjusted for chronic metabolic comorbidities (obesity,
diabetes, arterial hypertension, dyslipidaemia) and chronic liver disease, and again, only
FAST > 0.36 remained significantly associated with the risk of composite adverse outcome
(OR 3.68, 95%CI 1.47-9.21, p = 0.0054). Thus, FAST > 0.36 appears to have better prognostic
properties compared to metabolic and chronic liver comorbidities in our cohort of patients.

4. Discussion

Our study demonstrates a lack of association between LSM and CAP as non-invasive
surrogates for liver fibrosis and steatosis with the outcomes of COVID-19 defined as
(a) severity of clinical presentation of COVID-19 and (b) 30-day mortality or need for MV.
Nevertheless, higher FAST score, as a non-invasive surrogate for NASH with significant
fibrosis, independently predicted the risk of composite outcome of MV or death.

FAST score was previously demonstrated as a reliable non-invasive tool to identify
NASH patients with significant activity and liver fibrosis (19). We hypothesised that FAST
score may correlate with more severe outcomes of COVID-19 given that patients with
NASH are more likely to be obese with metabolic complications and the resulting liver
inflammation may be accentuated by COVID 19 contributing to an adverse prognosis.
Although we failed to observe a correlation between FAST score and clinical indicators of
COVID-19 severity at admission to hospital, probably as the result of selection bias due
to patients with critical illness at presentation being excluded from the study, we found
FAST score > 0.36 was independently associated with the risk of MV and the composite
adverse outcome of death or MV. However, without histological evidence, apparent linkage
between FAST score as a non-invasive indicator of NASH and COVID-19 outcomes, as
might be assumed based on current results, should be interpreted cautiously.

Previous investigations have clearly determined risk factors for the development of
more severe COVID-19 disease and death, such as older age, male sex, increased blood
pressure, presence of metabolic derangements such as diabetes and obesity, as well as some
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biochemical indicators (2-7). Obese patients are more likely to have fatty liver, which has
been previously recognised as a risk factor for further deterioration of the metabolic profile
of the affected individuals who are not COVID-19 patients [8,33]. Given the shared risk
factors between NAFLD and severe COVID-19 disease, a more severe course of COVID-19
might hypothetically be expected amongst patients with fatty liver. Interestingly, in our
cohort, FAST score, but not metabolic comorbidities, was independently associated with
the risk of experiencing the composite adverse outcome at 30 days.

Liver involvement in COVID-19 has been proposed due to the high prevalence of ele-
vated aminotransferases observed among the analysed cohorts of patients, but conflicting
results were reported in terms of their origin, pathophysiological background, and impact
on the course of the disease [12,13]. As transaminase elevations in COVID-19 may be
multifactorial, the use of diagnostic tools for liver assessment which are not based on liver
aminotransferases would be welcome. Whereas liver biopsy is obviously not acceptable for
majority of typical cases of COVID-19, TE might represent reliable alternative. Transient
elastography measures liver stiffness, as a surrogate of liver fibrosis which is also affected
by liver inflammation, and CAP as the surrogate of liver steatosis [34]. Only a few studies
have reported on the clinical utility of LSM and/or CAP in COVID-19 patients. Two studies
(one European with 32 patients, and one Asian with 98 patients) reported a more severe
clinical picture and higher mortality of COVID-19 patients with higher LSM. CAP was
not associated with clinical outcomes, and both studies found correlation between LSM
and liver transaminases [15,16]. The authors excluded patients with a history of chronic
liver disease (CLD) and liver biopsy was not performed to support the findings obtained
by TE. As opposed to these findings, a recent study from Barcelona failed to demonstrate
any influence of LSM, CAP, baseline ALT and prior liver disease on the clinical course
of COVID-19 in a cohort of 98 hospitalized patients, with 9% of them having CLD [17].
Nevertheless, elevated baseline AST especially in patients aged > 65 years was a strong
predictor of adverse clinical outcomes. Recently, LSM and CAP were also investigated
among patients with persisting post-acute COVID-19 syndrome and no history of liver
disease [35]. LSM but not CAP was higher (but still within the normal range) in patients
who suffered from a more severe form of COVID-19 during acute illness (5.08 kPa vs.
4.39 kPa, p = 0.017 for LSM, and 291.64 dB/m vs. 266.06 dB/m, p = 0.062 for CAP).

In agreement with data from the Campos-Varela study [21], our results demonstrate
no association of LSM and CAP, when analysed individually, with the clinical severity and
30-day outcomes of COVID-19. Both LSM and CAP were not influenced by the levels of
transaminases (up to 5x ULN as defined by inclusion criteria) nor were they correlated
mutually. Consequently, LSM might not be a good individual predictor of clinical outcomes
in a typical COVID-19 cohort with the low prevalence of chronic liver disease and normal
to moderately elevated transaminases. Amongst the entire cohort of 217 patients analysed
here, only 10 (4.6%) had a history of chronic liver disease, whereas a fourfold higher
prevalence might have been assumed based on LSM. Indeed, 41/217 (18.9%) patients had
LSM > 7 kPa and of them 12 (5.5%) had LSM > 10 kPa, suggesting the presence of significant
and advanced fibrosis, respectively. This could be due to previously unrecognized chronic
liver disease amongst the patients coming from general population, now suffering from
COVID-19, but alternatively could be secondary to overestimation of fibrosis stage by TE, as
previously reported among patients with NAFLD where only 50% of patients with elevated
LSM (>9.6 kPa, suggestive of advanced fibrosis) had advanced fibrosis as confirmed by
liver biopsy [36]. Due to high prevalence of overweight/obesity (almost 80%) and fatty
liver (>50% with CAP > 274 dB/m), our cohort is comparable and might also follow this
pattern of diagnostic performance of TE. Another reason for the increased proportion of
patients with LSM > 7 kPa might be liver involvement in the inflammatory response to
COVID-19 resulting in the increased liver stiffness.

We also analysed prognostic properties of biochemical non-invasive tests (APRI, FIB-4
and NFS) with respect to the clinical outcomes of patients with COVID-19. Although
significantly different values between the patients with different outcomes could be demon-
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strated for each test, in multivariate regression analysis they failed to independently predict
the risk of MV or death. Non-invasive biochemical tests potentially suffer from limitations
in assessing liver health in the setting of COVID-19. In particular, they were invented as
the indirect indicators of liver fibrosis in patients with chronic liver disease, and consist
of liver aminotransferases, platelets and certain demographic indicators. In the setting of
COVID-19, liver aminotransferases are elevated in up to 75% of patients without a history
of chronic liver disease, and platelets might be decreased due to direct viral effect, im-
munological mechanisms or induced by medications such as heparin. Therefore, the use of
biochemical non-invasive tests in this setting might not be reliable.

Our study has some limitations: liver biopsy is insufficient to reveal correlation
between elastographic measurements and histological changes; TE was performed by
several operators and we were not able to assess the interobserver variability of LSM
and CAP measurements. On the other hand, this is the largest study thus far to report
the performance of LSM and CAP by TE, with regard to their correlation with clinical
severity of COVID-19 and 30-day outcome, and is the first to evaluate the FAST score in this
regard. A strength of our study is that all patients underwent standardized diagnostic and
treatment protocols and our cohort is representative of a typical hospitalised COVID-19
patient cohort with a low prevalence of chronic liver disease.

In conclusion, these data demonstrate that LSM and CAP as non-invasive surrogates
for liver fibrosis and steatosis do not correlate with the severity and clinical outcomes of
COVID-19 in a typical cohort of hospitalised patients with low prevalence of chronic liver
disease and normal or moderately elevated transaminases. FAST score > 0.36 was for the
first time demonstrated to independently predict the risk of composite 30-day adverse
outcomes. Even after adjustment for the presence of chronic metabolic comorbidities and
noninvasive biochemical fibrosis indices, FAST score remained significantly associated
with the risk of 30-day composite adverse outcome of mechanical ventilation or death.
However, the issue of liver involvement in COVID-19 might not be precisely addressed
based on the available results until more histological data are collected.
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Abbreviations

ACE2 Angiotensin-converting enzyme II
ALP Alkaline phosphatase

ALT Alanine aminotransferase

APRI AST to platelet ratio index

AST Aspartate aminotransferase

BMI Body mass index

CAP Controlled attenuation parameter
COVID-19  Coronavirus disease 2019

CRP C-reactive protein

FAST FibroScan-AST score

FIB-4 Fibrosis 4 index

GGT Gamma glutamyl transferase
HENC High flow nasal cannula

IOR Interquartile range

LSM Liver stiffness measurement

MV Mechanical ventilation

NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NFS Non-alcoholic fatty liver disease fibrosis score
PT Prothrombin time

RBC Red blood cells

SCD Skin-to-liver capsule distance
WBC White blood cells
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Abstract: While respiratory symptoms are prevalent in SARS-CoV-2 infected patients, growing
evidence indicates that COVID-19 affects a wide variety of organs. Coronaviruses affect not only
the respiratory system, but also the circulatory, nervous and digestive systems. The most common
comorbidities in COVID-19 patients are hypertension, followed by diabetes, cardiovascular, and
respiratory disease. Most conditions predisposing to SARS-CoV-2 infection are closely related to the
metabolic syndrome. Obesity and chronic diseases, including liver disease, are associated with the
induction of pro-inflammatory conditions and a reduction in immune response disorders, leading
to the suspicion that these conditions may increase the susceptibility to SARS-CoV2 infection and
the risk of complications. The definition of liver damage caused by COVID-19 has not yet been
established. COVID-19 may contribute to both primary and secondary liver injury in people with pre-
existing chronic disease and impaired liver reserves, leading to exacerbation of underlying disease,
liver decompensation, or acute chronic liver failure. Therefore, many researchers have interpreted it
as clinical or laboratory abnormalities in the course of the disease and treatment in patients with or
without pre-existing liver disease. The research results available so far indicate that patients with
liver disease require special attention in the event of COVID-19 infection.
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1. Introduction

It has been over a year since China reported first cases of a mysterious new strain
of pneumonia to the World Health Organization and 18 months since it was declared
pandemic. We are now vaccinating patients with the fastest vaccine ever developed.
The International Committee on Taxonomy of Viruses named the new virus severe acute
respiratory distress syndrome coronavirus-2 (SARS-CoV-2) and the condition caused by it,
coronavirus infectious disease 2019 (COVID-19) [1]. By the time of this article, WHO has
reported over 220 million confirmed cases of COVID-19 of which 55% have fully recovered
and 2% have died [2,3].

Although respiratory symptoms with widely varying severity dominate in patients
infected with SARS-CoV-2, a growing amount of data highlight the impact of COVID-19
on multiple organs, as it was in the case of SARS-CoV and MERS-CoV. Liver impairment,
mainly in the form of biochemical abnormalities, has also been frequently reported as a
common manifestation. It is important to determine the clinical and prognostic significance
of these disorders and the implications of this new disease for patients with pre-existing
liver diseases, such as viral hepatitis, alcoholic liver disease, non-alcoholic fatty liver disease
(NAFLD), autoimmune hepatitis and cirrhosis.

J. Clin. Med. 2021, 10, 5048. https://doi.org/10.3390/jem10215048 13

https:/ /www.mdpi.com/journal /jem



J. Clin. Med. 2021, 10, 5048

2. Clinical Manifestations of COVID-19

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA virus that belongs
to the Coronaviridae family and Betacoronavirus genus [4]. Numerous coronaviruses have
been found in animals, but only seven are pathogenic to humans, including three that
have caused major epidemics of severe pneumonia in the previous two decades. SARS-
CoV induced an outbreak of severe acute respiratory syndrome (SARS) in China in 2002.
MERS-CoV was identified as the cause of Middle East respiratory syndrome (MERS) in
2012 [4].

Since SARS-CoV-2 belongs to the same Coronaviridae family and its genome se-
quence is approximately 80% homologous to SARS-CoV, and 50% to MERS-CoV, they share
similarities in structure and pathogenicity [4].

All three coronaviruses affect not only the respiratory tract, but also the cardiovascular,
nervous and digestive systems.

Most patients present mild symptoms, such as fever, fatigue, dry cough, and myalgia,
accompanied by less common symptoms: diarrhea, vomiting and loss of the sense of taste
or smell. Symptoms of severe disease—dyspnea and signs of hypoxemia, usually occurring
a week after onset of illness—indicate severe pneumonia that can lead to acute respiratory
distress syndrome (ARDS), multiple organ dysfunction syndromes (MODS) and death [5].

After an outbreak of severe acute respiratory syndrome (SARS) in 2002, research on
the pathogenesis of SARS-Cov revealed that the virus was internalized into the host cells
through the functional angiotensin-converting enzyme 2 receptor (ACE2) [6,7]. The same
receptor is functional for the novel coronavirus, as both betacoronaviruses belong to genetic
lineage B [7]. The virion’s envelope spike consisting of glycoprotein (S protein), specifically
its receptor-binding domain (RBD), is a ligand that binds with the host cell surface ACE2
receptor facilitating membrane fusion, virus entry and replication [7,8]. However, SARS-
Cov-2 binds to the ACE2 with 10-fold to 20-fold higher affinity, compared to SARS-CoV,
which may explain its fast transmission rate among humans [9].

The target receptor is highly expressed in lung type II pneumocytes, but prevalence of
the extra-pulmonary symptoms suggests that other organs may be also affected by SARS-
CoV-2. Transcriptomics and immunohistochemistry studies have proved the presentation
of the highest proportion (>1%) of the ACE2 receptor in the lower respiratory tract, lungs,
heart, ileum, esophagus, kidneys, and bladder. Organs with lower ACE2 expression levels
are, among others, the liver, stomach, pancreas, brain, vessels endothelium, testis, uterus,
ovary, breast, oral and nasal mucosa [10].

3. COVID-19 and Comorbidities

COVID-19 affects all age groups with a median age of 47 years, and it is more prevalent
in men and those with comorbidities [11].

Moreover, older age and the presence of additional disease were more common among
patients with severe course of infection.

A meta-analysis involving 46,248 patients showed that the most common comor-
bidities in COVID-19 patients are hypertension (14-22%), followed by diabetes mellitus
(6-11%), cardiovascular diseases (4-7%) and respiratory disease (1-3%). The same condi-
tions are associated with higher mortality [12]—49% in comparison to overall case fatality
rate at 2-5% [11,12].

Three studies from New York associated overweight and obesity with higher preva-
lence of COVID-19 and greater risk of hospitalization in intensive care units [13-15].

Most of the conditions predisposing to SARS-CoV-2 infection are closely related to
metabolic syndrome. The liver, as an organ crucial for lipid and glucose metabolism, is a
key determinant of metabolic abnormalities. Therefore, it is not surprising to observe that
some research linked severe course of COVID-19 to non-alcoholic fatty liver disease (lately
referred as metabolic dysfunction-associated fatty liver disease—MAFLD [12]), which
is likely seen as a cause or consequence of metabolic syndrome [13]. It remains unclear
whether the risk is specific to NAFLD or results from coexisting metabolic conditions.
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Obesity and chronic disorders, including liver diseases, are associated with the induc-
tion of proinflammatory states and the attenuation of disturbances in the immune response,
leading to suspicion that these conditions may increase the susceptibility to SARS-CoV2
infection as well as the risk of complications.

4. COVID-19 and Liver Disease

A review of 12,882 confirmed COVID-19 patients hospitalized until the end of June
2020 showed that overall prevalence of hepatic comorbidities in this group was 2-11% and
it was not associated with poorer outcomes of infection [14,16]. However, according to an
American study focusing on patients with preexisting liver diseases (9% of 2780 individu-
als), they are at higher risk of death (12% vs. 4%) and increased hospitalization days [15].
However, in this group, the percentage of mortality was the highest. It is also worth noting
that in this cohort, patients with underlying hepatic conditions were older with a larger
proportion of other comorbidities, such as hypertension (68%) or diabetes (48%)—even in
comparison to data from the meta-analysis mentioned above [15].

The hepatic distribution of the SARS-CoV-2 target receptor discussed above is hetero-
geneous. Many reviews have confirmed its presence on cholangiocytes and absence on
Kupffer cells, or sinusoidal endothelial cells [16,17].

Hamming and colleagues, who used immunohistochemistry for evaluation, reported
that hepatocytes are negative for the ACE2 receptor [18]. However, other studies performed
with the use of scRNA-seq identified low frequency of ACE2 expression on the same
cells [19,20]. Moreover, in the same research, Chai et al. showed that the level of ACE2
expression cholangiocytes was found to be similar to that of type II pneumocytes [19].
These findings suggest that hepatocytes might not be targeted directly by the virus, contrary
to the biliary epithelium. The finding does not explain why the majority of patients with
COVID-19-related liver injury tend to present with abnormal AST and/or ALT, but not a
cholestasis picture.

The definition of COVID-19-induced hepatic damage has not been established yet.
That is why many researchers interpret it as any liver-related clinical or laboratory abnor-
mality occurring during the course of the disease and treatment in patients with or without
pre-existing liver condition.

Similar to SARS and MERS, patients have shown various degrees of liver impairment,
most commonly presented as mild-to-moderate aminotransferase elevation, in some cases
accompanied by a slight increase in serum bilirubin and decrease in albumin levels [21].
Disfunction of the liver among COVID-19 patients ranged from 14.8% up to 53% and is
significantly higher in patients with a more serious infection, reaching 58-78% among
death. Coincidence of hypoalbuminemia has been reported to be an independent predictive
factor for poor prognosis [22]. The predominant type of liver injury is the hepatocellular
pattern. It is worth mentioning that damage of skeletal or cardiac muscle, also occurring in
COVID-19, could also result in the elevation of serum transaminase along with LDH levels.

According to the study by Kaneko S. et al. the predictors of liver impairment pre-
sented by transaminases elevation are C-reactive protein (CRP) at baseline, oxygenation,
intubation, and gastrointestinal symptoms, such as appetite loss, diarrhea and nausea [23].
This confirmed conclusions from a couple months before when Jin X et al. had found that
liver impairment occurred more frequently in patients presenting gastrointestinal signs.
The same research showed that the coexistence of underlying liver disease also is associated
with digestive tract symptoms [24].

In retrospective studies, it was also observed that low testosterone concentration in
younger men (<65 years of age) may be an independent factor predisposing to acute liver
failure in the course of COVID-19. In people over 65 years of age, the gender difference
did not affect the occurrence of this complication [25,26]. It may result from the fact that
testosterone deficiency is associated with obesity, metabolic syndrome, type 2 diabetes and
their clinical consequences, such as fatty liver and atherosclerosis. In younger women,
female sex hormones are protective in this regard [27].
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The pathogenesis of liver injury caused by SARS-CoV-2 is still unclear. Several possible

mechanisms are taken under consideration: direct cytopathic effect of the virus through
the ACE2 receptor, immune-mediated hepatitis as a result of uncontrolled inflammatory
response following COVID-19 infection, leading to cytokine storm syndrome, anoxia as

a cause of hypoxic hepatitis due to pneumonia and respiratory failure and drug-induced
liver injury secondary to medications used for the treatment, among others, as well as

antipyretic drugs or antiviral agents (Figure 1) [19,28-30].
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Figure 1. Probable pathogenesis of liver injury caused by SARS-CoV-2.

The Mechanisms of Liver Injury in COVID-19

It can be suspected that a combination of these mechanisms results in the acute liver
injury observed in COVID-19 patients, especially in those with a severe course of the
disease, experiencing severe pneumonia, SIRS, sepsis or MODS.

Moreover, COVID-19 may contribute to additional hepatic impairment in people
with pre-existing chronic liver conditions and compromised hepatic reserves, leading
to exacerbation of the underlying disease, hepatic decompensation or acute-on-chronic
liver failure.

Post-mortem examination of 44 cases revealed signs of a pre-existing liver disorder
in 18 cases (n = 14 steatosis, and n = 4 cirrhosis) [31]. Liver histology results have varied
depending on the study. The main findings were congestive hepatopathy and moderate
microvascular steatosis. In some cases, patchy hepatic necrosis, mild lobular lymphocytic
infiltration and nuclear glycogen deposition were reported [31,32]. None of the findings are

specific for direct viral injury, even though the presence of viral RNA was detected through
RT-PCR in the liver parenchyma, as it was in the case of the SARS-CoV genome [32,33].
Currently, there are insufficient data regarding the impact of SARS-CoV-2 infection
on the course of pre-existing chronic liver conditions. As mentioned above, the overall
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prevalence of hepatic comorbidities among COVID-19 patients was reported to reach 2-11%
with a predominance of NAFLD (MAFLD), whose presence increased the risk of disease
progression, abnormal liver function and longer viral shedding time, compared to patients
without NAFLD [15]. In another study, MAFLD was associated with more than 2-fold
higher prevalence of severe infection, but only in patients younger than 60 years. The
mechanisms of the age-dependent relationship are unclear (See Table 1) [16].

Another risk factor for COVID-19 exacerbation is the presence of fibrosis in MAFLD/
NAFLD, established with the use of the non-invasive evaluation of FIB-4 or nonalcoholic
fatty liver disease fibrosis (NFS) scores, independently of metabolic comorbidities [34].

A case-control study from the U.S.A. confirmed that patients with chronic liver disease
had significantly higher odds of developing COVID-19, compared to those without hepatic
comorbidity, even after adjusting for COVID-19 risk factors (however, authors showed
that age and gender had no additional effect on the risk of acquiring COVID-19 among
patients with chronic liver disease, in contrast to the race). The strongest correlation
concerned non-alcoholic liver disease and non-alcoholic cirrhosis, followed by patients
with chronic hepatitis C, alcoholic liver damage, alcoholic liver cirrhosis, and chronic
hepatitis B. Furthermore, patients with both SARS-CoV-2 infection and pre-existing liver
disease had higher rates of hospitalization and death than others [35].

Table 1. Liver statistics and outcomes.

Data/Location

Statistics/Outcomes

Liver disease statistics

Acute LD Comorbid chronic LD Elevated AST Elevated ALT
Sharma et al. meta-analysis 26.5% 2.6% 41.1% 29.1%
2020 [16]
Poor outcomes, odds ratio
1.68 0.96 (insignificant) 1.85 298
Singh et al. 2020 Mortality, relative risk
Multicenter Research Network Preexisting liver disease Cirrhosis
Study, U.S.A. [17
e (7] 28 46
Liver disease statistics
Admission Hospitalization
Jietal. 2020 50% 75.2%
i 5
China [15] COVID-19 progression, odds ratio
Higher BMI NAFLD
1.3 6.4
Liver disease statistics (total 3.7%, n = 28)
Liver cirrhosis, n = 26 NAFLD,n=1 EHPVO,n=1

Shalimar et al. 2020

India [36] Mortality, %
Cirrhosis Without cirrhosis
42.3% 23.1%
Mortality, %
Cirrhosis Without cirrhosis
Marjot et al. 2021 32.00% 8.00%

International registry study,
UK. [37]

Mortality, odds ratio

Cirrhosis and

Child-Pugh A alcohol-related diseases

Child-Pugh B Child-Pugh C

1.9 4.14 9.32 1.79

LD—liver disease; AST—aspartate aminotransferase; ALT—alanine aminotransferase; BMI—body-mass index; NAFLD—non-alcoholic

fatty liver disease.

17



J. Clin. Med. 2021, 10, 5048

Cirrhotic patients were reported to be more susceptible to the novel coronavirus
infection, which has led, in almost half of cases, to hepatic decompensation of cirrhosis
and eventually to the development of acute-on-chronic liver failure, due to potential
impairment of the innate immune system in encounters with a cytokine storm [36,37].
Additionally, the mortality rate is higher in COVID-19 patients with alcohol-related liver
disease and cirrhosis, increasing in line with the Child-Pugh class (A [19%], B [35%], C
[51%] reaching up to 100% in patients presenting as acute-on-chronic liver failure [36,37].
However, the main cause of death is respiratory failure [37]. Therefore, the suggestion that
cirrhosis patients presenting with signs of decompensation of the liver disease should be
evaluated for SARS-CoV-2 infection is advisable (Table 1) [36].

After a year of pandemic, data on correlation between COVID-19 and less common
chronic liver diseases are limited. A few studies concerning AIH patients have shown
that incidence of SARS-CoV -2 infection in this group was similar to that of the general
population [38]. Moreover, adverse outcomes, such as hospitalization, ICU admission,
mechanical ventilation and death, are comparable between AIH patients and those with
other chronic liver diseases, including PSC and PBC patients, or without any hepatic
comorbidity [39]. Baseline stadium of cirrhosis and age are independent determinants of
death, while immunosuppressive therapy is not associated with an increased risk of severe
course of infection or mortality [39,40].

5. SARS-CoV-2 Infection and Liver Transplantation

Another population affected by the pandemic are liver transplant patients. Manage-
ment of waiting list candidates and post-transplant patients as well as the possibility of
performing surgical procedures have been impeded for over one and a half years, due to
limitations on elective and non-urgent surgery, and the reduced availability of hospital and
intensive care beds, medical staff, blood products and personal protective equipment, but
also uncertainty about the safety of transplantation during the SARS-CoV-2 pandemic.

Analysis of 128 surveys completed by transplant centers from all over the world
revealed a decrease in the number of performed liver transplants and wait-listed candidates
with higher mortality among this group in comparison to 2019 [41].

The main symptoms of SARS-CoV-2 infection among this group are same as in the
general population—fever, cough and shortness of breath. The incidence of gastrointestinal
symptoms, such as diarrhea, was reported to be more common in post-transplant patients
than in the control group [42,43].

Up to this point, it is not fully confirmed whether organ transplant recipients are at
higher risk for severe course of COVID-19 or mortality. Based on several studies, it appears
that liver transplantation is not an independent predictive factor for poor prognosis, but
combined with immunosuppression, underlying diseases and elderly age increases that
risk [44].

The presence of non-liver cancer, older age and higher baseline serum creatinine are
factors associated with death [43].

As mentioned before, data collected during three coronavirus epidemics suggest that
immunosuppression is not among the risk factors of severe course of the disease or higher
mortality [45].

On the one hand, immunosuppressants used to reduce the risk of transplant rejection
may increase susceptibility to COVID-19, but on the other, they potentially impair the
uncontrolled inflammatory response following SARS-CoV-2 infection. Furthermore, long-
term use of immunosuppressants may prolong the period of viral shedding and may,
therefore, prolong the duration of the communicable period [46].

Another issue raises the question of donor-derived coronavirus infection. Although
RNA of SARS-CoV, MERS-CoV and SARS-CoV-2 were detected in blood samples from a
certain percentage of affected patients and residual SARS-CoV-2 viral antigens were found
in the hepatic tissues of convalescents, no documented cases of coronavirus transmission
through transplantation have been reported [47,48].
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COVID-19 patients were not considered potential living or deceased donors, as long
as the risk of virus transmission was not eliminated [49].

Most societies recommend the restriction of transplantation to patients with acute liver
failure (ALF/ACLF), high model for end-stage liver disease (MELD) score or hepatocellular
carcinoma (HCC) at the upper limits of the Milan criteria. Moreover, organ donors and
recipients should be tested for SARS-CoV-2 [50].

6. Consensus World Gastroenterology Organization for the Care of Patients with
COVID-19 and Liver Disease

As the pandemic spreads, our understanding of how the virus affects our patients
grows. Knowing already the negative impact of SARS-CoV-2 virus on the liver and the
risk of liver damage, many scientific societies have presented their views on the care of
patients with liver diseases. Below, we present the position of the World Gastroenterology
Organization (WGO). It is important to clarify when and which group of patients require
liver function tests. The WGO states that in the absence of underlying liver disease,
outpatients with COVID-19 do not require routine biochemical analysis. In contrast, all
hospitalized patients should undergo laboratory evaluation, including ALT, AST, GGT,
ALP, and bilirubin. It is unclear whether patients with HCV or HBV infection are at higher
risk of liver damage from COVID-19. In this group of patients, antiviral therapy should
not be interrupted, under no circumstances. Undoubtedly, patients with liver cirrhosis
have a worse prognosis, including the risk of acute liver decompensation. Patients with
autoimmune hepatitis, due to the immunosuppressive treatment, constitute a group of
particularly high risk. During the SARS-CoV-2 infection, it is not recommended to reduce
immunosuppressive therapy, as it may lead to exacerbation of the underlying disease
and the need for glucocorticoids. However, in the course of COVID-19, lymphopenia
is also observed in patients. In such a situation, a reduction in azathioprine dosage
may be necessary. Patients with a poor short-term prognosis, e.g., patients with a high
MELD score, acute liver failure, or HCC should be eligible for liver transplantation. Both
donors and recipients should have rapid PCR tests for SARS-CoV-2 virus. Given the
possible complications of COVID-19 for patients with liver disease, stable patients should
be encouraged to telemedicine whenever possible. This will minimize the potential risk of
infection [3].

7. COVID-19 Vaccinations in Patients with Liver Disease

The development of vaccines against SARS-CoV-2 has raised questions about their
effectiveness and safety in the general population as well as in the population of patients
with coexisting diseases. People with comorbidities require special attention in times
of COVID-19 pandemic; therefore, vaccination prophylaxis is particularly important for
them. Patients with underlying liver diseases may present a lower immune response to
vaccination as was indicated in the previous studies on the response to vaccination against
hepatitis A, hepatitis B and seasonal flu. Immunosuppressive drugs commonly used by
autoimmune hepatitis patients contribute to a reduced response to vaccination [51-53].

The pace of the development of vaccines against SARS-CoV-2 has been undoubtedly
unprecedented. According to the WHO COVID-19 vaccine tracer, since the beginning
of pandemic up to now, 126 different vaccines have been included into clinical devel-
opment. Seven of them have been approved by WHO for use. The most commonly
administered are BNT162b2 (Pfizer-Bio NTech) and mRNA-1273 (Moderna), which are
based on mRNA encoding SARS-CoV-2 spiny glycoprotein variants. The two remain-
ing are adenoviral vector-based vaccines: ChAdOx1 nCov-19 (AZD1222, also known
as the Oxford-AstraZeneca) is a replication-free chimpanzee adenoviral vector contain-
ing a full-length, codon-optimized gene encoding the SARS-CoV-2 spike protein; and
Ad26.COV2.S (Johnson & Johnson/Janssen) is a recombinant human adenovirus type 26
vector encoding SARS-CoV-2 spike protein. None of the three vaccines contain any living
virus and consequently cannot replicate, even in immunocompromised individuals [54].
Introducing a new vaccine is always accompanied by concerns about the occurrence of
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complications. The COVID-19 vaccines can cause mild side effects after the first or second
dose; the main ones include temperature rise, general fatigue, and pain at the injection
site, but in a small percentage of cases, severe adverse events, such as an anaphylactic
shock, may occur [55]. Another issue regarding new vaccines is related to the potential
ability to induce autoimmune conditions. Both patients and clinicians are concerned about
the potential risk for relapse or worsening of autoimmune diseases mainly because of
insufficient data. So far, such a correlation has not been unequivocally proven for any
of the vaccines used [56]. It should be noted that clinical trials of vaccines also included
patients with stable chronic liver disease. The data on COVID-19 vaccines in patients
with chronic liver disease are limited, but until now, there was no higher frequency or
severity of adverse events noted in these subgroups [57]. While we do not have data on
the long-term safety of SARS-CoV-2 vaccinations, it is important to consider the risks of
gains and losses when deciding whether to vaccinate. This is particularly important in
the groups of patients where the risk of complications and mortality due to COVID-19 is
much higher than in the general population. There is currently no approved commercial
test to measure neutralizing antibody responses to SARS CoV-2. Therefore, we are not
able to unequivocally assess the responses to the used vaccination. Research in this area is
ongoing. Meanwhile, we should note that the benefits of authorized vaccines outweigh the
potential risks of adverse events [58].

8. Consensus American Association for the Study of Liver Diseases and European
Association the Study of the Liver on COVID-19 Vaccination

The American Association for the Study of Liver Diseases and European Association
the Study of the Liver suggest that COVID-19 vaccines should be administered to all adult
patients with chronic liver disease and liver transplantation. In addition, patients with
chronic liver disease who receive antiviral drugs for hepatitis B or hepatitis C should
not withhold their medications while receiving COVID-19 vaccines. For patients with
hepatocellular carcinoma undergoing locoregional or systemic therapy, vaccination should
also be considered without interruption in their treatment. For liver transplant candidates,
COVID-19 vaccination should be continued, even if liver transplant occurs before the
second dose is given. The second dose should be administered at the earliest appropriate
time after transplantation (e.g., 6 weeks post-transplant). It is recommended that people
with a known history of previous COVID-19 infection wait a minimum of 90 days before
receiving a COVID-19 vaccine, due to concerns about an overly exaggerated immune
response. However, there may be special circumstances under which prior vaccination
may occur.

While co-administration of vaccines is usually safe, we do not have much data on
whether co-administration reduces the immune response. Vaccinations against COVID-
19 have become a challenge for contemporary global health protection. Given that flu
season is approaching, researchers asked themselves whether it would be possible to
safely administer both vaccines at the same time. This would undoubtedly reduce the
costs of vaccinations and increase the number of vaccinations received. It is important
to establish whether co-administration reduces the immune response to either vaccine,
taking into account the importance of complete protection against both infections. During
the COVID-19 pandemic, we realized the importance of cellular immunity and immune
memory in evaluating vaccine responses, and antibodies are only one aspect of the immune
response. Based on the currently available studies, it can be concluded that the concomitant
administration of the influenza vaccine with either a booster dose or a second dose of
COVID-19 vaccine is safe. More research is ongoing [59-61].

9. Conclusions

In summary, based on the observations so far of patients with a history of COVID-19,
coexisting liver injuries are usually mild and do not require special treatment. In cases
of severe hepatic injury reported in the literature, underlying liver disease or ischemic
hepatitis is most likely to be present. It cannot be ruled out that the drugs used may
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influence the degree of liver damage. Their number in more severe course of infection is
much greater [62].

Despite the fact that the amount of data on COVID-19 and its consequences is increas-
ing every day, understanding of the long-term health effects of the disease and assessing
its impact on patients with comorbidities require further research.

Studies on patients with underlying chronic liver diseases, referred to in this article,
included small groups of individuals, given the total number of COVID-19 confirmed
cases. In addition, it is difficult to separate liver disease patients from those with coexisting
hypertension, cardiovascular disease, diabetes mellitus or obesity, which are known to be
associated with COVID-19 increased susceptibility and risk of severe course of the disease.
Therefore, larger studies with detailed evaluation and long-term follow-up will provide
more information in this area.

However, the results of studies available so far indicate that patients with liver diseases
require special attention in the case of COVID-19 infection [26]. At the same time, it should
be remembered that patients at risk with chronic liver disease should be vaccinated against
COVID-19 first.
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Abstract: Background: COVID-19 pandemic has profoundly changed the activities and daily clinical
scenarios, subverting organizational requirements of our Gastroenterology Units. AIM: to evaluate
the clinical needs and outcomes of the gastroenterological ward metamorphosis during the COVID-19
outbreaks in a high incidence scenario. Methods: we compared the pertinence of gastroenterological
hospitalization, modality of access, mortality rate, days of hospitalization, diagnostic and interven-
tional procedures, age, Charlson comorbidity index, and frequency of SARS-CoV-2 infections in
patients and healthcare personnel across the first and the second COVID-19 outbreaks in a COVID-free
gastroenterological ward in the metropolitan area of Milan, that was hit first and hardest during the
first COVID-19 outbreak since March 2020. Results: pertinence of gastroenterological hospitalization
decreased both during the first and, to a lesser degree, the second SARS-CoV2 waves as compared to
the pre-COVID era (43.6, 85.4, and 96.2%, respectively), as occurred to the admissions from domicile,
while age, comorbidities, length of stay and mortality increased. Endoscopic and interventional
radiology procedures declined only during the first wave. Hospitalized patients resulted positive to
a SARS-CoV-2 nasopharyngeal swab in 10.2% of cases during the first COVID-19 outbreak after a
median of 7 days since admission (range 1-15 days) and only 1 out of 318 patients during the second
wave (6 days after admission). During the first wave, 19.5% of healthcare workers tested positive for
SARS-CoV-2. Conclusions: a sudden metamorphosis of the gastroenterological ward was observed
during the first COVID-19 outbreak with a marked reduction in the gastroenterological pertinence at
the admission, together with an increase in patients” age and multidisciplinary complexity, hospital
stays, and mortality, and a substantial risk of developing a SARS-CoV-2 test positivity. This lesson
paved the way for the efficiency of hospital safety protocols and admission management, which
contributed to the improved outcomes recorded during the second COVID-19 wave.

Keywords: COVID-19; SARS-CoV-2; gastroenterology; hepatology; endoscopy; delivery of healthcare

1. Introduction

COVID-19 pandemic has profoundly changed the activities and daily clinical scenarios,
subverting essential clinical and organizational requirements of all hospital units. As of
today, there are only a few studies describing the features and consequences of COVID-
related re-organization of Gastroenterology departments [1,2], but there are no experiences
describing both the changes that occurred in these settings, as well as the consequent
adjustments applied and their impact on hospitalized patients and healthcare personnel.
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During the firsts SARS-CoV2 outbreak, the Internal Medicine Units and other spe-
cialized units were suddenly converted into COVID Units, while other specialized Units,
such as Gastroenterology Units and the Nephrology Units, became COVID-free wards with
dedicated safety protocols to guarantee adequate inpatients assistance for a broad range of
clinical presentations.

We evaluated the clinical needs and outcomes of a COVID-free gastroenterological
ward of a hospital in the metropolitan area of Milan that was hit first and hardest during
the first COVID-19 outbreak since March 2020 [3], before the availability of the first SARS-
CoV-2 vaccinations (27 December 2020 for healthcare workers and only afterward for the
general population).

We hypothesized a sudden metamorphosis of the gastroenterological clinical practice
towards a situation that resembles an Internal Medicine and a Geriatric Unit in the pre-
COVID era, with a marked reduction in the gastroenterological pertinence and elective
admissions, together with an increase in hospital stays and mortality.

2. Material and Methods

Hospital charts related to hospitalized patients in January and February 2020 were
used as a model for the pre-COVID era. Patients admitted between March and April, in
September and from October to December 2020 represent, respectively, the first wave, the
transition period, and the second wave of COVID-19 pandemic according to the regional
epidemiological trends in the general population.

First, we assessed and compared the pertinence of hospitalization within the gas-
troenterological ward during different periods across the first and the second SARS-
CoV2 outbreaks.

Secondly, we evaluated modality of access, mortality, days of hospitalization, gastroen-
terological diagnostic and operative procedures, age, Charlson comorbidity index (CCI),
and frequency of SARS-CoV-2 infections in patients and healthcare personnel within the
gastroenterological ward based on a molecular test performed on a nasopharyngeal swab.
This monocentric retrospective cohort study was performed in the gastroenterological
ward of a tertiary referral university hospital located in the city center of Milan (Italy),
which encompasses a Gastroenterology and Endoscopy Unit and a Gastroenterology and
Hepatology Unit.

Safety measures adopted in the gastroenterological ward to face the COVID-19 out-
break and protect both patients and healthcare workers were reported in detail in the
Supplementary Methods.

The inclusion criteria were adult age (>18 years old), being hospitalized in the Gas-
troenterology Units from 1 January 12020 to 30 April 2020 and from 1 September 2020 to
31 December 2020.

In the absence of a validated definition in literature, the gastroenterological perti-
nence of the diagnoses was defined a priori as “any primary or secondary condition that
determines a clinically significant dysfunction of the gastrointestinal system.”

For each patient, the following data were collected: sex, age, entry and exit dates in
the Unit; modality of access (collected as 2 categories: from domicile and others including
Emergency Department, other Units, other Hospitals); discharge diagnosis; CCI [4,5], date
of the positive nasopharyngeal swab for SARS-CoV-2; endoscopic and other interventional
procedures (e.g., trans-arterial chemoembolization, TACE) performed throughout the
hospitalization period in our Units.

In June 2020, healthcare workers received a questionnaire assessing their involvement
in the Gastroenterological ward from 1 January 2020 to 30 April 2020 to weigh their potential
worker exposure to SARS-CoV2 infection during the first wave (i.e., hours per week with
direct involvement within the Gastroenterological ward).

Descriptive data were expressed as counts and percentages for categorical variables,
as medians and ranges for continuous variables. The chi-squared test was used to analyze
dichotomous variables. Univariate log-binomial regression models were used to calculate
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prevalence ratios (PR) and 95% confidence intervals (CI) for different periods vs. the
pre-COVID period. The Kruskal-Wallis test was applied for the analysis of quantitative
variables in the 4 periods. Statistical analyses were performed using Stata 17 (StataCorp.,
College Station, TX, USA, 2021).

The study was carried out in accordance with the Declaration of Helsinki adopted in
1964, incorporating all later amendments after formal approbation from the local Ethical
Committee (Comitato Etico Milano Area 2, 19 May 2020; ID1588). All participants gave
informed consent to participate in the study according to the study protocol.

3. Results

The total number of recruited patients in the study periods was 699, of which 426 males
and 273 females, with a median age of 68 years (range 17 to 98 years) (Table 1). From March
to April 2020, 39 out of 381 patients (10.2%) resulted positive to SARS-CoV-2 testing with
a molecular nasopharyngeal swab after a median length of stay of 7 days (range 1-200)
(Figure 1). From September to December 2020, only 1 out of 318 patients (0.003%) resulted
positive to SARS-CoV-2 after 6 days spent in the gastroenterological ward. Notably, most
of them (35/40) had at least one molecular nasopharyngeal swab negative for SARS-CoV-2
performed before ward admission (i.e., emergency room or pre-hospital triage), while
4 cases occurred in patients admitted a few days before the adoption of a systematic SARS-
CoV-2 pre-hospital triage when the first COVID19 outbreak was already in progress but still
largely unexpected. Among the 40 patients who tested positive for SARS-CoV-2, 27 (67.5%)
had respiratory symptoms (at least one among cough, dyspnea, and mild respiratory
insufficiency) at the time of hospital admission, 7 (17.5%) developed respiratory symptoms
during the hospital stay, and 6 (15.0%) had no respiratory symptom. No false positive or
false negative tests were found during the first and the second wave.

15-mar 22-mar 29-mar 05-apr 12-apr 19-apr 26-apr

ay

D

EPatients @ Health-care workers

Figure 1. Daily incidence of SARS-CoV-2 during the first wave (SARS-CoV-2 molecular nasopharyn-
geal swab positive tests).
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Table 1. Study population.

P:;EC;OVQI)D First Wave (N = 172) Transition (N = 85) Second Wave (N = 233)
Out No. (%) of No. (%) of Prevalence No. (%) of Prevalence No. (%) of Prevalence Ratio
utcome Patients Patients Ratio(95% CI) Patients Ratio (95% CI) Patients (95% CI)
Sex
Female 72 (34.5) 70 (40.7) 32 (37.7) 99 (42.5)
Male 157 (65.5) 102 (59.3)  0.90 (0.77 to 1.06) 53(62.3)  095(0.78t01.15)  134(575)  0.88(0.76 to 1.02)
PZﬁ:;‘EggiE 201 (96.2) 75 (43.6) 0.45 (0.38 to 0.54) 79(92.9) 097 (091t01.03) 199 (854)  0.89 (0.84 to 0.94)
Adngf;‘;;ﬁf"m 124 (59.3) 27 (157) 0.26 (0.18 to 0.38) 38(447)  0.75(0.58t00.98) 95 (40.8) 0.69 (0.57 to 0.83)
Mortality 1(0.5) 7 (4.1) 8.51 (1.06 to 68.5) 3(3.5) 7.38(0.78t069.9) 13 (5.6) 11.66 (154 to 88.4)
Patients
undergoing > 1
ep“:;‘c’:fi‘;lfec 98 (46.9) 31 (18.0) 0.38 (0.27 to 0.55) 44(51.8)  1.10(0.86t01.42) 96 (41.2) 0.88 (0.71 to 1.08)
IR procedure 69 (33.0) 26 (15.1) 0.46 (0.31 to 0.69) 29(341)  1.03(073t0147) 67 (28.8) 0.87 (0.66 to 1.15)

During the first wave, among the 36 physicians that answered the questionnaire,
6 (16.7%) resulted positive to a nasopharyngeal swab and 1 (2.8%) to the serologic tests
(Figure 1). No correlation was found between such SARS-CoV-2 testing and the healthcare
workers attending the gastroenterological ward activities.

Compared to the pre-COVID era (96.1%), the gastroenterological pertinence of hospital-
ized patients decreased both during the first (43.6%) and the second (85.4) COVID-19 wave,
while it was similar to the pre-COVID era during the transition period (92.9%) (Figure 2,
Table 1). The same trend was observed for admissions from domiciles (Supplementary
Figure S1, Table 1). Endoscopic and interventional radiology procedures dropped during
the first wave, going back to normal levels during the transition period and the second
wave (Supplementary Figure S7, Table 1). The median age at the admission raised during
the first and the second wave as well (Supplementary Figure S3, Table 2), while the median
CCl raised only during the first wave (Supplementary Figure S5, Table 2). Compared to the
pre-COVID era, mortality and the median length of stay increased during all the following
periods (Supplementary Figures S2 and S6, Tables 1 and 2). For the discharge diagnoses of
the deceased patients, see Supplementary Table S1.

96.2% 92.99
4 85.4%
43.6%

Pre-COVID (N = 209) First Wave (N =172)  Transition Period (N = 85) Second Wave (N = 233)

@ Pertinent @ Non-pertinent

Figure 2. Proportions of pertinent gastroenterological discharge diagnoses.
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Table 2. Length of stay and Charlson comorbidity index.

P:;;EC;OV;)D F(llrvsi";l;;l)e Transition (N = 85) Se&;tl:dz‘;’a)ve Total 14
Outcome Median (Range) Median (Range) Median (Range) Median (Range) Median (Range)
Age (years) 65.0 (22.5 t0 92.2) 73.0 (18.8 to 98.9) 64.0 (17.0 to 88.0) 69.0 (18.5 to 96.0) 68.0(17.0t0989)  <0.001
Le“%;};;sf)“ay 4.0 (0.0 to 201.0) 5.5 (0.0 to 40.0) 7.0 (1.0 to 61.0) 6.0 (0.0 to 52.0) 5.0 (0.0 to 201.0) 0.001
Charlson

comorbidity index

5.0 (0.0 to 12.0)

6.0 (0.0 to 16.0) 5.0 (0.0 to 11.0) 5.0 (0.0 to 11.0) 5.0 (0.0 to 16.0) 0.02

4. Discussion

This report clearly shows a remarkable metamorphosis of a COVID-free gastroen-
terological ward in the area with the highest European SARS-CoV-2 incidence during
the first COVID-19 outbreak. Hospitalized patients were older, with more comorbidities,
and they were mostly affected by Internal and Geriatric disorders. Hospitalizations were
longer and characterized by higher mortality compared to the pre-COVID era. Coherently,
elective admissions and endoscopic or dedicated interventional radiological procedures
decreased, reflecting the cancellation of all deferrable procedures [6-9] and the relocation of
most gastroenterological resources (beds, facilities, instrumentations, healthcare personnel)
to the prevaricating care needs linked to the pandemic. Another aspect highlighted in
our study is the importance and efficacy of regular active surveillance of patients and
healthcare personnel with nasopharyngeal swabs and the use of second-level single-use
PPE. Indeed, these strategies learned from experience during the first wave, once applied
routinely when the second wave began, have led to a significant decrease in the positive
cases among patients admitted in our units (in-hospital positive test within day 9) and in
the rate of COVID positivity during hospitalization (possible hospital-acquired infection
from day 10 to 14, definite hospital-acquired infection from day 15; Supplementary Table S2
and Supplementary Figure S8) along with the decrease in healthcare personnel infection.
Notably, when the first SARS-CoV2 wave invested in the metropolitan area of Milan (March
2020), there were no developed isolation protocols nor recommendations on the system-
atic use of PPE and SARS-CoV2 testing for patients and healthcare personnel with no
history of direct contact with confirmed cases regardless of the presence of respiratory
symptoms [10]. Consistently, the first measures adopted to face the COVID-19 outbreak in
that area (Supplementary methods) were the result of expert consensus based on limited
real-life or published evidence and were updated or refined almost day-by-day and with
heterogeneity across different hospitals according to the changing availability of human
(e.g., intensive care personnel) and instrumental resources (e.g., PPE, respirators, COVID-
free facilities). This reflects the scenario of the sudden and unexpected metamorphosis
of any hospital protocols that shocked at any level the clinical practice with remarkable
impacts on either hospitalized patients’ outcomes, outpatient care continuity, or healthcare
personnel daily practice and safety. Moreover, the implementation of preventive measures
allowed a satisfactory recovery of elective admissions, endoscopic and interventional ra-
diology procedures during the second wave. This was reflected in the rise of pertinent
gastroenterological discharge diagnoses in the transition period and in the second wave
compared with the first wave, despite a non-inferior impact of COVID-19 cases on the
regional healthcare system [11].

As with all retrospective studies, the present one allows for rapid analysis of the
outcomes to find answers for the current scientific needs present in a state of emergency at a
global level. One limitation is the possible heterogeneity of data not systematically collected
by multiple healthcare professionals. Moreover, considering the unique geographical and
temporal setting, no generalization of these results can be made.
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5. Conclusions

Overall, our study suggests that active surveillance with repeated SARS-CoV-2 testing
and the systematic adoption of second-level single-use PPE when visiting patients are
effective measures to control the spread of the virus in a hospital setting. In addition, our
experience clearly demonstrates the nonobvious ability to maintain a balance between the
need for beds to hospitalize COVID-19 patients and the necessity of continuing practicing
medicine during the pandemic to avoid the effects that postponing the activities left behind
would have on specific frail populations (e.g., those affected by cancer, cardiovascular, or
other chronic conditions).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/jem11010109/s1, Figure S1: Modalities of access. Figure S2: Length of stay in the Gastroentero-
logical Unit. Figure S3: Age at the admission. Figure S4: Gender distribution. Figure S5: Charlson
comorbidity index. Figure S6: Mortality. Figure S7: Patients attending at least one diagnostic proce-
dure. Figure S8: Days from admission to diagnosis of SARS-CoV-2 infection. Figure S9: Days from
the admission in the Gastroenterological Unit to the diagnosis of COVID-19 shown for each case.
Table S1: Discharge diagnoses of deceased patients. Table S2: Days from the admission to the Unit to
the diagnosis of COVID-19 during the first wave.
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Abstract: Acute mesenteric ischemia is a rare but extremely severe complication of SARS-CoV-2
infection. The present review aims to document the clinical, laboratory, and imaging findings,
management, and outcomes of acute intestinal ischemia in COVID-19 patients. A comprehensive
search was performed on PubMed and Web of Science with the terms “COVID-19” and “bowel
ischemia” OR “intestinal ischemia” OR “mesenteric ischemia” OR “mesenteric thrombosis”. After
duplication removal, a total of 36 articles were included, reporting data on a total of 89 patients,
63 being hospitalized at the moment of onset. Elevated D-dimers, leukocytosis, and C reactive protein
(CRP) were present in most reported cases, and a contrast-enhanced CT exam confirms the vascular
thromboembolism and offers important information about the bowel viability. There are distinct
features of bowel ischemia in non-hospitalized vs. hospitalized COVID-19 patients, suggesting
different pathological pathways. In ICU patients, the most frequently affected was the large bowel
alone (56%) or in association with the small bowel (24%), with microvascular thrombosis. Surgery
was necessary in 95.4% of cases. In the non-hospitalized group, the small bowel was involved in
80%, with splanchnic veins or arteries thromboembolism, and a favorable response to conservative
anticoagulant therapy was reported in 38.4%. Mortality was 54.4% in the hospitalized group and
21.7% in the non-hospitalized group (p < 0.0001). Age over 60 years (p = 0.043) and the need for surgery
(p = 0.019) were associated with the worst outcome. Understanding the mechanisms involved and
risk factors may help adjust the thromboprophylaxis and fluid management in COVID-19 patients.

Keywords: acute mesenteric ischemia; COVID-19; thromboemboembolism; SARS-CoV-2; endotheli-
tis; cytokines; hypercoagulability

1. Introduction

Acute mesenteric ischemia (AMI) is a major abdominal emergency, characterized by a
sudden decrease in the blood flow to the small bowel, resulting in ischemic lesions of the
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intestinal loops, necrosis, and if left untreated, death by peritonitis and septic shock. In non-
COVID patients, the etiology may be mesenteric arterial embolism (in 50%), mesenteric
arterial thrombosis (15-25%), venous thrombosis (5-15%), or less frequent, from non-
occlusive causes associated with low blood flow [1]. Several systemic conditions, such as
arterial hypertension, atrial fibrillation, atherosclerosis, heart failure, or valve disease are
risk factors for AMI. Portal vein thrombosis and mesenteric vein thrombosis can be seen
with celiac disease [2], appendicitis [3], pancreatitis [4], and, in particular, liver cirrhosis
and hepatocellular cancer [5].

Acute intestinal ischemia is a rare manifestation during COVID-19 disease, but a
correct estimation of its incidence is challenging due to sporadic reports, differences in
patients’ selection among previously published studies, and also limitations in diagnosis
related to the strict COVID-19 regulations for disease control and difficulties in performing
imagistic investigations in the patients in intensive care units. COVID-19 is known to
cause significant alteration of coagulation, causing thromboembolic acute events, of which
the most documented were pulmonary embolism, acute myocardial infarction, and lower
limb ischemia [6].

Gastrointestinal features in COVID-19 disease are relatively frequently reported, vary-
ing from less than 10% in early studies from China [7,8] to 30-60%, in other reports [9,10]. In
an extensive study on 1992 hospitalized patients for COVID-19 pneumonia from 36 centers,
Elmunzer et al. [7] found that the most frequent clinical signs reported were mild and
self-limited in up to 74% of cases, consisting of diarrhea (34%), nausea (27%), vomiting
(16%), and abdominal pain (11%). However, severe cases were also reported, requiring
emergency surgery for acute bowel ischemia or perforation [5,8].

The pathophysiology of the digestive features in COVID-19 patients involves both
ischemic and non-ischemic mechanisms. ACE2 receptors are present at the level of the
intestinal wall, and enterocytes may be directly infected by SARS-CoV-2. The virus was
evidenced in feces and enteral walls in infected subjects [4,11-13]. In a study by Xu et al.,
rectal swabs were positive in 8 of 10 pediatric patients, even after the nasopharyngeal
swabs became negative [14]. However, the significance of fecal elimination of viral ARN is
still not fully understood in the transmission chain of the SARS-CoV-2 infection. On the
other hand, disturbance of lung-gut axis, prolonged hospitalization in ICU, and the pro
coagulation state induced by SARS-CoV-2 endothelial damage was incriminated for bowel
ischemia, resulting in intestinal necrosis and perforation [8,9,15]. Early recognition and
treatment of gastrointestinal ischemia are extremely important, but it is often challenging
in hospitalized COVID-19 patients with severe illness.

The present review aims to document the risk factors, clinical, imagistic, and labora-
tory findings, management, and outcomes of acute intestinal ischemic complications in
COVID-19 patients.

2. Materials and Methods

A comprehensive search was performed on PubMed and Web of Science with the terms
“COVID-19” AND (“bowel ischemia” OR “intestinal ischemia” OR “mesenteric ischemia”
OR “mesenteric thrombosis”). All original papers and case reports, in the English language,
for which full text could be obtained, published until November 2021, were included in
the review. Meeting abstracts, commentaries, and book chapters were excluded. A hand
search was performed in the references of the relevant reviews on the topic.

2.1. Data Extraction and Analysis

The review is not registered in PROSPERO. A PRISMA flowchart was employed to
screen papers for eligibility (Figure 1) and a PRISMA checklist is presented as a Supple-
mentary File S1. A data extraction sheet was independently completed by two researchers,
with strict adherence to PRISMA guidelines.
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Figure 1. PRISMA 2020 flowchart for the studies included in the review.

The relevant data abstracted from these studies are presented in Tables 1-3. COVID-19
diagnosis was made by PCR assay in all cases. All patients reported with COVID-19 disease
and mesenteric ischemia were documented in terms of age, sex, comorbidities, time from
SARS-CoV-2 infection diagnosis, presentation, investigations, treatment, and outcome. A
statistical analysis of the differences between acute intestinal ischemia in previously non-
hospitalized vs. previously hospitalized patients was performed. The potential risk factors
for an adverse vital prognosis were analyzed using SciStat® software (www.scistat.com
(accessed on 25 November 2021)).

Papers that did not provide sufficient data regarding evaluation at admission, docu-
mentation of SARS-CoV-2 infection, or treatment were excluded. Patients suffering from
other conditions that could potentially complicate intestinal ischemia, such as liver cirrhosis,
hepatocellular carcinoma, intraabdominal infection (appendicitis, diverticulitis), pancreati-
tis, and celiac disease were excluded. Any disagreement was solved by discussion.
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2.2. Risk of Bias

The studies analyzed in the present review were comparable in terms of patient
selection, methodology, therapeutic approach, and the report of final outcome. However,
there were differences in the reported clinical and laboratory data. The sample size was
small, most of them being case reports or case series, which may be a significant source of
bias. Therefore, studies were compared only qualitatively.

3. Results

After duplication removal, a total of 36 articles were included in the review, reporting
data on a total of 89 patients. Among these, we identified 6 retrospective studies [16-21],
documenting intestinal ischemia in 55 patients admitted to intensive care units (ICU) with
COVID-19 pneumonia for whom surgical consult was necessary (Table 1).

We also identified 30 case reports or case series [22-51] presenting 34 cases of acute
bowel ischemia in patients positive for SARS-CoV-2 infection in different clinical settings.
8 cases were previously hospitalized for COVID-19 pneumonia and under anticoagulant
medication (Table 2). In 26 cases, the acute ischemic event appeared as the first symptom
of COVID-19 disease, or in mild forms treated at home, or after discharge for COVID -19
pneumonia and cessation of the anticoagulant medication (Table 3).

3.1. Risk Factors of Intestinal Ischemia in COVID-19 Patients

Out of a total of 89 patients included in the review, 63 (70.7%) were hospitalized
for severe forms of COVID-19 pneumonia at the moment of onset. These patients were
receiving anticoagulant medication when reported, consisting of low molecular weight
heparin (LMWH) at prophylactic doses. The incidence of acute intestinal ischemia in
ICU patients with COVID-19 varied widely between 0.22-10.5% (Table 1). In a study
by O’Shea et al. [20], 26% of hospitalized patients for COVID-19 pneumonia who under-
went imagistic examination, presented results positive for coagulopathy, and in 22% of
these cases, the thromboembolic events were with multiple locations.

The mean age was 56.9 years. We observed a significantly lower age in non-hospitalized
COVID-19 patients presenting with acute intestinal ischemia when compared to the previ-
ously hospitalized group (p < 0.0001).

There is a slight male to female predominance (M:F = 1:68). Obesity might be con-
sidered a possible risk factor, with a reported mean BMI of 31.2-32.5 in hospitalized
patients [16,18,19]. However, this association should be regarded with caution, since obe-
sity is also a risk factor for severe forms of COVID-19. Prolonged stay in intensive care,
intubation, and the need for vasopressor medication was associated with increased risk of
acute bowel ischemia [8,18,19].

Diabetes mellitus and hypertension were the most frequent comorbidities encountered
in case reports (8 in 34 patients, 23%), and 7 out of 8 patients presented both (Table 4).
There was no information regarding the comorbidities in the retrospective studies included
in the review.

3.2. Clinical Features in COVID-19 Patients with Acute Mesenteric Ischemia

Abdominal pain, out of proportion to physical findings, is a hallmark of porto-
mesenteric thrombosis, typically associated with fever and leukocytosis [4]. Abdomi-
nal pain was encountered in all cases, either generalized from the beginning, of high
intensity, or firstly localized in the epigastrium or the mezogastric area. In cases of por-
tal vein thrombosis, the initial location may be in the right hypochondrium, mimicking
biliary colic [26,34].

Fever is less useful in COVID-19 infected patients, taking into consideration that fever
is a general sign of infection, and on the other hand, these patients might be already under
antipyretic medication.
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Table 4. Demographic data of the patients included in the review.

Nr. of Patients 89

M 48 (61.5% *)

F 30 (38.5% *)

NA 11

The first sign of COVID-19 6 (6.7%)

Home treated 17 (19.1%)
Hospitalized 63 (70.7%)

e ICU 58 (92% of hospitalized patients)
Discharged 3(3.3%)

Time from diagnosis of COVID-19 infection

e  Non-Hospitalized
e  Hospitalized (*when mentioned)

8.7 £ 7.4 (1-28 days)
9.6 + 8.3 (1-26 days)

Time from admission in hospitalized patients

1-104 days

Age (mean)
e  Hospitalized
e  Non-hospitalized

59.3 £ 12.7 years
62 4 9.6 years. (p < 0.0001)
52.8 + 16.4 years.

BMI

31.2-32.5

Comorbidities
Hypertension
DM
smokers
Atrial fibrillation
COPD
Cirrhosis
RYGB
Vitiligo
Recent appendicitis
Operated gastric cancer
Alzheimer disease
° SLE
*: percentage calculated in known information group; BMI: body mass index; COPD: chronic obstructive pul-
monary disease; SLE: systemic lupus erythematosus.

o e = = = = N = NN 0

Other clinical signs reported were nausea, anorexia, vomiting, and food
intolerance [23,31,38,45]. However, these gastrointestinal signs are encountered in 30-40%
of patients with SARS-CoV-2 infection. In a study by Kaafarani et al., up to half of the
patients with gastrointestinal features presented some degrees of intestinal hypomotility,
possibly due to direct viral invasion of the enterocytes and neuro-enteral disturbances [16].

Physical exam evidenced abdominal distension, reduced bowel sounds, and ten-
derness at palpation. Guarding may be evocative for peritonitis due to compromised
vascularization of bowel loops and bacterial translocation or franc perforation [35,39].

A challenging case was presented by Goodfellow et al. [25] in a patient with a recent
history of bariatric surgery with Roux en Y gastric bypass, presenting with acute abdominal
pain which imposed the differential diagnosis with an internal hernia.

Upcinar et al. [24] reported a case of an 82-years female that also associated atrial fibril-
lation. The patient was anticoagulated with enoxaparin 0.4 cc twice daily before admission
and continued the anticoagulant therapy during hospitalization for COVID-19 pneumonia.
Bedside echocardiography was performed to exclude atrial thrombus. Although SMA was
reported related to COVID-19 pneumonia, atrial fibrillation is a strong risk factor for SMA
of non-COVID-19 etiology.
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In ICU patients, acute bowel ischemia should be suspected in cases that present acute
onset of digestive intolerance and stasis, abdominal distension, and require an increase of
vasopressor medication [19].

3.3. Imagistic and Lab Test Findings

D-dimer is a highly sensitive investigation for the prothrombotic state caused by
COVID-19 [45] and, when reported, was found to be above the normal values. Leukocytosis
and acute phase biomarkers, such as fibrinogen and CRP were elevated, mirroring the
intensity of inflammation and sepsis caused by the ischemic bowel. However, there was no
significant statistical correlation between either the leukocyte count (p = 0.803) or D-dimers
(p = 0.08) and the outcome. Leucocyte count may be within normal values in case of early
presentation [34]. Thrombocytosis and thrombocytopenia have been reported in published
cases with mesenteric ischemia [30,35,42,46,50].

Lactate levels were reported in 9 cases, with values higher than 2 mmol/L in 5 cases
(55%). LDH was determined in 6 cases, and it was found to be elevated in all cases, with a
mean value of 594+/—-305U/L.

Ferritin is another biomarker of potential value in mesenteric ischemia, that increases
due to ischemia-reperfusion cellular damage. In the reviewed studies, serum ferritin was
raised in 7 out of 9 reported cases, with values ranging from 456 to 1570 ng/mL. However,
ferritin levels were found to be correlated also with the severity of pulmonary lesions in
COVID-19 patients [52]. Due to the low number of cases in which lactate, LDH, and ferritin
were reported, no statistical association could be performed with the severity of lesions or
with adverse outcomes.

The location and extent of venous or arterial thrombosis were determined by contrast-
enhanced abdominal CT, which also provided important information on the viability of the
intestinal segment whose vascularity was affected.

Radiological findings in the early stages included dilated intestinal loops, thickening
of the intestinal wall, mesenteric fat edema, and air-fluid levels. Once the viability of the
affected intestinal segment is compromised, a CT exam may evidence pneumatosis as a
sign of bacterial proliferation and translocation in the intestinal wall, pneumoperitoneum
due to perforation, and free fluid in the abdominal cavity. In cases with an unconfirmed
diagnosis of COVID-19, examination of the pulmonary basis during abdominal CT exam
can add consistent findings to establish the diagnosis.

Venous thrombosis affecting the superior mesenteric vein and or portal vein was
encountered in 40.9% of reported cases of non-hospitalized COVID-19 patients, and in only
one case in the hospitalized group (Table 5). One explanation may be the beneficial role of
thrombotic prophylaxis in preventing venous thrombosis in COVID-19 patients, which is
routinely administrated in hospitalized cases, but not reported in cases treated at home
with COVID-19 pneumonia.

In ICU patients, CT exam showed in most cases permeable mesenteric vessels and
diffuse intestinal ischemia affecting the large bowel alone (56%) or in association with the
small bowel (24%), suggesting pathogenic mechanisms, direct viral infection, small vessel
thrombosis, or “nonocclusive mesenteric ischemia” [16].

3.4. Management and Outcomes

The management of mesenteric ischemia includes gastrointestinal decompression,
fluid resuscitation, hemodynamic support, anticoagulation, and broad antibiotics.

Once the thromboembolic event was diagnosed, heparin, 5000IU iv, or enoxaparin
or LMWH in therapeutic doses was initiated, followed by long-term oral anticoagulation
and/or anti-aggregating therapy. Favorable results were obtained in 7 out of 9 cases (77%)
of splanchnic veins thrombosis and in 2 of 7 cases (28.5%) with superior mesenteric artery
thrombosis. At discharge, anticoagulation therapy was continued either with LMWH, for a
period up to 3 months [33,36,41], either, long term warfarin, with INR control [32,34,41] or
apixaban 5 mg/day, up to 6 months [26,47]. No readmissions were reported.
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Table 5. Comparative features in acute intestinal ischemia encountered in previously hospitalized
and previously non-hospitalized COVID-19 patients.

Hospitalized N.on-.
Parameter Hospitalized p * Value
(63)
(26)

Type of mesenteric
ischemia:
e Arterial 5 (14.7% *) 10 (38.4%)
e Venous 1(2.9%) 11 (42.3%)
e Mixt(A+V) 0 2 (7.6%)
 Diffuse , 30 (88.2%) 3 (11.5%) p <0.0001

m1cr9thr0mb051s 2 (5.8%) 1 (3.8%)
e  Multiple 29 0

thromboembolic

locations
e NA
Management:
e  Anticoagulation

therapy only
e  Endovascular 0 10 (38.4%)

thrombectomy. 2 (1 + surgery) (3%) 2 (+surgery) p <0.0001
e  Laparotomy with 60 (95.4%) 15 (57.6%)

ischemic bowel 2 (3%) 1(3.8%)

resection
e  None (fulminant

evolution)
Location of the resected
segment: 35 (56%) 0
° Colon 10 (1600) 12 (8000)
e Smallbowel 15 (24%) 3.(20%) P <0.0001
e  Colon+small bowel 6 0
° NA
Outcomes: 26 (46.4%) 17 (79.3%)
¢ Recovery 30 (54.4%) 5 (21.7%) p=0.013
° Death 7 3

° NA
* calculated for Chi-squared test.

Antibiotic classes should cover anaerobes including F. necrophorum and include a
combination of beta-lactam and beta-lactamase inhibitor (e.g., piperacillin-tazobactam),
metronidazole, ceftriaxone, clindamycin, and carbapenems [4].

In early diagnosis, during the first 12 h from the onset, vascular surgery may be
tempted, avoiding the enteral resection [25,53]. Endovascular management is a mini-
mally invasive approach, allowing quick restoration of blood flow in affected vessels
using techniques such as aspiration, thrombectomy, thrombolysis, and angioplasty with or
without stenting [40].

Laparotomy with resection of the necrotic bowel should be performed as quickly as
possible to avoid perforation and septic shock. In cases in which intestinal viability cannot
be established with certainty, a second look laparotomy was performed after 24-48 h [43] or
the abdominal cavity was left open, using negative pressure systems such as ABTHERA [51],
and successive segmentary enterectomy was performed.

Several authors described in acute bowel ischemia encountered in ICU patients with
COVID-19, a distinct yellowish color, rather than the typical purple or black color of
ischemic bowel, predominantly located at the antimesenteric side or circumferentially
with affected areas well delineated from the adjacent healthy areas [18,19]. In these cases,
patency of large mesenteric vessels was confirmed, and the histopathological reports
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showed endothelitis, inflammation, and microvascular thrombosis in the submucosa or
transmural. Despite early surgery, the outcome is severe in these cases, with an overall
mortality of 45-50% in reported studies and up to 100% in patients over 65 years of age
according to Hwabejira et al. [19].

In COVID-19 patients non hospitalized at the onset of an acute ischemic event, with
mild and moderate forms of the disease, the outcome was less severe, with recovery in 77%
of cases.

We found that age over 60 years and the necessity of surgical treatment are statistically
correlated with a poor outcome in the reviewed studies (Table 6). According to the type of
mesenteric ischemia, the venous thrombosis was more likely to have a favorable outcome
(recovery in 80% of cases), while vascular micro thombosis lead to death in 66% of cases.

Table 6. Risk factors for severe outcome.

Parameters Outcome: Death p-Value
Age 27.2% 0.0384 *
*  Age<60 60% 0.043 **
e Age>60
Surgery 0%
e No surgery 60% 0.019 **

e  surgery

Type of mesenteric ischemia

. 47%
° Arterial 20% 0.23 **
° Venous 66%
e  Micro thrombosis
*
D dimers Wide variation 8222 o
Leucocytes Wide variation 0.803
Y (9650-37,000/ mmc) 0.385 **

* One-way ANOVA test; ** Chi-squared test (SciStat® software, www.scistat.com (accessed on 25 November
2021)).

4. Discussions

Classically, acute mesenteric ischemia is a rare surgical emergency encountered in the
elderly with cardiovascular or portal-associated pathology, such as arterial hypertension,
atrial fibrillation, atherosclerosis, heart failure, valve disease, and portal hypertension.
However, in the current context of the COVID-19 pandemic, mesenteric ischemia should be
suspected in any patient presenting in an emergency with acute abdominal pain, regardless
of age and associated diseases.

Several biomarkers were investigated for the potential diagnostic and prognostic
value in acute mesenteric ischemia. Serum lactate is a non-specific biomarker of tissue
hypoperfusion and undergoes significant elevation only after advanced mesenteric damage.
Several clinical trials found a value higher than 2 mmol/L was significantly associated with
increased mortality in non-COVID-patients. However, its diagnostic value is still a subject
of debate. There are two detectable isomers, L-lactate, which is a nonspecific biomarker
of anaerobic metabolism, and hypoxia and D-lactate, which is produced by the activity of
intestinal bacteria. Higher D-lactate levels could be more specific for mesenteric ischemia
due to increased bacterial proliferation at the level of the ischemic bowel, but the results
obtained in different studies are mostly inconsistent [53,54].

Several clinical studies found that LDH is a useful biomarker for acute mesenteric
ischemia, [55,56]. However, interpretation of the results may be difficult in COVID-19
patients, as both lactate and LDH were also found to be independent risk factors of severe
forms of COVID-19 [57,58].

The diagnosis of an ischemic bowel should be one of the top differentials in critically ill
patients with acute onset of abdominal pain and distension [50,59]. If diagnosed early, the
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intestinal ischemia is potentially reversible and can be treated conservatively. Heparin has
an anticoagulant, anti-inflammatory, endothelial protective role in COVID-19, which can
improve microcirculation and decrease possible ischemic events [25]. The appropriate dose,
however, is still a subject of debate with some authors recommending the prophylactic,
others the intermediate or therapeutic daily amount [25,60].

We found that surgery is associated with a severe outcome in the reviewed studies.
Mucosal ischemia may induce massive viremia from bowel epithelium causing vasoplegic
shock after surgery [25]. Moreover, many studies reported poor outcomes in COVID-19
patients that underwent abdominal surgery [61,62].

4.1. Pathogenic Pathways of Mesenteric Ischemia in COVID-19 Patients

The intestinal manifestations encountered in SARS-CoV-2 infection are represented
by inflammatory changes (gastroenteritis, colitis), occlusions, ileus, invaginations, and
ischemic manifestations. Severe inflammation in the intestine can cause damage to the
submucosal vessels, resulting in hypercoagulability in the intestine. Cases of acute chole-
cystitis, splenic infarction, or acute pancreatitis have also been reported in patients infected
with SARS-CoV-2, with microvascular lesions as a pathophysiological mechanism [63].

In the study of O’Shea et al., on 146 COVID-19 hospitalized patients that underwent
CT-scan, vascular thrombosis was identified in 26% of cases, the most frequent location
being in lungs [20]. Gastrointestinal ischemic lesions were identified in 4 cases, in multiple
locations (pulmonary, hepatic, cerebellar parenchymal infarction) in 3 patients. The authors
raised awareness about the possibility of underestimation of the incidence of thrombotic
events in COVID-19 patients [20].

Several pathophysiological mechanisms have been considered, and they can be
grouped into occlusive and non-occlusive causes [64]. The site of the ischemic process,
embolism or thrombosis, may be in the micro vascularization, veins, or mesenteric arteries.

Acute arterial obstruction of the small intestinal vessels and mesenteric ischemia may
appear due to hypercoagulability associated with SARS-CoV-2 infection, mucosal ischemia,
viral dissemination, and endothelial cell invasion vis ACE-2 receptors [65,66]. Viral binding
to ACE2Receptors leads to significant changes in fluid-coagulation balance: reduction in
Ang 2 degradation leads to increased 116 levels, and the onset of storm cytokines, such as
IL-2, IL-7, IL-10, granulocyte colony-stimulating factor, IgG -induced protein 10, monocyte
chemoattractant protein-1, macrophage inflammatory protein 1-alpha, and tumor necrosis
factor « [67], but also in the expression of the tissue inhibitor of plasminogen -1, and a
tissue factor, and subsequently triggering the coagulation system through binding to the
clotting factor VIla [68]. Acute embolism in small vessels may be caused by the direct
viral invasion, via ACE-2 Receptors, resulting in endothelitis and inflammation, recruiting
immune cells, and expressing high levels of pro-inflammatory cytokines, such as Il-6 and
TNF-alfa, with consequently apoptosis of the endothelial cells [69].

Capillary viscometry showed hyperviscosity in critically ill COVID-19 patients [70,71].
Platelet activation, platelet-monocyte aggregation formation, and Neutrophil external
traps (NETs) released from activated neutrophils, constitute a mixture of nucleic DNA,
histones, and nucleosomes [59,72] were documented in severe COVID-19 patients by
several studies [70,71,73].

Plotz et al. found a thrombotic vasculopathy with histological evidence for lectin
pathway complement activation mirroring viral protein deposition in a patient with COVID-
19 and SLE, suggesting this might be a potential mechanism in SARS-CoV-2 associated
thrombotic disorders [47].

Numerous alterations in fluid-coagulation balance have been reported in patients
hospitalized for COVID-19 pneumonia. Increases in fibrinogen, D-dimers, but also co-
agulation factors V and VIIL. The mechanisms of coagulation disorders in COVID-19 are
not yet fully elucidated. In a clinical study by Stefely et al. [68] in a group of 102 patients
with severe disease, an increase in factor V > 200 IU was identified in 48% of cases, the
levels determined being statistically significantly higher than in non-COVID mechanically
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ventilated or unventilated patients hospitalized in intensive care. This showed that the
increased activity of Factor V cannot be attributed to disease severity or mechanical venti-
lation. Additionally, an increase in factor X activity was shown, but not correlated with
an increase in factor V activity, but with an increase in acute phase reactants, suggesting
distinct pathophysiological mechanisms [74].

Giuffre et al. suggest that fecal calcoprotein (FC) may be a biomarker for the severity
of gastrointestinal complications, by both ischemic and inflammatory mechanisms [75].
They found particularly elevated levels of FC to be well correlated with D-dimers levels in
patients with bowel perforations, and hypothesized that the mechanism may be related to a
thrombosis localized to the gut and that FC increase is related to virus-related inflammation
and thrombosis-induced ischemia, as shown by gross pathology [76].

Non-occlusive mesenteric ischemia in patients hospitalized in intensive care units
for SARS-CoV-2 pneumonia requiring vasopressor medication may be caused vasospastic
constriction [19,64,65]. Thrombosis of the mesenteric vessels could be favored by hyperco-
agulability, relative dehydration, and side effects of corticosteroids.

4.2. Question Still to Be Answered

Current recommendations for in-hospital patients with COVID-19 requiring antico-
agulation suggest LMWH as first-line treatment has advantages, with higher stability
compared to heparin during cytokine storms, and a reduced risk of interaction with an-
tiviral therapy compared to oral anticoagulant medication [77]. Choosing the adequate
doses of LMWH in specific cases—prophylactic, intermediate, or therapeutic—is still in
debate. Thromboprophylaxis is highly recommended in the absence of contraindications,
due to the increased risk of venous thrombosis and arterial thromboembolism associated
with SARS-CoV-2 infection, with dose adjustment based on weight and associated risk
factors. Besides the anticoagulant role, some authors also reported an anti-inflammatory
role of heparin in severe COVID-19 infection [66,78,79]. Heparin is known to decrease
inflammation by inhibiting neutrophil activity, expression of inflammatory mediators, and
the proliferation of vascular smooth muscle cells [78]. Thromboprophylaxis with enoxa-
parin could be also recommended to ambulatory patients with mild to moderate forms of
COVID-19 if the results of prospective studies show statistically relevant benefits [80].

In addition to anticoagulants, other therapies, such as anti-complement and interleukin
(IL)-1 receptor antagonists, need to be explored, and other new agents should be discovered
as they emerge from our better understanding of the pathogenetic mechanisms [81]. Several
studies showed the important role of Il-1 in endothelial dysfunction, inflammation, and
thrombi formation in COVID-19 patients by stimulating the production of Thromboxane
A2 (TxA2) and thromboxane B2 (TxB2). These findings may justify the recommendation for
an IL-1 receptor antagonist (IL-1Ra) which can prevent hemodynamic changes, septic shock,
organ inflammation, and vascular thrombosis in severe forms of COVID-19 patients [80-82].

5. Conclusions

Understanding the pathological pathways and risk factors could help adjust the
thromboprophylaxis and fluid management in COVID-19 patients. The superior mesenteric
vein thrombosis is the most frequent cause of acute intestinal ischemia in COVID-19 non-
hospitalized patients that are not under anticoagulant medication, while non-occlusive
mesenteric ischemia and microvascular thrombosis are most frequent in severe cases,
hospitalized in intensive care units.

COVID-19 patients should be carefully monitored for acute onset of abdominal symp-
toms. High-intensity pain and abdominal distension, associated with leukocytosis, raised
inflammatory biomarkers and elevated D-dimers and are highly suggestive for mesenteric
ischemia. The contrast-enhanced CT exam, repeated, if necessary, offers valuable informa-
tion regarding the location and extent of the acute ischemic event. Early diagnosis and
treatment are essential for survival.
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Abstract: We aim to describe the incidence and source of contagion of COVID-19 in patients with
IBD, as well as the risk factors for a severe course and long-term sequelae. This is a prospective
observational study of IBD and COVID-19 included in the ENEIDA registry (53,682 from 73 centres)
between March-July 2020 followed-up for 12 months. Results were compared with data of the general
population (National Centre of Epidemiology and Catalonia). A total of 482 patients with COVID-19
were identified. Twenty-eight percent were infected in the work environment, and 48% were infected
by intrafamilial transmission, despite having good adherence to lockdown. Thirty-five percent
required hospitalization, 7.9% had severe COVID-19 and 3.7% died. Similar data were reported in
the general population (hospitalisation 19.5%, ICU 2.1% and mortality 4.6%). Factors related to death
and severe COVID-19 were being aged > 60 years (OR 7.1, 95% CI: 1.8-27 and 4.5, 95% CI: 1.3-15.9),
while having >2 comorbidities increased mortality (OR 3.9, 95% CI: 1.3-11.6). None of the drugs
for IBD were related to severe COVID-19. Immunosuppression was definitively stopped in 1% of
patients at 12 months. The prognosis of COVID-19 in IBD, even in immunosuppressed patients,
is similar to that in the general population. Thus, there is no need for more strict protection measures
in IBD.

Keywords: COVID-19; SARS-CoV-2; inflammatory bowel disease

1. Introduction

The COVID-19 pandemic hit Spain at the end of February 2020 and is far from un-
der complete control. Data on affected cases and mortality are continuously updated [1].
There is evidence that patients suffering from inflammatory bowel disease (IBD) have a
greater risk for infections, some of them opportunistic, mainly favoured by immunosup-
pressive treatment [2-4]. For that reason, experts on IBD, worried by the potential severity
of COVID-19 in these patients, recommended, during the initial phases of the pandemic,
that whenever possible, starting immunosuppressants should be delayed and treatment
deescalated [5-7]. Notwithstanding this information, more than one year after the start of
the pandemic, factors related to deleterious prognosis of COVID-19 in patients with IBD
are essentially the same as those of the general population (mainly older age and comor-
bidities), whereas those on immunosuppressants do not appear to have a greater risk for
severe COVID-19, except for corticosteroids [8]. In this sense, the international self-reported
registry SECURE-IBD (https://covidibd.org (accessed on 24 August 2021)) has provided
valuable clinical and therapeutic information [9]. Nevertheless, retrospective studies and
registries have important limitations, such as reporting bias, over- or underrepresentation
of the more severe cases of COVID-19, and the possibility of including confounding factors
that may influence the results.

In addition, some studies have reported a low incidence of COVID-19 in patients
with IBD [10], suggesting that IBD and the type of immunosuppressants administered for
disease control do not represent risk factors for COVID-19. However, few of these studies
are population based and do not address important environmental epidemiological risk
factors, such as variability in the incidence of the infection in different regions within the
same country. Neither do they address factors that may facilitate the infection, such as
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occupational risk, or those that may reduce the risk, as they may be specific isolation
measures that could be recommended to a particular diseased population [10-16]. Likewise,
the impact of COVID-19 on patients with IBD in the long term has not yet been explored.
The present study (COVID-19-EII study) was conducted in the setting of the ENEIDA
project, the Spanish registry of patients with IBD, promoted by the Spanish Working Group
on Crohn’s disease and ulcerative colitis (GETECCU) [17]. The aims of the present study
were (1) to describe the incidence of COVID-19 in the ENEIDA registry, the geographical
distribution of the infection compared with the distribution in the general Spanish popula-
tion and exposure factors that may favour or prevent the infection (occupational risk and
lockdown measures) during the first wave of the pandemic and (2) to describe the clinical
characteristics and the disease course, including a 12-month follow-up after COVID-19.

2. Materials and Methods
2.1. Design

This was an observational prospective cohort study (COVID-19-EIl) within the Spanish
ENEIDA IBD registry. It included all patients with IBD who had COVID-19 between March
and July 2020 (in the first wave) from the participant centres.

2.2. Study Population

The potential population was all patients with IBD registered in ENEIDA. Patients
with COVID-19 were identified by an active search from their IBD unit (systematically
addressing all the patients with IBD from the unit by email or phone call) or by direct
notification from the patient itself, the family physician, the emergency department or the
hospitalisation unit.

2.3. Data Collection

A prospective module hosted on the ENEIDA platform was specially designed for
this study. Data collected included clinical baseline characteristics such as type of IBD,
date of IBD diagnosis and Montreal’s classification [18], extraintestinal manifestations,
family history of IBD and smoking behaviour at time of infection. The following comor-
bidities were specifically registered: cirrhosis, chronic renal failure, chronic obstructive
pulmonary disease, heart disease, stroke, diabetes mellitus, arterial hypertension, dys-
lipidaemia, neoplasia, congestive heart failure, dementia, HIV, rheumatological disease
or immune-mediated disease. Charlson’s index [19] was also calculated. We decided to
explore both individual comorbidities and the Charlson comorbidity score, as these two
approaches examine different aspects of comorbidity and are complementary. Variables
measuring the exposure risk to SARS-CoV-2 included occupational risk (such as health
care workers, teachers, basic services as supermarket cashiers, market clerks or pharmacy
workers, police and firepersons, workers of closed institutions, veterinaries, animal control
workers or conservation and forest technicians), compliance with lockdown measures, so-
cial distancing and the route of contagion. At the time of COVID-19 diagnosis, IBD activity
was evaluated using the Harvey-Bradshaw index [20] or partial Mayo score [21]. The IBD
therapeutic regimen was registered at the time of infection and up to 3 and 12 months before
it: systemic steroid treatment, aminosalicylates, immunosuppressants (thiopurines, cy-
closporine, methotrexate, tacrolimus and tofacitinib) and biologics (anti-TNF, vedolizumab
and ustekinumab). Regarding COVID-19, the data collected included symptoms associated
with the infection at the time of diagnosis, diagnostic procedures and specific treatment.
The variables registered 3 and 12 months after COVID-19 were IBD activity and COVID-19
sequelae, both physical and psychological. To assess the impact of COVID-19 on IBD
treatment, any change in medical therapy, including withdrawal of immunosuppression,
both definitive and temporary, was collected during follow-up.
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2.4. Definitions

COVID-19 diagnosis was based on a typical clinical picture consisting of fever (>38 °C),
respiratory symptoms (cough and/or dyspnoea), anosmia or dysgeusia within the epi-
demiological setting. COVID-19 was considered confirmed by a positive diagnostic test
including polymerase chain reaction (PCR) taken by nasopharyngeal swab or serology
(IgM or IgG) for SARS-CoV-2. COVID-19 was considered probable in patients with a
typical clinical picture but negative or lacking diagnostic tests. Asymptomatic patients
with positive PCR or serology were not included.

It was considered that any patient had a good compliance with the lockdown measures
when maintaining social distance by staying at home almost exclusively since 14 March
2020, the date the Spanish government ordered a total lockdown to prevent the spread of
SARS-CoV-2.

Sequelae due to COVID-19 were any sign or symptom that the patient and/or physi-
cian considered related directly to COVID-19 and that was present at 3 and 12 months
after infection.

2.5. Outcomes

To assess the disease course and clinical evolution of COVID-19, the following out-
comes were registered and analysed: hospitalisation due to COVID-19, intensive care unit
(ICU) admission, sequelae, severe COVID-19 and death. Severe COVID-19 was considered
a composite variable that included ICU admission and/or use of active amines and/or res-
piratory distress and/or invasive oxygen therapy and/or death [22]. Cases with systemic
inflammatory response syndrome were also registered. Data on outcomes of our study
were compared to those registered on the SECURE-IBD registry (accessed on 24 August
2021) [9], considered the worldwide IBD registry on COVID-19. These outcomes were also
compared to those of the general population taking into account data from Catalonia [23].

2.6. Ethical Considerations

The Scientific Committee of ENEIDA approved the study on 16 March 2020. It was also
approved by the Ethics Committee of Hospital Universitari Mitua Terrassa (coordinating
centre). Informed consent was obtained from all subjects. The patients were not identified
by name in the publication, and no one, except the investigators of this study, had access to
their local data, in accordance with the local Law of Personal Data Protection.

2.7. Statistical Analysis

Quantitative variables were compared with Student’s t test and the Mann-Whitney
test, and the results are expressed as the means (d+standard deviation) or median
(finterquartile range (IQR) 25-75 percentiles). Quantitative variables were compared
using Student’s ¢ test for parametric data and the Mann-Whitney test for nonparamet-
ric data, while qualitative variables were compared using the Chi2 test or Fisher’s exact
test, as appropriate. Univariate and multivariate logistic binary regression analyses were
performed to explore the variables related to the need for hospitalisation, ICU admission, se-
vere COVID-19, death and sequelae found at the 3- and 12-month follow-ups. The intensity
of the significant associations was measured by calculating the OR and its 95% confidence
interval. The multivariate models included significant variables in univariate analysis
at the p < 0.1 level. In addition, for the outcomes with a small number of events (death
and ICU admission), only the 2 most significant covariates in the univariate analysis were
included. As the use of aminosalicylates was more frequent in patients with ulcerative
colitis (UC) than in Crohn’s disease (CD), the model was adjusted to UC diagnosis when
this drug was independently associated with a specific outcome.

Due to the great variability in the incidence of COVID-19 between the Spanish territo-
ries, the number of cases of both IBD and the general population are shown per province.
Data on COVID-19 incidence in the general population as well as the age at COVID-19
diagnosis, age of hospitalized patients (including ICU admission) and age of patients with
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fatal outcomes were obtained from the National Centre of Epidemiology (CNE) [24,25].
The age- and sex-standardised incidence of every outcome in the IBD cohort was obtained
based on all the patients actively followed in each participant centre of ENEIDA.

3. Results

A total of 73 out of the 86 centres adhered to the ENEIDA registry at the time of the
study and decided to participate. This registry had, at that moment, 60,512 patients actively
followed-up (data as for 15 July 2020), with 53,682 coming from the 73 participating centres
(89% of the whole registry). Finally, 482 cases of COVID-19 were reported (251 males (52%);
median 52 years (IQR: 42-61); cumulative incidence of 8.97 per 1000 patients with IBD,
taking into account the population at risk from the participating centres). Ten centres that
agreed to participate did not register any COVID-19 cases during the study period, despite
being aware.

3.1. Clinical Baseline Characteristics

Tables 1 and 2 show the most important clinical characteristics of the patients regarding
IBD at the time of COVID-19 diagnosis. The activity of the disease and treatment are
provided separately for UC and CD (Table 2). Notably, 80% of patients were in remission,
and 9% had moderate-severe disease activity. Regarding IBD treatment at the time of
the infection, 42% of the patients were on aminosalicylates, 5.4% were receiving systemic
steroids, 36% were receiving immunosuppressants, 36% were receiving biologics and 12%
were receiving combination therapy. Eleven percent of the patients required steroids within
the 3 months before COVID-19 diagnosis.

Table 1. Clinical baseline characteristics regarding inflammatory bowel disease with COVID-19.

Clinical Characteristics Cases n = 482

Gender

Male 251 (52)

Female 231 (48)
Age at COVID-19 diagnosis 52 years (IQR 42-61)
IBD duration at COVID-19 diagnosis 12 years (IQR 6-19)
Type of IBD, n (%)

Crohn’s disease 247 (51)

Ulcerative colitis 221 (46)

Unclassified colitis 14 (2.9)
Ulcerative colitis extent (%)

El 43 (19)

E2 80 (36)

E3 98 (44)
Crohn'’s disease location, 1 (%)

L1 114 (46)

12 43 (17)

L3 88 (36)

L4 (isolated) 3(1.2)
Crohn'’s disease behaviour, 1 (%)

B1 144 (58)

B2 71 (29)

B3 47 (19)

Perianal 59 (24)

B1 + perianal 29 (12)

B2 + perianal 18 (7.3)

B3 + perianal 20 (8.1)
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Table 1. Cont.

Clinical Characteristics Cases n = 482
Extraintestinal manifestation, n (%) 125 (26)
Family history of IBD, n (%) 64 (13)
Smoking behaviour, 1 (%)

Active 53 (11)
Former smoker 137 (28)
Never smoker 268 (56)

IQR: interquartile rate, IBD: inflammatory bowel disease, L1: ileal, L2: colonic, L3: ileocolonic, L4: upper
gastrointestinal tract; B1: inflammatory behaviour, B2: stricturing behaviour, B3: penetrating behaviour.

Table 2. Inflammatory bowel disease activity and treatment at time of COVID-19 diagnosis.

IBD (Total) Crohn’s Disease Ulcerative Colitis Value *
n =482 n =247 n=221 p-value
IBD Activity at COVID-19 Diagnosis
Clinical remission 385 (80) 200 (81) 173 (78) 0.35
Active disease 97 (20) 47 (19) 48 (22) 0.35
Mild 53 (11) 26 (10.5) 26 (12)
Moderate 42 (8.7) 21 (8.5) 20 (9)
Severe 2(0.4) 0 2(0.9)
IBD treatment
None, 1 (%) 62 (13) 37 (15) 23 (10.4) 0.15
5-aminosalicylates, 7 (%) 202 (42) 49 (20) 143 (65) <0.0001
Oral (oral and topic) 197 (41) 49 (20) 138 (62)
Topical (exclusive) 5(1) 0 5(2.3)
Monotherapy 131 (27) 31(12) 91 (41)
Systemic steroids 3 months before
COVID-19 (oral or intravenous), 1 (%) 53 (1) 30(12) 210.5) 0.36
Systemic steroids, 1 (%) 26 (5.4) 16 (6.4) 8 (3.6) 0.37
Immunosuppressants
(in monotherapy), 7 (%) 113 (23) 65 (26) 56 (25) 0.03
Azathioprine 90 (19) 54 (22) 46 (21) 0.04
Mercaptopurine 8 (1.7) 4(1.6) 2(0.9) 0.16
Cyclosporine 1(0.2) 0 1(0.4) 0.96
Methotrexate 9(1.9) 6 (2.4) 3(1.3) 0.06
Tacrolimus 1(0.2) 1(0.4) 0 1
Tofacitinib 4(0.8) 0 4(1.8) 0.10
Biologics
(in monotherapy), 7 (%) 117 (22) 72 (29) 35 (16) 0.04
Anti-TNF 71 (15) 42 (17) 19 (8.6) <0.0001
Vedolizumab 25(5.2) 12 (4.8) 13 (5.9) 0.75
Ustekinumab 21 (4.3) 18 (7.3) 3(1.3) 0.001
Combotherapy, 1 (%) 59 (12) 45 (18) 14 (6.3) 0.02
Anti-TNF plus thiopurines 37(7.7) 28 (11) 9(4.1) 0.02
Anti-TNF plus methotrexate 9(1.9) 6 (2.4) 3(1.3) 0.62
Vedolizumab plus thiopurines 5(1) 4(1.6) 1(0.4) 0.73
Vedolizumab plus methotrexate 1(0.2) 0 1(0.4) 0.78
Ustekinumab plus thiopurines 5(1) 5(2) 0 0.55
Ustekinumab plus methotrexate 2(0.4) 2(0.8) 0 0.98

* Comparison between Crohn’s disease and ulcerative colitis. IBD: inflammatory bowel disease; TNF: tumour
necrosis factor.

61



J. Clin. Med. 2022, 11, 421

A. COVID-19 cases in ENEIDA (first wave) [ 19 x 1000 mhabiancs ﬁ"“‘r '

Forty-four percent had at least one comorbidity, and 64% had a Charlson score of
one or more. The most frequent comorbidity was arterial hypertension (22% (106/482)),
followed by dyslipidaemia (15% (74/482)) and immune-mediated diseases (11% (53/482))
other than IBD (Supplementary Table S1).

3.2. Geografical Distribution of COVID-19 and Epidemiological Risk Factors of Exposure

The geographical distribution of cases is shown in Figure 1A, allowing a comparative
approach with the incidence of COVID-19 in the Spanish general population (Figure 1B).
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B. COVID-19 cases in Spain on the first wave

Figure 1. Geographic distribution of COVID-19 cases in the ENEIDA registry and comparison with
the general Spanish population in the first wave of the pandemic.

The majority of cases were reported in ENEIDA centres of the communities of Madrid
and in those of the metropolitan area of Barcelona (red colour), where there is also the high-
est proportion of certified IBD units [26]. These two regions have the highest population
density in Spain (844 and 743 inhabitants per km?, respectively, as of January 2021 [27])
and register the highest incidence of COVID-19 in the general population.

Compared to the Spanish population in March 2020 [24], the median age of IBD cases
was similar: 52 years old (IQR, 42-61) in patients with IBD vs. 54 years old (IQR, 39-70) in
the general population. When considering specific outcomes, a similar trend was observed:
the age of hospitalised patients with IBD was 59 years old (IQR, 50-72) vs. 66 years old
(IQR, 51-79) in the general population, and the age of ICU/death was 72 years old (IQR,
57-80) in patients with IBD vs. 70 years old (IQR, 59-80 years) in the general population

Regarding risk factors for COVID-19, almost half of the patients declared good adher-
ence to lockdown measures (48% (229/482)). The circumstances that ensured an appropriate
domiciliary lockdown were having preventive sick leave (31% (71/229)), being retired (26%
(60/229)), doing telecommuting (18% (42/229)) and being unemployed (6.6% (15/229)).
Table 3 summarizes the risk for SARS-CoV-2 infection related to occupational risk.
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Table 3. Epidemiological factors of SARS-CoV-2 infection and occupational risk.

Route of Contagion, 1 (%)

Unknown 242 (50)
Intrafamilial transmission 108 (22)
Occupational 96 (20)
Travel 8(1.7)

Occupational Risk, 1 (%) 133 (28)
Healthcare 85 (18)
Basic services (supermarket cashiers, market clerks, 18

3.7)

pharmacy)
Education 15 (3)
Police and fireperson 5(1)
Closed institutions 2(0.4)

Veterinary, animal control worker or conservation and

forest technician 4(0.8)

Almost one-third of the patients had a job position considered as posing a high risk of
infection, which was the main cause for not having proper adherence to lockdown measures.
Health care professions were the most frequent occupational hazard (18% (85/482). Table 4
shows the relationship between infection and occupational risk in patients with and without
good adherence to a total lockdown.

Table 4. Relationship between the route of contagion and occupational risk in patients with and
without a total lockdown.

Patients with Total Patients without
Risk Variable Lockdown Total Lockdown p-Value
(n =229) (n = 225)
Route of contagion, # (%)

Intrafamilial transmission 70 (31) 38 (17) 0.001
Infection on March 2020 47 (20) 26 (12) 0.007
Infection on April-July 2020 23 (10) 12 (5.3) 0.034

Occupational 19 (8.3) 77 (34) <0.0001
Infection on March 2020 19 (8.2) 48 (21) <0.0001
Infection on April-July 2020 0 29 (13) <0.0001

Travel 3(1.3) 5(22) 0.69
Infection on March 2020 3(1.3) 5(2.2) 0.69
Infection on April-July 2020 - -

Unknown 137 (60) 105 (47) 0.005
Infection on March 2020 83 (36) 69 (31) 0.167
Infection on April-July 2020 54 (24) 36 (16) 0.003

Occupational risk, 1 (%)

Occupational risk (all) 38 (17) 92 (41) <0.0001

Healthcare 18 (7.9) 65 (29) <0.0001

Despite declaring good adherence, patients became infected mainly by intrafamilial
transmission, particularly during the first 2 weeks (March 2020) after the Spanish govern-
ment established lockdown.

3.3. COVID-19 Diagnosis and Treatment

Symptoms of COVID-19 diagnosis can be found in Supplementary Table S2, with fever
(69% (336/482)) and cough (63% (305/482)) as the most frequently observed symptoms. Di-
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arrhoea was reported in 26% (126/482) of patients, with no significant differences between
patients with active or inactive IBD.

Supplementary Table S3 includes the tests performed for COVID-19 diagnosis. Notably,
90% of IBD patients had a diagnostic test performed, whether PCR (80% (388/482)) or
SARS-CoV-2 serology (35% (167/482)). Only 49 patients did not have any diagnostic test
performed. It is also important to emphasize that 28% of patients (85/301) had a positive
PCR after one or more negative PCRs, with no difference between immunosuppressed and
non-immunosuppressed patients (19% vs. 21%, p = 0.67).

COVID-19 treatment followed the trend used and recommended by health authorities
at that time. It included chloroquine/hydroxychloroquine in 41% (198/482), antibiotics in
38% (182/482), antivirals in 18% (88/482), systemic corticosteroids in 12% (58/482) and
biologic therapy in 2.9% (14/482) (tocilizumab in 1.7% (8/482), interferon in 1.2% (6/482)
and anakinra in 0.2% (1/482)). Antifungal therapy was used in 1.9% (9/482), vasoactive
amines in 1.2% (6/482) and invasive oxygen therapy in 2.9% (14/482) of the patients
(one patient received invasive oxygen therapy in a conventional floor due to occupation
limitations of the ICU).

3.4. Outcomes

Patients attended their primary care facility in 55% of the cases (266/482), received
emergency room assistance in 52% (251/482) and required hospitalisation due to COVID
in 35% (167 /482). Eleven patients (0.2%) required IBD-related hospitalisation during the
study period. Twenty-four patients had respiratory distress (4.9%), 56 (12%) presented with
systemic inflammatory response syndrome upon admission and 6.4% (31/482) presented
with systemic inflammatory response syndrome during hospitalisation. Thirteen (2.5%)
required ICU admission, 38 (7.9%) fulfilled the criteria of severe COVID-19 and 21 patients
died during the study. Of those who died, 18 (3.7%) died due to COVID-19 and 3 due
to causes other than COVID-19, 2 of them during the first wave of the pandemic (one
case with signet-ring cell adenocarcinoma of digestive origin and one case of pulmonary
neoplasia) and the third 9 months after COVID-19 infection due to urinary sepsis. Only one
death occurred outside the hospital (80-year-old female with inactive ileal CD treated with
oral aminosalicylates). Compared to the general population in Spain, the severe outcomes
were similar, with a mortality proportion of 4.6% and ICU requirement proportion of 2.1%
with a slightly lower proportion of patients requiring hospitalisation (19.5%) [23].

Univariate and multivariate analyses of factors associated with hospitalisation, ICU ad-
mission, severe COVID-19 and death are detailed in Supplementary Tables S4-S7. In that
case, predictive factors for hospitalisation due to COVID-19 were being 50 years of age or
more (OR 2.09, 95% CI 1.3-3.4), having at least one comorbidity (OR 2.28, 95% CI 1.4-3.6)
and being treated with steroids for IBD within the 3 months before COVID-19 diagnosis
(OR 1.3,95% CI 1.1-1.6). Predictors for ICU admission were having a Charlson score of at
least 2 (OR 5.4, 95% CI 1.5-20.1) and the use of aminosalicylates (OR 4.6, 95% CI 1.2-17).
However, when adjusted for diagnosis, the effect of aminosalicylates disappeared (OR 3.6,
95% CI 0.85-15.2, p = 0.08). Independent risk factors related to death due to COVID-19 were
being 60 years of age or more (OR 7.1, 95% CI 1.8-27.4) and having at least 2 comorbidities
(OR 3.9, 95% CI 1.3-11.6). The only predictor for severe COVID-19 was being 60 years of
age or more (OR 4.59, 95% CI 1.3-15.9), while having CD with an inflammatory behaviour
was protective for this outcome (OR 0.29, 95% CI 0.09-0.89). There were no differences
in the proportion of hospitalisation, ICU admission, severe COVID-19 or death between
patients found under active search (18% of the centres) vs. those that were found by direct
notification from the patient itself, the family physician, the emergency department or
the hospitalisation unit (data not shown). The proportion of patients under specific IBD
treatment, taking into account each predefined outcome, is shown in Table 5.
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There were no differences in any outcomes between patients with probable or con-
firmed COVID-19 (data not shown). To compare the results of the present study with those
of the SECURE-IBD (accessed on 24 August 2021) [9], the results of the two cohorts are
provided in the same table. In Supplementary Table S8, we show the incidence of adverse
outcomes of COVID-19 in patients with IBD, taking into account sex and age. Of note,
being >50 years old increases the incidence of the reported adverse outcomes from 3 to 7,
with a greater frequency in males than in females.

3.5. Follow-Up

IBD treatment and the presence of sequelae related to COVID-19 at the 3- and 12-month
follow-up are described in Table 6.

Table 6. Sequelae at 3- and 12-months of COVID-19 and the impact of the infection on changes in
therapeutic regimens for IBD.

3 Months Follow-Up 12 Months Follow-Up

(n =462) (n =451)
COVID-19 sequelae, 1 (%) 65 (14) 72 (15)
Psychologic sequelae, 11 (%) 20 (4.3) 15 (3.3)
Physical sequelae, 1 (%) 55 (12) 67 (15)
Asthenia 21 (4.5) 22 (4.8)
Myalgia/Arthralgia 7 (1.5) 3(0.7)
Anosmia 4(0.9) 7 (1.5)
Dyspnoea 4(0.9) 6(1.3)
Odynophagia 2(0.4) 2(0.4)
Dysgeusia 2(0.4) 2(0.4)
Hair loss 1(0.2) 1(0.2)
Pulmonary fibrosis 1(0.2) 3(0.6)
Bronchial hyperreactivity 1(0.2) 1(0.2)
Deep venous thrombosis/pulmonary
thrombosis 102) 1(02)
Headache 1(0.2) 6 (1.3)
Obstructive pulmonary disease 1(0.2) 3(0.6)
Paraesthesia 1(0.2) 3(0.6)
Wegener'’s vasculitis - 1(0.2)
Immunosuppression withdrawal, 1 (%) 65 (14) 6(1.3)
Transient 58 (13) 1(0.2)
Definitive 7 (1.5) 5(1.1)
De-escalation from combo to 13 2.9) 1(02)
monotherapy
Patients requiring Immunosuppression .
initiation or modification, n (%) 12(26) 437095
Systemic corticosteroids 1(0.2) 7 (1.6)
Thiopurines 2(0.4) 5(1.1)
Methotrexate 0 1(0.2)
Anti-TNF 5(1) 18 (4)
Vedolizumab 1(0.2) 7 (1.6)
Ustekinumab 2(0.4) 12 (2.7)
Tofacitinib 1(0.2) 6(1.3)

* Some patients required more than one new immunosuppressant (combined or sequential); therefore, this number
expresses the total number of patients that required immunosuppression initiation/modification from 3 to
12 months after COVID-19. IBD = inflammatory bowel disease; TNF: tumour necrosis factor.

Only 13% of patients had short-term immunosuppression withdrawal due to COVID-
19 (12% partial and 1.4% definitive), and only 1% kept their withdrawal of immunosup-
pression in the long term.

At the 3-month follow-up, 65 patients (13%) presented COVID-19 sequelae, of which
4% (20/482) were psychological and 11% (55/482) were physical (Table 6). At the 12-month
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follow-up, 72 patients (15%) were considered to have sequelae, of which 3.1% (15/482)
were psychological and 14% (67/482) were physical. The most frequent physical sequelae
were asthenia, myalgia/arthralgia and anosmia. The only predictive factor for having
physical sequelae at the 3-month follow-up was the use of steroid treatment for IBD
within the 3 months before COVID-19 (OR 1.4, 95% CI 1.07-1.7) (Supplementary Table S9).
No predictive factor for physical sequelae was found at the long-term follow-up (12 months)
(Supplementary Table S10). Only one patient reported SARS-CoV-2 reinfection 6 months
after the index diagnosis.

IBD activity both at COVID-19 diagnosis and at 3- and 12-month follow-ups is shown
in Figure 2. Two-thirds of patients (68%, 330/482) remained in remission throughout the
study period.

@ Remission [ Mild disease [ Moderate disease [l Severe disease @ Death @ Lost of follow-up

12 months follow-up

3 months follow-up

COVID-19 diagnosis

—m

11

Figure 2. Inflammatory bowel disease activity at COVID-19 diagnosis and 3- and 12-month follow-up.

4. Discussion

We report the largest cohort of patients with IBD and symptomatic COVID-19 prospec-
tively recruited with a one-year follow-up after infection. This is a national, multicentre
study that was conducted within the ENEIDA project and included 482 patients with
COVID-19 among 53,682 patients with IBD, giving a cumulative incidence of 8.97 per
1000. These data are in the upper limit of the wide range of incidence previously de-
scribed [10,14,28], ranging from 0.95 [29] to 100 per 1000 [15]. The universal access to
health care within the National Health System in Spain (less than 3% of IBD patients with
private insurance never use public services [30]) and the adherence of most centres to
the nationwide certification programme in IBD [26] provide homogeneity to the cohort,
minimizing potential bias in the clinical characteristics. We did not calculate the compara-
tive incidence of COVID-19 between the IBD cohort and data obtained from the general
population because the identification of cases did not use the same methodology. However,
it is clearly observed in Figure 1 that the number of cases with COVID-19 and IBD is the
highest in areas with the highest incidence of infection. The high variability in incidence
between relatively close geographical areas was also observed, with a maximum in those
areas with the highest population density. We decided to exclude asymptomatic patients,
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as there was no policy for a universal testing in our patients nor in the general population
during the first wave. Therefore data on asymptomatic patients with IBD and positive
SARS-CoV-2 test are scarce and can imply a selection bias.

It has been suggested that patients with IBD are at lower risk of having COVID-
19, and most studies support this assertion [10,31-35]. However, only a few of these
studies performed in Denmark and Sweden were population based [36,37], which is how
differences in the incidence of infection between population groups should be addressed.
In our cohort, we recorded the influence of occupational risk, lockdown strategies and
other risk factors, in addition to IBD treatment, that may have influenced, either increasing
or decreasing, the risk of contagion. We observed, for example, that one-third of infected
patients received special protection measures such as sick leave simply because they were
considered a risk group. However, many patients became infected, perhaps because they
were infected early before mandatory lockdown or through close family-infected contact.
Lockdown has been demonstrated to be the most effective strategy precluding SARS-CoV-2
expansion [38—40], also in patients with IBD [41]. Thus, the low incidence of COVID-19
in IBD cohorts does not necessarily reflect a lower susceptibility to infection but a higher
protection attitude towards IBD patients based on recommendations [6,42] or because they
spontaneously adopt more rigorous self-protecting measures [43]. It has been shown that
patients under biologic drugs perceive themselves to be at greater risk of SARS-CoV-2
infection, but, despite that, they do not perform more strict social distancing practices
than patients with IBD without biologics or in remission [43]. However, in our cohort,
only 49% exhibited good adherence to lockdown measures. Currently, data on the exposure
environment of noninfected patients are very limited [44]. The study also showed that
one-third of IBD patients with COVID-19 had occupational risks, mainly working in health
care facilities. It has been reported that health care providers bore a great burden during
the pandemic, as shown in data coming from Italy and China [22,45]. Nonetheless, we did
not find that occupational risk or failure to meet lockdown measures were predictors for a
worse evolution of COVID-19 in patients with IBD.

The reported outcomes of COVID-19 are highly variable [10,28,33,36,46] and may
depend on many factors, such as age, comorbidity, ethnicity, socioeconomic status and
the quality of health care. In our cohort, as in others, the most important factors influ-
encing outcomes were age and comorbidity. Thirty-five percent of the patients required
hospitalisation, 7.9% had severe COVID-19, 2.5% required ICU admission and 3.7% died.
These figures are similar to those extracted from the general population in Spain [23] (hos-
pitalisation 19.5%, ICU 2.1% and mortality 4.6%) and are also identical to those reported in
the first publication of SECURE-IBD, including the first 525 registered cases [8].

Age is known to be one of the most consistent risk factors for severe COVID-19 and
death worldwide [47,48], both in the general population and in patients with IBD [10,49].
We found that patients 50 years old or older were at greater risk for hospitalization,
while those 60 years old or older were more prone to severe COVID-19 or death due
to COVID-19. Comorbidities have also been considered the other important risk factor for
deleterious COVID-19 evolution, both in patients with IBD [16,29,33,36,46] and in the gen-
eral population [22,50], and we also found consistent results in our cohort. Thus, differences
in the percentages of parameters of the severity of COVID-19 between cohorts can be largely
explained by these two factors, not only by themselves. The median age of patients in the
initial SECURE-IBD cohort was 41 years versus 52 years in our cohort, and the percentage
of comorbidities was 36% versus 44%, respectively. Data from SECURE-IBD accessed
on 24 August 2021 [9], showed significantly improved outcomes compared to previous
outcomes, with a fifty percent reduction in indicators of severity, including hospitalisation,
severe COVID-19 and death (more than 70% of the patients were younger than 49 years).
Although it can be speculated that improved knowledge of COVID-19 management may
account for a better outcome over time, important selection bias accounting for differences
in this type of registry cannot be ruled out.
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The only protective factor for severe COVID-19 was CD with inflammatory behaviour.
As this was found to be independent of IBD activity and treatment, we speculate that
this is because this pattern has less disease burden, as it was also related to a shorter
duration of the disease (11 years of disease in inflammatory IBD vs. 18 years in stricturing
or penetrating disease, p < 0.0001).

As stated previously, IBD-related immunosuppression has not been found to be a
risk factor for severe COVID-19 or death [28,29,51]. Our cohort confirms that there is no
relationship between anti-TNF or any other form of therapeutic immunosuppression and
COVID-19 severity. Some authors suggested that the risk of hospitalisation is higher in
patients under biologics, but this may reflect a precaution more than COVID-19 severity
itself, as overall mortality related to COVID has not been demonstrated to be increased in
ours and other previous studies [28,36,46,51,52]. This consistent evidence reinforces the
message that biologics can be safely continued in most cases. The use of steroids in this
pandemic has been controversial [53,54]. In contrast to SECURE-IBD [8], we did not find
that current treatment with systemic steroids was related to a worse COVID-19 evolution,
an outcome that we have previously found related to other relevant infections in patients
with IBD [3]. This might be due to the small proportion of patients under this treatment
(5.4%) or the type of schedule administered. However, the use of steroids three months
before COVID-19 diagnosis was an independent risk factor for hospitalisation and physical
sequelae (at the 3-month follow-up). This could be indirectly related to a probable active
IBD that was challenging to treat and required the use of systemic steroids.

Finally, we describe the evolution of patients at 3 and 12 months after COVID-19.
Thirteen percent withdrew IBD medication during COVID-19. This is less than previously
reported, ranging between 27% [15] and 34% [55]. This is certainly encouraging, as the
first guidelines on the treatment of patients with IBD during the pandemic were very
clear in recommending the withdrawal of immunosuppressants and biologics in infected
individuals [6]. However, as our experience increased, it was assured that the inappropriate
cessation of effective agents for IBD treatment due to unjustified fear of adverse events
could lead to IBD relapse and then to the use of steroids or hospitalisation, thus increasing
the risk of COVID-19 exposure and infection. The last outcome that we explored was
COVID-19 sequelae, present in 13% at 3 months and 15% at 12 months in our cohort.
The only predictive factor for having physical sequelae at the 3-month follow-up was the
use of steroid treatment for IBD 3 months before COVID-19 (OR 1.4, 95% CI 1.07-1.7).
It has been shown that severe sequelae were lower in patients with IBD when matched to
non-IBD controls [49], so IBD does not seem to be a disease linked to more sequelae due to
COVID-19. In contrast, a recent population-based Danish study has suggested that sequelae
are a common phenomenon, affecting almost 44% of patients [56]. It has to be noted that
this study accessed sequelae only in 222 of the 516 patients included and that they were
self-reported sequalae, limiting the confirmation of a real effect that might be caused by
COVID-19. In addition, another study found that patients with IBD, hospitalized due to
COVID-19, have a greater risk of severe infections requiring further hospitalisation [57],
a situation that has not been found in our cohort.

Our study has several limitations to be aware of. First, only 18% of centres performed
an active search of cases (82% of cases were collected by direct notification from the patient
itself, the family physician, the emergency department or the hospitalisation unit, as stated
in the Methods section). Thus, it is possible that very mild cases did not consult their IBD
unit; thus, mild COVID-19 cases might be underrepresented. However, data on hospitalisa-
tion, severe COVID-19, ICU admission and death from the general population are similar to
our cohort and we did not find differences in specific outcomes between these two search-
ing strategies; therefore, this bias is probably small. On the other hand, the majority of
participant centres were certified IBD units that had open access to their outpatient clinics,
nurse-led advice lines and / or emails for emergencies as mandatory quality criteria [26]. Sec-
ond, this study, including only the first wave of an ongoing pandemic, is observational and
cannot establish causation or account for unmeasured confounders. Finally, discovering the
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real number of infected patients remains a global challenge because PCR or serology were
not performed universally at the beginning and there is evidence of false negative results.
This occurred in 10% of this cohort. Notwithstanding these issues, there are some important
strengths. First, it has national coverage with active participation of almost 90% of the IBD
units from the ENEIDA registry. However, the main strength relies on prospective data,
collecting IBD activity, and other important variables. In addition, although nationwide
series on COVID-19 and IBD have been published before [29,33], our study is the largest
cohort of patients with IBD and COVID-19 with the longest follow-up after infection.

5. Conclusions

In conclusion, we have shown that occupational risk and intrafamilial transmission
are relevant epidemiological risk factors and that a high proportion of patients receive
preventive sick leave. We have also demonstrated that IBD does not worsen COVID-
19 prognosis, even when immunosuppressants and biological drugs are used. Age and
comorbidity are the most important prognostic factors for more severe COVID-19 in patients
with IBD and are even more relevant than epidemiological risk factors such as occupational
risk. Finally, COVID-19 is not a condition that affects the prognosis of IBD or its treatment,
either in the short or the long term and is not a cause of significant sequelae in patients
already suffering from IBD. Therefore, there is no need for more strict protection measures
than those adopted for the general population.
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Abstract: Gastrointestinal manifestations may accompany the respiratory symptoms of COVID-19.
Abdominal pain (AP) without nausea and vomiting is one of the most common. To date, its role and
prognostic value in patients with COVID-19 is still debated. Therefore, we performed a retrospective
analysis of 2184 individuals admitted to hospital due to COVID-19. We divided the patients into
four groups according to presented symptoms: dyspnea, n = 871 (39.9%); AP, n = 97 (4.4%); AP with
dyspnea together, 1 = 50 (2.3%); and patients without dyspnea and AP, n = 1166 (53.4%). The patients
with AP showed tendency to be younger than these with dyspnea, but without AP (63.0 [38.0-70.0]
vs. 65.0 [52.0-74.0] years, p = 0.061), and they were more often females as compared to patients with
dyspnea (57.7% vs. 44.6%, p = 0.013, for females). Patients with AP as a separate sign of COVID-19
significantly less often developed pneumonia as compared to individuals with dyspnea or with
dyspnea and AP together (p < 0.0001). Patients with AP or AP with dyspnea were significantly less
frequently intubated or transferred to the intensive care unit (p = 0.003 and p = 0.031, respectively).
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Individuals with AP alone or with dyspnea had significantly lower rate of mortality as compared
to patients with dyspnea (p = 0.003). AP as a separate symptom and also as a coexisting sign with
dyspnea does not predispose the patients with COVID-19 to the worse clinical course and higher
mortality.

Keywords: COVID-19; SARS-CoV-2; gastrointestinal manifestations; abdominal pain; dyspnea;
clinical course; mortality

1. Introduction

In December 2019, a large number of pneumonia cases of unknown origin were
first reported in Wuhan, Hubei Province, China [1]. Next, after several weeks, the new
pathological agent was recognized as a novel coronavirus responsible for this severe acute
respiratory syndrome (SARS). The virus was named SARS coronavirus 2 (SARS-CoV-2) as
a member of the Coronaviridae family [1,2]. This group of viruses is routinely presented
among animals and humans, and contains nonsegmented enveloped RNA viruses with
a single-strand linear positive-sense RNA (2). Subsequently, the disease caused by SARS-
CoV-2 was introduced as coronavirus disease-2019 (COVID-19) [1-3]. The new, unknown
virus disease spread rapidly worldwide, and 11 March 2020 was established as the start
date of the global pandemic by the World Health Organization (WHO) [3]. Since that time,
over 212 million patients with a COVID-19 diagnosis and 4.4 million COVID-19-associated
deaths have been observed [4]. The prevalence of COVID-19 is steadily increasing [5].

Initially, according to many studies, COVID-19 was recognized only as a respiratory
tract infection. However, later, many authors described COVID-19 as a disease with a wide
range spectrum of symptoms due to its involvement of not only the lungs but also other
organs [6,7]. Hoffmann et al. [8] revealed that it is caused by the interaction of SARS-CoV-2
with other human organs mediated by angiotensin converting enzyme 2 (ACE 2). ACE 2
is expressed on many anatomical structures on the cell surface. ACE 2 was identified as
an integral membrane protein that is recognized as the host cell receptor for SARS-CoV-2.
Additionally, Chen et al. [9] observed ACE 2 as the host cell receptor in a large quantity
in patients with COVID-19. Varga et al. [10] established that endothelial ACE 2-positive
cells obtained from COVID-19 patients present significant morphological changes, such as
disruptions of intercellular junctions, cell swelling, and damaged contacts of the basement
membrane. Despite the fact that ACE 2 is mostly localized in the alveolar epithelium, some
authors have highlighted its presence in the liver and biliary epithelium, enterocytes, or the
vascular endothelium [11,12]. Therefore, it can be expected that such pathophysiological
reactions may lead to some other clinical manifestations of the extrapulmonary locations.

It was estimated that on 19 January 2020, in Washington (USA), the first COVID-19-
positive patient manifested, in addition to respiratory sings, abdominal symptoms such as
abdominal pain (AP), nausea, and vomiting [13]. Some authors noticed that several indi-
viduals with COVID-19, who presented to the emergency department (ED) had only AP
without any typical respiratory signs characteristic of this infection [1]. Others described
an interesting situation, that was individually observed in EDs: in patients with severe
AP, when radiologists subsequently performed abdominal computed tomography [CT] due
to the abdominal symptoms, they recognized the SARS-CoV-2 infection due to the typi-
cal findings of peripheral and subpleural ground-glass opacities in the lower lobes of the
lung [14-16]. Regarding some observational studies describing connections between COVID-
19 and digestive system failure symptoms [17-19], we can ask whether they should be treated
as specific signs for SARS-CoV-2 infections, especially in patients without any respiratory
symptoms. However, there are also other important issues, which in our opinion stand
in contrast to previously mentioned ones. Namely, some authors recognize AP in patients
with COVID-19 as a side effect of virus infection treatment and as secondary to systemic
inflammation and ischemia [20]. Others say that AP may also occur in patients with basilar
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pneumonia [12,21]. However, many authors have reported an association between SARS-
CoV-2 infections and other abdominal diseases, such as acute pancreatitis, which has been
well documented by clinical studies [22-26]. On the other hand, there are analyses that have
considered such observations, even well-documented ones, inappropriate [27]. These au-
thors recommend treating the relationship between SARS-CoV-2 infections and, for instance,
mentioning acute pancreatitis as a casual association, due to insufficient etiological evaluation.

Due to these observations and many doubts about the COVID-19 disease, we per-
formed a retrospective analysis of 2184 individuals with COVID-19 to determine whether,
and how many patients infected by SARS-CoV-2 manifested AP. Second, we checked,
whether the patients with COVID-19 disease, who presented with AP, had significantly
elevated specific markers for digestive system involvement. Third, we assessed the correla-
tion between respiratory symptoms and AP to establish how often they occur together and
separately. Finally, we assessed how AP may influence the clinical course and mortality of
patients with COVID-19.

2. Materials and Methods
2.1. Study Population

We retrospectively analyzed 2184 medical records of patients admitted and treated
at the university and temporary COVID-19 hospital arranged by the Medical University
Hospital in Wroclaw (Poland) between February 2020 and June 2021.

The study protocol was approved by the Institutional Review Board and Ethics Com-
mittee of Wroclaw Medical University, Wroclaw, Poland (No: KB-444/2021). All our
patients provided informed consent for admission into the study, which stipulated that
the results may be used for research purposes. The data were analyzed retrospectively
and anonymously from established medical records. The authors did not have access to
identifying patient information or direct access to the study participants.

The patients were divided into four groups according to presented symptoms at the
time of admission to the hospital: group A—patients without dyspnea and AP, (study
control population); group B—patients with dyspnea; group C—patients with AP; and
group D—patients with dyspnea and AP. Patients in Group A did not have dyspnea and
AP, and they were included to this group as the patients with COVID-19 positive test
and other signs of virus infection (except of AP and dyspnea): cough, fever, pain in the
chest, standstill, stressed sounds, and whistling sounds heard over the lung fields, diarrhea,
vomiting, deterioration of health, weakness, and elevated inflammatory parameters. The
patients infected by SARS-CoV-2 in whom we confirmed acute abdominal disease such as
appendicitis, cholecystitis, diverticulitis, incarcerated and strangulated abdominal hernia,
occlusion of mesenteric artery or aortic aneurysm were excluded from the study (see
supplementary materials). They were transported to the department of surgery for potential
surgical intervention. They were not admitted to the temporary COVID-19 hospital.

2.2. Statistical Analysis

Descriptive data were presented as number of observation and percent (for categorical
variables) or as mean, standard deviation (£5D), median and interquartile range (Q25-Q75)
(for continuous variables). Distribution of continuous variables was tested by Kolmogorov-
Smirnoff with Lillefor’s correction or Shapiro-Wilk normality tests. Chi-square test and
Fisher exact test were used for comparison of qualitative variables. Quantitative variables
were tested by ANOVA Kruskal-Wallis analysis with post-hoc Dunn test with Bonferroni
correction. A significance level of 0.05 was assumed in the analyzes.

Univariable and multivariable logistic regression analysis was used for the determi-
nation of independent clinical and laboratory predictors of patients” death. Results of
p > 0.1 in univariable logistic analyzes were assumed as exclusion criterion in multivariable
analysis. Odds ratios (OR) and confidence intervals (£95% CI) were calculated. In some
cases, it was observed a strong correlation between the variables (r = 1.0, p < 0.0001), the
matrix model was improperly conditioned and the criteria for logistic regression analysis
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were not met, these variables were removed from the analysis. Clinical and laboratory
variables were analyzed separately in multivariable log analysis.

Statistical calculations were performed using Statistica v.13.3 (Tibco Software Inc., Palo
Alto, CA, USA).

3. Results
3.1. Patient Characteristics

The study group consisted of 2184 COVID-19 patients. There were 1102 (50.5%)
women and 1082 (49.5%) men, with a mean age of 60.1 & 18.8 years old. Group A consists of
1166 (53.4%) patients, group B contains 871 (39.9%) individuals, group C 97 (4.4%) patients,
and group D consists of 50 (2.3%) patients. Groups were different in sex (p = 0.0001) and
age (p = 0.001) parameters (Table 1), therefore subsequent data were analyzed separately
according sex. The “age” variable was not significant in selected “women” and “men”
groups in post-hoc tests (p > 0.05).

Table 1. Baseline characteristics of 2184 patients hospitalized due to COVID-19, divided into four
study groups.

No Dyspnea . . Dyspnea
. and No Abdominal Pain Dyspnea Abdominal Pain and Abdominal Pain
Variables n=871; n=97; p-Value
1 = 1166; (Group B) (Group O) n = 50;
(Group A) P P (Group D)
Sex:
- women 629 (54.0) 388 (44.6) 56 (57.7) 29 (58.0) 0.0001
- men 537 (46.0) 483 (55.4) 41 (42.3) 21 (42.0)
Age (years old) 63.0 (41.0-73.0) 1 65.0 (52.0-74.0) 12 63.0 (38.0-70.0) 2 64.0 (40.0-75.0) 0.001

Values for continuous variables were showed as or median (Q25-Q75), and values for categorical variables
were presented as number of observation (percent) ': A vs. B, p =0.002; 2 B vs. C, p = 0.061 tendency to
statistical significance.

Baseline characteristics of patients with COVID-19 according to clinical symptoms
reported by patients during admission time to the hospital was presented in Table 1.

The patients with dyspnea (Group B) were significantly older than patients without
respiratory sign and AP (Group A) (65.0 [52.0-74.0] vs. 63.0 [41.0-73.0] years, p = 0.002),
and they showed tendency to be older than patients with AP (Group C) (p = 0.061). The
patients with dyspnea were more often male as compared to other study groups (55.4% vs.
46.0% or 42.0%, p < 0.0001).

3.2. Relationship between Presented Symptoms in Four Study Groups and Other Clinical and
Laboratory Parameters Obtained on Admission to Hospital and during Hospitalization

Table 2 showed the prevalence of clinical factors and results of laboratory parameters
in COVID-19 patients divided into four study groups in two time periods, namely at the
time of admission to the hospital and during hospitalization.

Table 2. Comparison of the clinical and laboratory parameters in four tested groups of patients with
COVID-19 at the time of admission to hospital and during hospitalization.

Variables

Dyspnoea and
Abdominal Pain p-Value
n = 50; (Group D)

Control Group Dyspnoea Abdominal Pain
n=1166; (Group A) 1 =871; (Group B) 1 =97; (Group C)

Parameters Obtained at the Admission to the Hospital

Saturation (SaO,) without
oxygen therapy (%)

96.0 (94.0-98.0) 12 90.0 (85.0-95.0) 13 97.0 (95.0-98.0) 34 92.4 4 4.5 24 <0.0001

PaO, [mmHg]

61.5+31.4 54.0 (35.5-73.5) 42.0 (26.0-50.0) 49.8 £26.4 0.045
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Table 2. Cont.

. . Dyspnoea and
wbs L SUE ASTGG Ao Fan i
Pain in the chest 50 (4.3) 101 (11.6) 3(3.1) 9 (18.0) <0.0001
Cough 171 (14.7) 434 (49.8) 15 (15.5) 28 (56.0) <0.0001
Sta“dsﬁgéeg;‘li o the 109 (9.4) 233 (26.8) 10 (10.3) 15 (30.0) <0.0001
S“esset‘}i‘:‘;zﬂgsﬁzfggd over 108 (9.3) 189 (21.7) 10 (10.3) 12 (24.0) <0.0001
ngvsili‘fesli‘:;dfsiggzrd 63 (5.4) 147 (16.9) 4(41) 5 (10.0) <0.0001
Diarrhea 35 (3.0) 58 (6.7) 21 (21.7) 13 (26.0) <0.0001
Vomiting 35 (3.0) 21 (2.4) 30 (30.9) 12 (24.0) <0.0001
Respiratory support:
- oxygen mustache cannula 127 (10.9) 277 (31.9) 8(8.3) 16 (32.0)
- face mask 34 (2.9) 104 (12.0) 1(1.0) 5 (10.0)
- Venturi mask 3(0.3) 12 (1.4) 2(2.1) 0(0.0) <0.0001
- passive oxygen therapy 33(2.8) 176 (20.3) 2(2.1) 5(10.0)
-HFNC 1(0.1) 9 (1.0) 0(0.0) 0(0.0)
- BiPAP/CPAP 1(0.1) 8(0.9) 0(0.0) 0(0.0)
- respirator therapy 72 (6.2) 11 (1.3) 0(0.0) 0(0.0)
ASPAT (U/L) 32.0 (21.0-55.0) 43.0 (29.0-69.0)>¢  33.0 (22.0-56.0) © 42.5 (26.0-59.0) <0.0001
ALAT (U/L) 25.0 (16.0-45.0) 7 35.0 (21.0-58.0) 7 26.0 (17.0-47.0) 32.0 (20.0-46.0) <0.0001
Total bilirubin (mg/dL) 0.6 (0.5-0.9) 0.6 (0.5-0.8) 0.6 (0.5-1.0) 0.6 (0.5-0.9) 0.365
Amylase in blood (U/L) 50.5 (31.0-75.0) 50.0 (32.0-72.0) 50.5 (31.0-63.0) 55.0 (42.0-60.0) 0.834
Lipase (U/L) 29.0 (16.0-63.0) 31.0 (18.0-56.0) 30.0 (15.0-63.0) 41.0 (22.0-57.0) 0.742
CRP (mg/L) 30.7 (5.2-89.8) 89 74.4 (32.7-144.3) 810 40.7 (“1'3‘100'8) 71.2 (31.4-128.15)°  <0.0001
Procalcitonin (ng/mL) 0.09 (0.04-0.31) 0.09 (0.04-0.30) 0.07 (0.04-0.22) 0.07 (0.04-0.26) 0.351
Parameters obtained during hospitalization
Deterioration of
f;if&:ih:grg‘igsdsf‘v’z 329 (28.2) 371 (42.6) 26 (26.8) 17 (34.0) <0.0001
oxygen therapy
The most aggressive
respiratory support during
hospitalization:
- HENC 32 (2.8) 92 (10.6) 3(3.1) 4(8.0) <0.0001
- BiPAP/CPAP 9 (0.8) 32(3.7) 0(0.0) 1(2.0)
- respirator therapy 112 (9.6) 96 (11.0) 3(3.1) 1(2.0)
Whistling /rattling sounds 274 (23.5) 441 (50.7) 20 (20.6) 28 (56.0) <0.0001
Pneumonia 397 (34.1) 599 (68.8) 32 (33.0) 33 (66.0) <0.0001
Hypovolemic shock 19 (1.6) 12(1.4) 4(4.1) 0(0.0) 0.199
Cardiac shock 18 (1.5) 13 (1.5) 1(1.0) 0(0.0) 0.643
Septic shock 80 (6.9) 57 (6.5) 4(4.1) 0(0.0) 0.046
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Table 2. Cont.

. . Dyspnoea and
WS G ne B 4Gy Aomin e
Digastive tract
hemorrhage:
- upper part 17 (1.5) 12 (1.4) 33.1) 0(0.0) 0.500
- lower part 4(0.3) 3(0.3) 1(1.0) 1(2.0)
Respiratory hemorrhage 14 (1.2) 17 (2.0) 1(1.0) 2 (4.0 0.330
The need for intubation 111 (9.5) 100 (11.5) 3(3.1) 1(2.0) 0.003
Tra“SferC;‘;fg‘rﬁtenswe 106 (9.1) 101 (11.6) 5(5.2) 2 (4.0) 0.031
Ventilation mode:
-A/C 65 (65.0) 39 (54.9) 1 (50.0) 0(0.0)
-CMV 19 (19.0) 12 (16.9) 1 (50.0) 0(0.0) 0507
- SIMS 16 (16.0) 20 (28.2) 0(0.0) 0(0.0)
Hospitalization:
- Discharge home 741 (63.6) 481 (55.2) 65 (67.0) 29 (58.0)
- Transfered to another
tre};?;gﬁlcffnge eri?rlsiifon 129 (11.1) 128 (14.7) 14 (14.4) 9 (18.0) 0.003
of health
hog;igffgffeagﬁiﬁfén 143 (12.3) 104 (11.9) 8 (8.3) 7 (14.0)
- Patient’s death 153 (13.1) 158 (18.1) 10 (10.3) 5 (10.0)
ASPAT (U/L) 29.0 (20.0-48.0) 11 35.0 (24.0-57.0) 11 28.0 (21.0-45.0) 34.0 (24.0-58.0) <0.0001
ALAT (U/L) 28.0 (17.0-53.0) 2 41.0 (22.0-75.0) %13 28.0 (15.0-48.0) 13 39.0 (20.0-61.0) <0.0001
Total bilirubin (mg/dL) 0.6 (0.4-0.8) 0.6 (0.5-0.8) 0.6 (0.4-0.9) 0.6 (0.4-0.9) 0.930
Amylase in blood (U/L) 49.5 (30.0-71.0) 50.0 (34.0-69.0) 45.5 (28.0-65.0) 52.7 +15.9 0.805
Lipase (U/L) 30.0 (16.0-65.0) 34.0 (19.0-58.0) 33.0 (15.0-63.0) 41.0 (21.0-54.0) 0.876
CRP (mg/L) 15.6 (3.9-65.6) 14 19.6 (5.0-94.4) 14 20.7 (6.6-54.0) 28.9 (7.4-94.7) 0.006
Procalcitonin (ng/mL) 0.06 (0.03-0.30) 0.05 (0.03-0.2) 0.05 (0.03-0.13) 0.06 (0.03-0.14) 0.292

HFNC, high flow nasal cannula; BiPAP/CPAP, bilevel positive airway pressure/continuous positive airway pres-
sure; A/C, assist/control; CMV, continuous mandatory ventilation; SIMV, synchronized intermittent mandatory
ventilation; ASPAT, aspartate transaminase; ALAT, alanine aminotransferase; CRP, C-reactive protein. Values
for continuous variables were showed as mean + SD and for variables without normal distribution as median
(Q25-Q75), and values for categorical variables were presented as number of observation (percent). ': A vs. B,
p <0.0001, % A vs. D, p =0.0004; >: Bvs. C, p <0.0001; *: Cvs. D, p <0.001; >: A vs. B, p <0.0001; ®: Bvs. C,
p=0.009; 7: Avs. B, p<0.0001;8: Avs. B, p<0.0001;%: Avs. D, p<0.001; % Bvs. C,p<0.001; ": Avs. B,
p <0.0001; 12: A vs. B, p < 0.0001; 13: Bvs. C, p=0.003; 14: Avs. B, p=0.013.

At the time of admission to the hospital we observed statistically significant correlation
between the prevalence of the clinical signs characteristic for analyzed groups. In the
groups of patients with dyspnea (Group B) and with dyspnea and AP (Group D), the
clinical respiratory signs (cough, standstill, stressed sounds, and whistling sounds heard
over the lung fields) were observed significantly more often as compared to the patients
without dyspnea (Group A) and to the patients presented only AP (Group C) (p < 0.0001
for all) (Table 2). Similarly, the clinical signs characteristic for patients with AP (Group
C) and AP with dyspnea (Group D) (diarrhea and vomiting) were significantly more
often observed in these groups comparing to the groups without AP (Groups A and
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B) (p < 0.0001 for all) (Table 2). Saturation (5aO;) without oxygen therapy significantly
differed between comparing groups (A vs. B, p < 0.0001, A vs. D, p = 0.0004; B vs. C,
p < 0.0001; C vs. D, p < 0.001) what correlated with clinical symptoms presented by
patients (Table 2). Consequently, respiratory supports (oxygen mustache cannula, face
mask, Venturi mask, passive oxygen therapy, High Flow Nasal Cannula (HFNC), Bilevel
Positive Airway Pressure/Continuous Positive Airway Pressure (BiPAP/CPAP), and lastly
respirator therapy) were significantly more often introduced in patients with dyspnea
and with dyspnea and AP (Groups B and D). However, none of the patients with AP
and AP with dyspnea did not need HENC, BiPAP/CPAP, and respirator therapy. What is
interesting, we observed significantly higher levels of aspartate transaminaze (ASPAT) and
alanine aminotransferaze (ALAT) in the blood of the patients presented dyspnea separately
and with AP (Groups B and D) when compared to the patients with AP alone (Group C) (A
vs. B, p <0.0001; Bvs. C, p=0.009; A vs. B, p < 0.0001) (Table 2). We observed the analogous
situation with C-reactive protein (CRP) in compared groups (A vs. B, p < 0.0001; A vs. D,
p <0.001; Bvs. C,p <0.001) (Table 2). We did not observe statistically significant correlations
in analyzed groups in case of blood levels of total bilirubin, amylase, and procalcitonin.

During hospitalization the patients with dyspnea and with dyspnea and AP (Groups
B and D) presented significantly more often deterioration of health what needed maximum
aggressive oxygen therapy (p < 0.0001) (Table 2). The most aggressive respiratory support
during hospitalization (HFNC, BiPAP/CPAP and respirator therapy) was significantly
more often introduced in patients with dyspnea (Group B) as compared to the patients with
AP or with AP and dyspnea (Groups C and D). Patients with AP (Group C) significantly
less frequently developed pneumonia compared to patients with dyspnea and patients
with dyspnea and AP (Groups B and D) (p < 0.0001) (Table 2). Patients with AP and AP
with dyspnea (Groups C and D) were significantly less frequently intubated and transferred
to the Intensive Care Unit as compared to the patients with dyspnea (Group B) (p = 0.003
and p = 0.031, respectively) (Table 2). Patients with AP as a separate sign (Group C) and
with AP and dyspnea (Group D) had significantly lower rate of mortality as compared to
patients with dyspnea as a separate symptom (Group B) (p = 0.003) (Table 2). We observed
significantly higher levels of ASPAT and ALAT in the blood of the patients presented
dyspnea separately and with AP (Groups B and D) when compared to the patients with
AP alone (Group C) (A vs. B, p <0.0001; A vs. B, p <0.0001; B vs. C, p = 0.003) (Table 2).
During hospitalization we observed significantly higher level of CRP in patients with AP
and dyspnea (Group D) (p = 0.006) (Table 2).

3.3. Selected Determinants of COVID-19 Patient Death

In order to test the risk of qualifying a COVID-19 patient to a given group on the basis
of the presented symptoms at the time of admission to the hospital, we conducted a logistic
analysis for three study groups (A, B and C) as predictors of death (Table 3).

Table 3. Logistic regression analysis of membership in selected groups of COVID-19 patients as
predictors of patient’s death.

Groups OR (£ 95% CI) p-Value
gr. Bvs. gr. A (for gr. B) 1.47 (1.15-1.87) 0.002
gr. Cvs. gr. A (for gr. C) 0.87 (0.62-1.22) 0.428
gr. Bvs. gr. C (for gr. C) 0.52 (0.26-1.02) 0.057

Qualifying the patient to group B, but not to group C, significantly influenced the prevalence of patient’s death.

We analyzed numerous risk factors and potential predictors of patient’s death. Uni-
variable logistic regression analysis was used for precise assessment of each parameter’s
influence. Then two multivariable models of selected determinants were obtained for
patients with dyspnea (Group B, n = 871) and patients with AP (Group C, n = 97). A
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corresponding model for group of patients with dyspnea and AP (Group D, n = 50) was
not possible due to the low number of subjects.

In the univariable logistic analysis for patients with dyspnea as a separate symptom
(Group B), majority of tested risk factors significantly influenced the prevalence of patients’
death (p < 0.05 for all) (Table 4).

Table 4. Univariable and multivariable logistic regression analysis of selected variables as predictors
of death in group of patients with dyspnea (Group B; n = 871).

Univariable Multivariable

Risk Parameters

OR (£95% CI) p-Value OR (£95% CI) p-Value
Parameters at the Time of Admission to the Hospital:
Sex (for men) 1.44 (1.01-2.05) 0.045 1.55 (1.05-2.29) 0.027
Age (for >65 years old) 4.13 (2.78-6.15) <0.0001 3.35(2.20-5.11) <0.0001
Pain in the chest 1.13 (0.67-1.90) 0.644
Cough 0.43 (0.29-0.61) <0.0001 0.52 (0.35-0.77) 0.001
Standstill heard over the lung fields 2.51 (1.75-3.59) <0.0001 2.10 (1.41-3.13) <0.001
Stressed sounds heard over the lung fields 1.77 (1.20-2.61) 0.003 1.35(0.87-2.10) 0.174
Whistling sounds heard over the lung fields 2.00 (1.32-3.02) <0.001 1.49 (0.95-2.33) 0.082
Diarrhea 0.93 (0.46-1.90) 0.854
Vomiting 1.06 (0.35-3.22) 0.913
Respiratory suport:
Oxygen mustache 0.48 (0.31-0.73) <0.001 0.65 (0.40-1.05) 0.081
Face mask 1.24 (0.74-2.05) 0.403
Venturi mask 3.28 (1.02-10.51) 0.044 3.37(0.99-11.47) 0.051
Passive oxygen therapy 2.41 (1.64-3.54) <0.0001 1.91 (1.21-3.01) 0.005
HENC 5.77 (1.53-21.80) 0.009 6.62 (1.56-27.96) 0.010
BiPAP/CPAP 1.18 (0.92-1.50) 0.171
Respirator therapy 1.70 (0.44-6.49) 0.437
Laboratory parameters at admission:
ASPAT (for: >40 U/L) 1.44 (0.98-2.13) 0.059 1.49 (0.59-3.79) 0.395
ALAT (for: >40 U/L) 0.65 (0.44-0.96) 0.031 0.67 (0.29-1.68) 0.419
Total bilirubin (for: >1.1 mg/dL) 2.80 (1.57-4.98) <0.0001 1.93 (0.71-5.23) 0.194
Amylase in blood (for: >160 U/L) 19.78 (2.38-163.90) 0.005 10.47 (1.05-104.63) 0.044
Lipase (for >150 U/L) 1.20 (0.34-4.09) 0.772
CRP (for: >5mg/L) 222 (0.78-6.32) 0.134
Procalcitonin (for: > 0.1 ng/mL) 5.23 (3.41-8.03) <0.0001 6.13 (2.49-15.06) <0.0001
Parameters during hospitalization:
The most aggressive respiratory support during hospitalization:
HENC 3.45 (2.17-5.48) <0.0001 16.38 (6.71-39.93) <0.0001
BiPAP/CPAP 6.41 (3.11-13.20) <0.0001 46.04 (15.55-136.23) <0.0001
Respirator therapy 6.70 (4.27-10.51) <0.0001 1.41 (0.10-19.31) 0.792
Whistling /rattling sounds 0.34 (0.23-0.49) <0.0001 2.63 (1.14-6.07) 0.022
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Table 4. Cont.
Risk Parameters Univariable Multivariable
OR (£95% CI) p-Value OR (£95% CI) p-Value

Pneumonia 2.19 (1.42-3.36) 0.0003 1.01 (0.68-1.48) 0.963

Hypovolemic shock 6.56 (2.1-20.99) 0.001 2.54 (0.37-17.26) 0.338

Cardiac shock 26.50 (5.82-121.54) <0.0001 14.34 (2.32-88.46) 0.004

Septic shock 26.21 (13.16-52.17) <0.0001 10.45 (2.54-43.01) 0.001

Digastive tract hemorrhage:

- upper part 3.29 (1.03-10.54) 0.044 2.51 (0.57-11.07) 0221
- lower part 2.26 (0.20-25.21) 0.505

Respiratory hemorrhage 4.17 (1.58-11.00) 0.004 1.59 (0.42-5.99) 0.491

Transferred to the Intensive Care Unit 5.17 (3.32-8.02) <0.0001 5.06 (3.01-8.28) <0.001

The need for intubation 7.53 (4.82-11.74) <0.0001 46.95 (5.09-432.87) <0.001

Ventilation mode:
-A/C 0.96 (0.36-2.55) 0.933
-CMV 2.06 (0.49-8.60) 0.314
- SIMV 0.67 (0.22-1.94) 0.449
Laboratory parameters during hospitalization:

ASPAT (for: >40 U/L) 2.89 (1.96-4.27) <0.0001 2.27 (1.26-4.08) 0.006
ALAT (for: >40 U/L) 0.85 (0.58-1.23) 0.385

Total bilirubin (for: >1.1 mg/dL) 5.33 (3.08-9.22) <0.0001 4.99 (1.91-13.08) 0.001

Amylase in blood (for: >160 U/L) 1 ref. -

Lipase (for >150 U/L) 0.88 (0.22-3.41) 0.852

CRP (for: >5 mg/L) 66.67 (9.24-481.12) <0.0001 23.84 (3.06-185.30) 0.002

Procalcitonin (for: > 0.1 ng/mL) 30.64 (17.66-53.18) <0.0001 22.56 (11.86-42.91) <0.0001

HENC, high flow nasal cannula; BiPAP/CPAP, bilevel positive airway pressure/continuous positive airway pres-
sure; A/C, assist/control; CMV, continuous mandatory ventilation; SIMV, synchronized intermittent mandatory
ventilation; ASPAT, aspartate transaminase; ALAT, alanine aminotransferase; CRP, C-reactive protein; OR, odds
ratio; +95%CI, 95% confidence intervals.

Model of multivariable analysis presented for patients with dyspnea alone (Group B)
(Table 4) revealed, that an increase in age above 65 years old, male gender, standstill heard
over the lung fields, passive oxygen therapy, HFNC therapy, and also levels of amylase
in blood above 160 U/L (normal range: 20-160 U/L) and procalcitonin above 0.1 ng/mL
(normal range <0.1 ng/mL) at the time of admission to the hospital were connected with
significantly higher risk of death (p < 0.05 for all). Predictors of patients’ death in patients
with dyspnea without AP (Group B) during hospitalization were HFNC, BiPAP/CPAP,
cardiac and septic shock, the need for intubation, transfer to the intensive care unit, ASPAT
above 40 U/L (normal range: 0-40 U/L), total bilirubin above 1.1 mg/dL (normal range:
0.3-1.1 mg/dL), CRP above 5 mg/L (normal range: 3.0-5.0 mg/L), and elevated procalci-
tonin above 0.1 ng/mL (p < 0.05 for all) (Table 4).

In the univariable logistic regression analysis for patients with AP as a separate
symptom (Group C), respirator therapy, pneumonia, hypovolemic shock, septic shock,
transfer to the intensive care unit, procalcitonin level above 0.1 ng/mL at the time of
admission to the hospital, and during hospitalization were predictors of patient’s death
(p < 0.05). Model of multivariable analysis constructed for patients with AP (Group C)
(Table 5) revealed that increase of procalcitonin level above 0.1 ng/mL at the time of
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admission to the hospital and during hospitalization was the only risk factor of patients’
death (p < 0.05) (Table 5).

Table 5. Univariable and multivariable logistic regression analysis of selected variables as predictors
of death in group of patients with abdominal pain (1 = 97).

Risk Parameters Univariable Multivariable
OR (£95% CI) p-Value OR (£95% CI) p-Value
Parameters at the Admission to the Hospital:
Sex (for men) 0.90 (0.23-3.48) 0.878
Age (for >65 years old) 2.34 (0.60-9.05) 0.213
Pain in the chest 4.72 (0.38-59.22) 0.223
Cough 1 ref. -
Standstill heard over the lung fields 2.46 (0.43-13.97) 0.300
Stressed sounds heard over the lung fields 0.96 (0.11-8.79) 0.972
Whistling sounds heard over the lung fields 3.11(0.28-34.14) 0.346
Diarrhea 0.37 (0.04-3.20) 0.362
Vomiting 0.95 (0.22-4.04) 0.946
Respiratory suport:
Oxygen mustache cannula 3.38 (0.56-20.01) 0.175
Face mask 1 ref. -
Venturi mask 9.55 (0.53-172.35) 0.121
Passive oxygen therapy 1 ref. -
HENC 1 ref. -
BiPAP/CPAP 1 ref. -
Respiratory therapy 1 ref. -
Laboratory parameters at admission:
ASPAT (for: >40 U/L) 1.83 (0.42-7.91) 0.406
ALAT (for: >40 U/L) 2.14 (0.51-9.05) 0.290
Total bilirubin (for: >1.1 mg/dL) 0.86 (0.09-8.01) 0.890
Amylase in blood (for: >160 U/L) 1 ref. -
Lipase (for >150 U/L) 1 ref. -
CRP (for: >5 mg/L) 1 ref. -
Procalcitonin (for: > 0.1 ng/mL) 8.00 (1.41-45.21) 0.016 8.00 (1.41-45.21) 0.016
Parameters during hospitalization:
The most aggressive respiratory support during hospitalization:
Whistling /rattling sounds 1.76 (0.40-7.68) 0.443
HENC 1 ref. -
BiPAP/CPAP 1 ref. -
Respirator therapy 21.50 (1.69-272.56) 0.016 0.085 (0.00-15.35) 0.346
Pneumonia 5.78 (1.35-24.63) 0.016 6.20 (0.92-41.74) 0.057
Hypovolemic shock 10.62 (1.27-88.22) 0.027 1.84 (0.02-138.23) 0.779
Cardiac shock 1 ref. -
Septic shock 36.85 (3.27-415.19) 0.003 1.31 (0.04-47.73) 0.882
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Table 5. Cont.

Risk Parameters Univariable Multivariable
OR (£95% CI) p-Value OR (£95% CI) p-Value
Digastive tract hemorrhage:- upper part- lower part 4.72 (0.37-59.22)1 ref. 0.223-
Respiratory hemorrhage 1 ref. -
Transferred to the Intensive Care Unit 18.21 (2.52-131.04) 0.003 10.35 (0.13-848.87) 0.292
Laboratory parameters during hospitalization:
ASPAT (for: >40 U/L) 0.65 (0.11-3.60) 0.620
ALAT (for: >40 U/L) 0.62 (0.11-3.33) 0.574
Total bilirubin (for: >1.1 mg/dL) 2.26 (0.38-13.32) 0.360
Amylase in blood (for: >160 U/L) 1 ref. -
Lipase (for >150 U/L) 1 ref. -
CRP (for: >5 mg/L) 1 ref. -
Procalcitonin (for: > 0.1 ng/mL) 16.62 (2.78-99.32) 0.002 16.62 (2.78-99.32) 0.002

HENC, high flow nasal cannula; BiPAP/CPAP, bilevel positive airway pressure/continuous positive airway
pressure; ASPAT, aspartate transaminase; ALAT, alanine aminotransferase; CRP, C-reactive protein; OR, odds
ratio; +95% CI, 95% confidence intervals.

4. Discussion

Since the COVID-19 pandemic is ongoing, it was estimated, that although respira-
tory signs are predominant, extrapulmonary manifestations are also present. Clinical
observations revealed, that almost all organs and systems can be involved in SARS-CoV-2
infections [28]. Guan et al. [15] suggests, that among many others, AP may occur as an
isolated clinical finding in patients with COVID-19. Digestive symptoms such as nausea,
vomiting, and diarrhea may accompany respiratory symptoms. In our study group, we
estimated that patients with dyspnea without AP presented diarrhea and vomiting in 6.7%
and 2.4% of cases, respectively. In patients with AP and dyspnea, digestive symptoms
were presented more often (i.e., diarrhea in 26.0% of the patients and vomiting in 24.0%).
A similar situation was observed in patients presenting only AP without dyspnea. In this
group we observed diarrhea in 21.7% and vomiting in 30.9% of the patients.

Sanku et al. [29] noticed, that gastrointestinal bleeding is a rare and unusual finding
since patients with COVID-19 are often hypercoagulable, so they are more likely to clot than
to bleed. In our study, we noticed digestive tract hemorrhage from the upper part in 1.4% of
the patients presenting dyspnea. Interestingly, we did not observe this symptom in patients
with dyspnea and AP and only observed digestive tract hemorrhage from the upper part
in 3.1% of the patients with AP but without dyspnea. Bleeding from the lower part of the
digestive tract was only observed in 0.3% of the patients presenting dyspnea at admission,
in 2.0% of the patients with AP, and dyspnea in 1.0% of the patients, who presented only AP
as an isolated symptom. We also observed hemorrhage from the respiratory tract, especially
in patients, who presented only dyspnea as a main clinical symptom of COVID-19. In this
group we observed respiratory tract hemorrhage in 17 (2.0%) individuals.

In addition to respiratory parameters, liver, biliary tract, and pancreatic laboratory
tests are routinely ordered in patients with SARS-CoV-2 infections, especially in those
presenting with abdominal complaints. In our study we did not perform the analysis of
the imaging tests of the abdominal cavity (CT, ultrasonography, endoscopy) due to low
number of the completed examinations. Despite good evidence of a correlation between
elevated pancreatic enzymes, liver and biliary injury markers, and diseases of these organs,
there is still a lack of data regarding these observations during SARS-CoV-2 infections and
the course of the disease. Generally, in our analysis we did not observe any significant
correlation of elevated pancreatic and hepatic enzymes, and abdominal complaints. In the
analyzed groups of patients with dyspnea (Group B), AP (Group C), and dyspnea with AP
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together (Group D) were investigated for women and men at the time of admission and
during hospitalization, and we noticed only two significant differences. Interestingly, in
contrast to other studies, we noticed that the blood level of aspartate transaminase (ASPAT)
was significantly higher in the groups of patients with dyspnea as a main clinical symptom
and with AP (Groups B and D), but not in patients with AP (Group C). This significant
difference was also seen during hospitalization. At the time of admission and during
hospitalization we observed, that the blood level of alanine aminotransferase (ALAT) was
significantly higher in the groups of patients with dyspnea and AP with dyspnea (Group
B and D), but not in the group with AP alone (Group C vs. A and B). Revzin et al. [30]
estimated that liver failure in patients with COVID-19 is rather mild and transient, but
severe liver injury might be diagnosed in the case of sepsis and coagulopathy with mi-
crothrombosis. In our study, we confirmed a higher rate of sepsis in the group with dyspnea.
Bhayana et al. [31] established that bowel injury in patients with SARS-CoV-2 infection
is most likely caused by direct virus spreading into the gut epithelium or by small vessel
thrombosis with subsequent ischemia. However, Balaban et al. [12] noticed, that other
pathologies are also observed, such as hemorrhagic complications leading to hematomas in
the gut walls. Some authors have established potential proposals for the mechanisms of
digestive system involvement in patients infected with SARS-CoV-2 [20,32,33]. It might
be the explanation for our observations, that in the groups of patients, who complained
of AP as a separate symptom or with dyspnea (Groups C and D), vomiting, and diarrhea
were observed significantly more often. For hepatobiliary injury, some authors proposed
direct viral cytopathic damage, congestive hepatopathy, drug-induced liver injury, systemic
inflammatory response and exacerbation of preexisting chronic liver disease. For pancreas
failure, some authors proposed direct viral cytopathic injury, systemic inflammation, and
dehydration. In the end, gastrointestinal tract damage, according to these authors, is mainly
caused by virus cytopathic injury, systemic inflammation, thrombosis, and adverse effects
of COVID-19-related drugs [12,20,32,33]. Additionally, some other authors state that the
presence of SARS-CoV-2 within endothelial cells, in addition to direct viral effects, also
produces perivascular inflammation [10]. Han et al. [17] assessed that 57% of COVID-19-
positive patients with a low severity of disease manifested AP alone or in combination with
respiratory symptoms. In our study, there was definitely a lower number of patients with
AP alone or with dyspnea, at 6.7%. Liu et al. [34] revealed that clinically observed AP in
patients with COVID-19 infection usually comes from involvement of the gastrointestinal
tract and hepatobiliary-pancreatic system, whereas urinary tract failure and spleen involve-
ment were not commonly observed. In our study, we did not observe any symptoms from
a spleen or urinary tract injury, so we did not note any details in our clinical base.
Jutzeler et al. [35] noticed that men are more commonly affected by SARS-CoV-2
infections, and their hospital mortality rate is significantly higher than that of women
infected with SARS-CoV-2. In our study we confirmed, that men were significantly more
often observed in the group of patients with dyspnea as a separate sign (Group B). However,
they more rarely complained of AP than women. The mortality rate was also higher in
the group of patients, who complained of dyspnea alone during hospitalization than in
the other groups. What is interesting, regarding the patients, who complained of AP
(separately or with dyspnea), the mortality rate was at the same level (18.1 vs. 10.3 and
10.0). Han et al. [17] noticed, that patients with abdominal symptoms, compared to those
presenting with only respiratory difficulties, had a longer time between the onset of the
disease symptoms and viral clearance. They also observed, that patients with digestive
components were referred later to medical care units than those with pulmonary symptoms
caused by SARS-CoV-2. The delay might be due to these nonspecific manifestations of
COVID-19. The authors also identified SARS-CoV-2 in stool samples in a proportion
of COVID-19-positive individuals [17]. Hung et al. [36] identified replication of SARS-
CoV-2 in the wall of the small and large intestines. Varga et al. [10] analyzed the small
intestine of two infected patients and confirmed endotheliitis of the submucosa vessels
with mononuclear cell infiltrates within the intima along the lumen of the vessels. They
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also noticed direct virus presence in endothelial cells. Effenberger et al. [37] confirmed
elevated fecal calprotectin concentrations as the result of the inflammatory response in the
intestines of patients with SARS-CoV-2 infections, who presented with diarrhea. Elevated
concentrations were not observed in the individuals without diarrhea. Goldberg-Stein
et al. [38] performed a retrospective analysis of 141 patients with COVID-19 and revealed,
that the most common gastrointestinal symptom in these patients was AP. It was observed in
73.8% of the individuals with negative abdominal CT scans and in 53.8% of the patients with
positive abdominal CT findings [38]. The authors noticed that 64% of COVID-19-positive
patients without any pathological signs in abdominal CT scans had characteristic changes
for SARS-CoV-2 infections at the lung bases [38]. Thus, some other authors suggest, that
patients with COVID-19 disease without any pathological signs of the abdominal organs
may present AP and may have secondary pleural inflammation [39]. Durmus et al. [40]
noticed that during the COVID-19 pandemig, it is important to consider a diagnosis of
COVID-19 disease in patients with non-severe flank pain if no urological pathology is
evident on abdominal CT scans. In our study, a large majority of the patients did not have
any imaging tests performed, what we included in the limitations of the study.

The gastrointestinal lesions produced by COVID-19 pose a major challenge in meeting
individuals’ nutritional needs. Szefel et al. [41] noticed that the lack of nutrients for the
intestinal mucosa may produce atrophy of the lymphoid tissue and subsequently cause
immune system deficiency and intestinal bacterial translocation. According to some authors’
observations, diarrhea was the first symptom of COVID-19, before respiratory involvement,
and sometimes might even be the only sign of the disease [42,43]. In our study, diarrhea
was observed in 5.8% of all patients.

In the end, it is worth emphasizing that the liver was estimated to be the second most
injured organ following the lungs in patients infected by the SARS-CoV-2 virus [44]. ACE 2
receptors are widely expressed, especially on cholangiocytes, and even more expressed on
cholangiocytes than on hepatocytes [4,45]. Zhao et al. [46] described the virus’s damaging
effects on the bile acid barrier in cholangiocytes and the disruption of genes, which destroy
cell connections and bile acid transport. According to some authors, the immune-mediated
cytokine storm is often included in liver damage [1]. The authors observed elevated plasma
levels of C-reactive protein, lymphocytes, neutrophils, and some cytokines, especially
interleukin-6. Nardo et al. [47] suggested that the effort to stop cytokine dysregulation at
the very beginning of COVID-19 disease may decrease the progression of liver injury. All
pathological events with respiratory-induced liver hypoxia and drug-induced liver toxicity
produce coagulopathy and consequently, cause damaging changes in microcirculation with
microthrombosis within the liver sinusoids [15]. According to Han et al. [17], 14.0% of
patients with COVID-19 present elevated serum ASPAT, ALAT, and total bilirubin (TBIL),
what is evidence of liver injury. Zhang et al. [6] noticed that 50% of SARS-CoV-2-infected
patients presented elevated plasma levels of gamma-glutamyl transferase (GGT). Individu-
als with elevated liver laboratory tests were at higher risk of severe disease progression,
which becomes more noticeable within the first two weeks of hospitalization [4]. ALAT,
ASPAT, TBIL, and GGT levels can be elevated to more than three times the upper limit of the
normal range [48]. Additionally, some authors state that patients with severe liver injury
have a higher rate of intubation and dializotherapy than patients with mild, moderate or no
liver injury during the course of COVID-19 disease [1]. According to an analysis presented
by the Institute of the American Society of Gastroenterology, more than 60% of patients
with COVID-19 have mild liver injury [21]. Of course, the liver condition of patients dur-
ing SARS-CoV-2 infections depends on the hepatic disease history and the liver function
before COVID-19 disease, such as chronic hepatitis or steatosis. Some authors estimated
the undisputed impact of pre-existing liver diseases in patients with COVID-19 and its
course [49]. They noticed that the risk of hospitalization and death in such individuals was
significantly higher.

AP caused by pancreatic involvement in patients with SARS-CoV-2 infections has also
been reported [50]. Although, the pathogenetic mechanisms are not as well described for
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pancreatic involvement as for liver injury, the most likely reasons are the cytopathic effect
of the virus and immune-mediated storm. Liu et al. [50] estimated that 17.9% and 16.4%
of patients with COVID-19 had elevated plasma amylase and lipase levels, respectively.
Others highlighted elevated blood glucose levels as the next marker of pancreatic injury
during a COVID-19 infection [51].

In addition to this fact, that we did not observe such lesions, according to some
authors, the spleen is the next abdominal organ involved in SARS-CoV-2 infections [52].
In their opinion, ACE 2 receptors are also localized on red pulp and vascular endothelial
cell surfaces. Xu et al. [52] stated, that the virus may directly influence macrophages and
dendritic cells. These authors reported splenic parenchyma congestion, hemorrhage and
lymphatic vesicle absence with spleen parenchyma atrophy, which were noticed during the
autopsies of patients, who died of COVID-19. AP originating from splenic injury is caused
by splenomegaly and solitary or multifocal splenic infarcts [52].

The outcomes of COVID-19 patients reported by many authors suggest an association
between the presence of AP and important clinical observations such as delay in presen-
tation, disease severity and mortality [53]. In summary, we can say that gastrointestinal
and respiratory involvement in COVID-19 often occur together. This is probably why
Zhou et al. [54] started to promote the concept of the “gut-lung axis”. They suggested
that stimulation on one side triggers a response on the other side in patients infected by
SARS-CoV-2 [54]. However, in our opinion, there is still too few evidence and completed
pathophysiological studies to promote such concept.

Our work has some limitations. First, it was a retrospective study, and access to some
necessary specific details was limited. Second, this study was observational, which makes
it difficult to control for all potential confounding factors, including age, sex, smoking or
vaccination status. Third, there was selection bias since patients included in this study
were admitted to the hospital, which indicates that the patients were not representative of
the whole population. Fourth, the analyzed data came from a single medical center, so the
possibility of selection bias cannot be ruled out. Fifth, we performed our study and made
conclusions after an analysis of clinical and biochemical parameters, which only indirectly
indicated their pragmatic value in disease prognosis. The large majority of patients did not
have imaging tests of the abdominal cavity performed, so we did not decide to include the
analysis of them in our study. Many parameters of COVID-19 patients did not show any
significant correlation with the clinical course of the disease. This might be since our study
included a relatively small number of individuals.

To conclude, AP as a separate symptom and also as a coexisting sign with dyspnea
does not predispose the patients with COVID-19 to the worse clinical course and higher
mortality. COVID-19 is a systemic disease involving not only the lungs but also the
abdominal organs. Thus, the clinical symptoms might be variable.
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COVID-19 Coronavirus Disease-2019

AP Abdominal pain

SARS Severe acute respiratory syndrome
SARS-CoV-2  SARS coronavirus 2

WHO World Health Organization

ACE2 Angiotensin converting enzyme 2

ED Emergency department

CT Computed tomography

HENC High Flow Nasal Cannula

BiPAP Bilevel Positive Airway Pressure
CPAP Continuous Positive Airway Pressure
A/C Assist/Control

CMV Continuous Mandatory Ventilation
SIMV Synchronized Intermittent Mandatory Ventilation
ASPAT Aspartate transaminase

ALAT Alanine aminotransferase

CRP C-reactive protein
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Abstract: This study aims to investigate the effects of COVID-19 on clinical outcomes of non-COVID-19
patients hospitalized for upper gastrointestinal bleeding (UGIB) during the pandemic. A retrospective
review is conducted. We recruited patients with UGIB admitted during the pandemic’s first wave
(April 2020 to June 2020), and the year before the pandemic. The outcomes between the two groups
were compared using propensity score matching (PSM). In total, 60 patients (pandemic group) and
460 patients (prepandemic group) are included. Patients admitted during the pandemic (mean age
of 67 + 14 years) had a mean Glasgow-Blatchford score of 10.8 & 3.9. They were older (p = 0.045)
with more underlying malignancies (p = 0.028), had less history of NSAID use (p = 0.010), had a
lower platelet count (p = 0.007), and had lower serum albumin levels (p = 0.047) compared to those
admitted before the pandemic. Esophagogastroduodenoscopy (EGD) was performed less frequently
during the pandemic (43.3% vs. 95.4%, p < 0.001). Furthermore, the procedure was less likely to be
performed within 24 h after admission (p < 0.001). After PSM, admissions during the pandemic were
significantly associated with decreased chances of receiving an endoscopy (adjusted odds Ratio (OR),
0.02; 95% CI, 0.003-0.06, p < 0.001) and longer hospital stay (adjusted OR, 2.17; 95% CI, 1.13-3.20,
p <0.001). Additionally, there was a slight increase in 30-day mortality without statistical significance
(adjusted OR, 1.92; 95% CI, 0.71-5.19, p = 0.199) and a marginally higher rebleeding rate (adjusted
OR, 1.34; 95% CI, 0.44-4.03, p = 0.605). During the pandemic, the number of EGDs performed in
non-COVID-19 patients with UGIB decreased with a subsequent prolonged hospitalization and
potentially increased 30-day mortality and rebleeding rate.

Keywords: upper gastrointestinal bleeding; COVID-19; pandemic; endoscopy; outcomes

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has significantly impacted public health worldwide. The
COVID-19 pandemic has had a disruptive effect on the workflow and safety of healthcare
personnel and patients [1]. An endoscopy is considered a high-risk procedure for COVID-19
transmission due to the aerosol-generating nature of the technique despite no evidence
of SARS-CoV-2 transmission by endoscopy [2—4]. Operational reorganization has been
undertaken to limit viral spreading since the pandemic started. Nonemergent procedures
can be postponed during the pandemic; however, the evaluation of gastrointestinal (GI)
bleeding is often urgent and cannot be deferred. International guidelines recommend
an early endoscopy within 24 h of clinical stabilization as the first-line diagnostic and
therapeutic modality for upper GI bleeding (UGIB) [5-7].
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Several international GI societies have issued recommendations for performing an
endoscopy in the COVID-19 era to reduce transmission risk in resource-limited settings,
lacking personal protective equipment (PPE), infrastructures, and staff [8-11]. Endoscopic
procedures, mostly therapeutic interventions, should be reserved for patients with urgent or
life-threatening conditions [12]. However, the need for PPE, COVID-19 testing, a negative
pressure room, the particular method for room disinfection, and the personnel shortage
during the initial COVID-19 outbreak all may have caused deferred endoscopies. Delays in
identifying the cause of UGIB and performing endoscopic interventions may result in poor
outcomes and possibly decreased overall survival. This study aims to evaluate the impact
of the COVID-19 pandemic on clinical outcomes of non-COVID-19 patients hospitalized
with acute UGIB.

2. Materials and Methods
2.1. Patient Population

This retrospective study was conducted at Siriraj Hospital, a large referral center serv-
ing the Bangkok metropolitan area and surrounding communities. The study conformed to
the ethical guidelines of the Helsinki Declaration and was approved by the Institutional
review board. The COVID-19 pandemic cohort comprised all consecutive non-COVID-19
persons aged > 18 years who were hospitalized for the treatment of acute UGIB from 1
April 2020 to 30 June 2020. The pre-COVID-19 pandemic cohort included patients hospital-
ized with acute UGIB in the year preceding 1 April 2020. Patients who developed UGIB
during their hospitalization for other indications were excluded.

2.2. Management of Upper Gastrointestinal Bleeding

Initial resuscitation and risk stratification using Glasgow-Blatchford score (GBS) were
performed in all patients. All patients were given nothing by mouth. Intravenous fluid
administration and packed red blood cells transfusions were administered as indicated.
Patients with clinical suspicion of nonvariceal bleeding received intravenous proton pump
inhibitor (PPI), whereas those with suspected variceal bleeding were given intravenous
somatostatin or its long-acting analogues prior to endoscopic assessment. Patients with
GBS > 1 were evaluated with esophagogastroduodenoscopy (EGD) within 24-72 h unless
contraindicated otherwise, and endoscopic hemostasis was applied as indicated. In patients
who required endoscopic intervention for peptic ulcer disease with stigmata of active or
recent bleeding, high-dose PPIs were administered through infusion for 72 h following
the procedure. Band ligation and cyanoacrylate injection were used to treat bleeding
esophageal and gastric varices, respectively, in addition to vasoactive medications and
intravenous antibiotics. The intravenous somatostatin or its long-acting analogues was
continued for 2-5 days after endoscopic treatment.

During the COVID-19 pandemic, aerosol-generating procedures were restricted be-
cause of the following: (1) the risk of spreading COVID-19, (2) the limited availability of PPE,
(3) the need for preprocedural COVID-19 testing with Reverse Transcription-Polymerase
Chain Reaction (RT-PCR), and (4) negative-pressure rooms. Therefore, the timing of EGDs
could have deviated from the routine protocol, but the pre-endoscopic management was
carried out as usual. EGD was promptly performed if patients had either one or more of
the following: hemodynamic instability, ongoing or recurrent GI bleeding after previous
hemodynamic stability, or suspected variceal hemorrhage. In cases of delayed or postponed
endoscopic evaluation, additional treatments such as intravenous PPI, somatostatin, or its
long-acting analogues, were administered until endoscopic evaluation was performed, or
bleeding ceased.

2.3. Clinical, Laboratory, and Endoscopic Data

Patient demographics, clinical manifestations, concomitant disorders, laboratory tests,
drugs administered during hospitalization, and endoscopic findings were extracted from
electronic medical records. The 30-day mortality, the need for endoscopy, rebleeding, the
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amount of blood transfusion, and the length of hospital stay were reviewed. Rebleeding
was defined as the reoccurrence of hematemesis or melena with signs of hemodynamic
instability or decrease in hemoglobin level >2 g/dL in a previously stable case. The
presence of hemodynamic instability was defined as systolic blood pressure <100 mmHg
with heart rate > 100 beats/min or orthostatic changes with a >10% decrease in systolic
blood pressure and a >10% increase in heart rate between supine and seated positions. The
primary outcome was 30-day mortality, while secondary outcomes included endoscopic
performance, transfusions during hospitalization, and length of stay.

2.4. Statistical Analysis

Continuous variables were described as mean =+ standard deviation (SD) or median
(interquartile range (IQR)) and were analyzed using the Student’s t-test. Categorical
variables were reported as numbers (percentage) and were analyzed using the x> or Fisher
exact tests. Multivariate logistic and linear regression models were used to estimate
adjusted odds ratios (OR) or differences of means for the study outcomes. Baseline variables
with a standardized difference in absolute values greater than 0.15 were considered for
multivariate analysis. In the primary analysis, we examined whether admissions during
the pandemic had a different risk of 30-day mortality, endoscopy, blood transfusions, and
length of stay compared to admissions before the pandemic.

As a secondary analysis, study outcomes were compared in propensity score (PS)-matched
patients. Propensity scores were estimated using a logistic regression model for the COVID-
19 versus the pre-COVID-19 pandemic cohorts that included demographic characteristics
(age, sex), comorbidities (cirrhosis, chronic kidney disease, cardiovascular disease, cere-
brovascular accident, malignancy, Charlson comorbidity index), bleeding severity (GBS),
use of nonsteroidal anti-inflammatory drugs (NSAIDs), and laboratory tests (albumin,
platelet count). Patients hospitalized during the COVID-19 pandemic were matched one-
to-three with a caliper of 0.15 to UGIB patients who were managed before the pandemic
using PS matching. Statistical analyses were performed using STATA version 14.0 (Stat-
aCorp LP, College Station, TX, USA). A two-sided p-value of below 0.05 was considered
statistically significant.

3. Results
3.1. Characteristics of the Population

A total of 520 patients with UGIB were recruited, out of which 60 patients were ad-
mitted during the first wave of the COVID-19 pandemic in Thailand, while the remaining
460 patients were admitted a year before the pandemic. All patients admitted during the
pandemic tested negative for SARS-CoV-2 infection. Clinical characteristics and laboratory
data of the two cohorts are shown in Table 1. Patients admitted with acute UGIB during the
pandemic (mean age of 67 & 14 years, 61.7% male) had a mean GBS of 10.8 £ 3.9. Patients
admitted during the pandemic were older (p = 0.045) and had a higher Charlson comor-
bidity index (p = 0.039), especially coexisting with solid organ malignancies (p = 0.028),
less history of NSAID use (p = 0.01), lower serum albumin levels (p = 0.047) and platelet
count (p = 0.007) compared to those hospitalized before the pandemic. Otherwise, there
were no differences in terms of sex, underlying liver cirrhosis, chronic kidney disease,
atherosclerotic disease, use of antiplatelet or anticoagulants, clinical manifestations, and
GBS between both groups.

Table 2 shows the baseline characteristics of the matched populations after the PS
matching. In total, 46 patients admitted during the pandemic were matched with 138 patients
admitted before the pandemic. The standardized difference for each characteristic of pa-
tients admitted during and before the pandemic was comparable.

95



J. Clin. Med. 2022, 11, 2461

Table 1. Baseline characteristics of the overall population.

Characteristics COVID-19 Pandemic (1 = 60) Pre-CO\g]D:-Allzg;al‘ldemic p Value S:;;}(fi:::ri‘z:d
Male gender, 11 (%) 37 (61.7) 300 (65.2) 0.588 0.074
Age, mean (SD), year 67.0 (14.3) 62.8 (15.5) 0.045 0.285
Cirrhosis, 11 (%) 21 (35.0) 151 (32.8) 0.737 0.046
Chronic kidney disease, 1 (%) 17 (28.3) 95 (20.7) 0.174 0.179
Cardiovascular disease, 11 (%) 15 (25.0) 83 (18.0) 0.195 0.170
Cerebrovascular disease, 11 (%) 6 (10.0) 35(7.6) 0.518 0.085
Malignancy, 1 (%) 18 (30.0) 83 (18.0) 0.028 0.283
Charlson comorbidity index, mean (SD) 5.1(3.0) 44(2.7) 0.039 0.273
Presenting symptom, 1 (%)
Hematemesis 19 (31.7) 145 (31.5) 0.982 0.003
Coffee-ground emesis 20 (33.3) 166 (36.1) 0.676 0.058
Melena 38 (63.3) 300 (65.2) 0.774 0.039
Hematochezia 1(1.7) 11 (2.4) 1.000 0.051
Maroon stool 2(3.3) 24 (5.2) 0.756 0.093
Hemodynamic instability, 1 (%) 9 (15.0) 83 (18.0) 0.561 0.082
Medication, 1 (%)
NSAIDs 6 (10.0) 115 (25.0) 0.403
Aspirin 12 (20.0) 107 (23.3) 0.010 0.079
Warfarin 6 (10.0) 49 (10.7) 0.572 0.021
Direct oral anticoagulant 0(0) 1(0.2) 0.877 0.069
Laboratory values on admission, median (IQR)
Hemoglobin, g/dL
Platelet, 10%/uL 7.5 (6.0-9.8) 8.1 (6.3-10.0) 0.320 —0.106
INR 160 (107-243) 198 (139-271) 0.007 —0.331
BUN, mg/dL 1.37 (1.25-3.03) 1.29 (1.09-2.74) 0.262 —0.045
Creatinine, mg/dL 38.1 (26.3-58.4) 32.1(20.3-48.3) 0.059 0.233
Albumin, g/dL 1.09 (0.82-2.00) 1.06 (0.78-1.48) 0.330 0.146
Laboratory values on admission, median (IQR) 3.00 (2.58-3.50) 3.20 (2.80-3.70) 0.047 —0.295
Glasgow-Blatchford score, mean (SD) 10.8 (3.9) 10.7 (4.0) 0.834 0.041
BUN, blood urea nitrogen; INR, international normalized ratio; IQR, interquartile range; NSAIDs, nonsteroidal
anti-inflammatory drugs; SD, standard deviation.
Table 2. Baseline characteristics of the matched population.
Characteristics COVID-19 Pandemic (1 = 46) Pre-CO\;:lz-:llg;’)andemic p Value s:;;}?:::;i:d
Male gender, 1 (%) 29 (63.0) 89 (64.5) 0.859 0.030
Age, mean (SD), year 65.7 (14.9) 63.3 (14.7) 0.337 0.163
Cirrhosis, 11 (%) 18 (39.1) 56 (40.6) 0.862 0.029
Chronic kidney failure, n (%) 9 (19.6) 28 (20.3) 0.915 0.018
Cardiovascular disease, 1 (%) 9(19.6) 22 (15.9) 0.570 0.095
Cerebrovascular disease, 11 (%) 4(8.7) 12 (8.7) 1.000 0.001
Malignancy, n (%) 12 (26.1) 32(23.2) 0.690 0.067
Charlson comorbidity index, mean (SD) 4.8 (2.8) 4.6 (2.5) 0.614 0.084
Presenting symptom, 1 (%)
Hematemesis 18 (39.1) 41 (29.7) 0.236 0.199
Coffee-ground emesis 13 (28.3) 54 (39.1) 0.185 0.232
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Table 2. Cont.

Characteristics COVID-19 Pandemic (1 = 46) Pre-coxiz-g;andemic p Value S:;?f?:rr:r::d
Melena 31 (67.4) 89 (64.5) 0.721 0.061
Hematochezia 1(22) 0(0.0) 0.250 0.211
Maroon stool 1(22) 9 (6.5) 0.455 0.214

Hemodynamic instability, 7 (%) 8(17.4) 35(25.4) 0.269 0.195

Medication, 1 (%)

NSAID 6(13.0) 17 (12.3) 0.898 0.022
Aspirin 8(17.4) 35 (25.4) 0.269 0.195
Warfarin 4(8.7) 14 (10.1) 1.000 0.050
Direct oral anticoagulant 4(8.7) 17 (12.3) 0.503 0.118
Laboratory values on admission, median (IQR)
Hemoglobin, g/dL 7.7 (6.0-10.0) 8.3 (6.3-10.3) 0.565 —0.041
Platelet, 103 /uL 167 (107-237) 181 (120-263) 0.421 —0.100
INR 1.4 (1.3-2.5) 1.3 (1.1-3.9) 0.664 —0.323
BUN, mg/dL 34.5 (18.4-53.7) 31.2(2.2-49.2) 0.532 0.103
Creatinine, mg/dL 1.0 (0.8-1.4) 1.1(0.8-1.7) 0.400 —0.083
Albumin, g/dL 3.1(2.7-3.5) 3.1(2.6-3.6) 0.893 0.032
Glasgow-Blatchford score, mean (SD) 10.5 (4.2) 10.8 (3.9) 0.700 —0.040

BUN, blood urea nitrogen; INR, international normalized ratio; IQR, interquartile range; NSAIDs, nonsteroidal
anti-inflammatory drugs; SD, standard deviation.

3.2. Primary Outcomes

Overall, 11 patients admitted during the pandemic died, but only one (1.7%) death was
associated with bleeding. Of these, six patients died from their underlying malignancies.
During the prepandemic period, 41 deaths were reported, and 12 (2.6%) of them were
related to bleeding. The causes of deaths are shown in Table 3.

Table 3. Causes of death among the overall population before and during the COVID-19 pandemic.

Cause of Death COVID-19 Pandemic Pre-COVID-19 Pandemic
(n = 60) (n = 460)
Bleeding-related death 1(1.7%) 12 (2.6%)
Nonbleeding-related death 10 (16.7%) 29 (6.3%)
Cardiovascular disease 1(1.7%) 2 (0.4%)
Infection 3 (5.0%) 14 (3.0%)
Extra-gastrointestinal malignancy 6 (10.0%) 13 (2.8%)

Note. Data are presented as the number (percentage) of a condition.

Treatment outcomes of the overall and matched populations are shown in Table 4.
In the univariate analysis, the admissions during the pandemic were associated with a
higher 30-day mortality than those before the pandemic (unadjusted OR, 2.29; 95%ClI,
1.11-4.75, p = 0.025). After adjusting for demographics, comorbidities, bleeding severity,
and antiplatelet/anticoagulant usage, an increase in the 30-day mortality was still observed
during the pandemic, but it did not reach statistical significance (adjusted OR, 1.33; 95% CI,
0.52-3.39, p = 0.550). Once the patient population was matched using PS, eight patients
(17.4%) died within 30 days of hospitalization during the pandemic, compared to sixteen
cases (11.6%) admitted before the pandemic (p = 0.315). Despite the increased odds of
30-day mortality among the admissions during the COVID-19 outbreak, the difference
was not statistically significant in the multivariable analysis when adjusting for potential
residual confounders (adjusted OR, 1.92; 95% CI, 0.71-5.19, p = 0.199).
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3.3. Secondary Outcomes

Table 5 shows the number of the overall population requiring in-hospital interven-
tions according to the GBS. During the pandemic, none of the patients with a GBS of <3
underwent EGD, received blood transfusion, or died within 30 days. EGD was performed
in 26 patients (43.3%) who had hemodynamic instability (n = 2), rebleeding after medical
treatment (n = 8), or a suspicion of variceal bleeding (1 = 16). In contrast, 439 patients
(95.4%) admitted before the pandemic underwent EGD (adjusted OR, 0.01; 95% CI, 0.003—
0.03, p < 0.001). The median duration from presentation to EGD (70 h, IQR 48-111) during
the pandemic was much longer than in the pre-COVID-19 era (25 h, IQR 16-48). EGD
was performed within 24 h in only four patients (6.7%) during the pandemic, compared to
208 (45.2%) patients admitted before the pandemic (adjusted OR, 0.06; 95% CI, 0.02-0.22,
p <0.001). The distribution of the types of lesions observed among patients undergoing
EGD was comparable across patients admitted during and before the pandemic (Table 6).
Peptic ulcer was the most common identified lesion, followed by varices. After adjusting
for confounders, increased OR was observed for blood transfusion (adjusted OR, 1.18; 95%
CI, 0.60-1.75, p = 0.051) and length of stay (adjusted OR, 2.21; 95% CI, 0.11-4.31, p < 0.198),
but the differences did not reach statistical significance. There was no significant difference
in the rebleeding rate (adjusted OR, 1.16; 95% CI, 0.44-3.03, p = 0.764).

Table 5. The need for endoscopy and blood transfusion among the overall population according to
the Glasgow-Blatchford score.

COVID-19 Pandemic Pre-COVID-19 Pandemic
The Glasgow- (n = 60) (n = 460)
Blatchford
Score . In-Hospital Blood . In-Hospital Blood
No. of Patients Endoscopy Transfusion No. of Patients Endoscopy Transfusion
0 1 0 0 7 6 1
1 2 0 0 8 6 1
2 0 0 0 12 8 2
3 0 0 0 11 10 3
4 3 1 1 3 3 1
5 2 1 1 6 5 1
6 0 0 0 17 16 7
7 3 1 3 30 27 23
8 2 2 1 31 29 19
9 3 2 2 23 22 19
>10 44 19 41 312 307 283
Table 6. Endoscopic findings among the overall and matched populations.
Overall Population Matched Population
End i -
l:il;dt;icgo pic (;’0‘:/;13“:9 Pre-COVID-19 Val Standardized COVID-19 Pre-COVID-19 Val Standardized
(Z _ 296) : Pandemic(n=439)* P Y¥“€  Difference  Pandemic(z = 19) * Pandemic(n = 135) * p Value Difference
Peptic ulcer
dineaso, n (%) 10 (38.5) 240 (54.7) 0.107 0.329 8 (42.1) 72 (53.3) 0.359 0.226
Active bleeding 1(38) 19 (4.3) 1(5.3) 3(22)
Nonbleeding
visiblo wessel 0(0.0) 31(7.1) 0(0.0) 12 (8.9)
Clot with
underlying vessel 0(0.0) 19 (4.3) 0(0.0) 9(6.7)
Pigmented
spotclean base 9 (34.6) 199 (45.3) 7 (36.8) 57 (42.2)
Varices, 1 (%) 10 (38.5) 128 (29.2) 0313 0.198 7 (36.8) 48 (35.6) 0913 0.028
Others, 11 (%) 7(26.9) 98 (22.3) 0586 0.107 5(26.3) 25 (18.5) 0535 0.188

* Some patients presented with more than one endoscopic finding.
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After PS matching, patients having undergone endoscopies during the pandemic
remained considerably lower than those admitted before the pandemic (adjusted OR, 0.02;
95% CI, 0.003-0.06, p < 0.001). However, endoscopic findings of peptic ulcer disease, varices,
and other lesions were observed similarly. Additionally, admissions during the pandemic
had a longer length of stay (adjusted OR, 2.17; 95% CI, 1.13-3.20, p < 0.001). The odds of
rebleeding were slightly increased during the pandemic but not statistically significant
(adjusted OR, 1.34; 95% CI, 0.44-4.03, p = 0.605) compared to prepandemic. The units of
blood transfusion were similar between the two periods.

4. Discussion

This study exhibited the impact of the COVID-19 pandemic in the management and
treatment outcomes of non-COVID-19 patients presenting with UGIB. The results demon-
strated that patients admitted during the pandemic were older with more underlying
malignancies, had more history of NSAID use, and had more concerning laboratory results.
They were less likely to undergo EGD; furthermore, only 6.7% had EGD performed within
24 h. Overall, we found an increased 30-day mortality, blood transfusion, and length of
stay. However, the impact of the pandemic on mortality and blood transfusion became
insignificant after adjusting for confounding factors and PS matching. Nonetheless, pro-
longed hospitalization remained associated with admissions during the pandemic after PS
matching. The difference in the rebleeding rate was not statistically significant between the
two periods.

Patients with UGIB admitted during the pandemic were sicker with more abnormal
laboratory results. These observations may be indicative of the patients” unwillingness to
present to the hospital during the pandemic unless they had serious underlying diseases
with severe symptoms or a higher threshold of hospital admission. Similar findings were
observed in a study conducted in the United States [13], underscoring the global impact
of COVID-19 on patients’ concerns about hospital visits and admission criteria during
the pandemic.

Generally, GBS has been recommended by international guidelines for risk stratifi-
cation for patients presenting with UGIB [14,15]. Patients with GBS < 1 are considered
low-risk and can be managed as outpatients, without the necessity for an in-hospital en-
doscopy. Due to the strain on the healthcare system, and a lack of PPE during the pandemic,
new extended low-risk GBS thresholds were proposed and clinical outcomes were assessed.
The data from a large international multicenter study involving 3012 consecutive patients
with UGIB showed that using GBS < 3 as the threshold to avoid hospitalization resulted in
avoidance of admission and an inpatient endoscopy in 32% of patients [16]. In low-risk
individuals, the percentage of patients requiring endoscopic treatment (4.1%) and dying
within 30 days (1.7%) might be an acceptable number in countries at risk for healthcare sys-
tem collapse from COVID-19. In our study’s population, only three patients (5%) admitted
during the pandemic had GBS < 3, suggesting the limited use of this proposed threshold
for identifying low-risk patients.

The study by Ilagan-Ying et al. showed that patients admitted during the first wave
of the pandemic (1 March-31 May 2020), who required inpatient endoscopic procedures,
were sicker with higher ICU admissions and had higher 30-day mortality rates. The
indications for endoscopy included volvulus, obstruction, foreign body, food impaction,
biliary tract obstruction, acute cholangitis, and GI bleeding. The diagnosis of COVID-19,
an age over 65, and ICU admissions were shown to be associated with increased mortality
for admissions during the pandemic [17]. However, Kim et al. reported that patients
with GI bleeding admitted during the pandemic were more likely to have concerning
laboratory results, received blood transfusions, and had a prolonged hospital stay, but
the inpatient mortality rate was comparable to those admitted before the pandemic [13].
Our study found an increased 30-day mortality in patients admitted during the pandemic.
However, the difference in the mortality rate was not statistically significant between the
two periods after PS matching and adjusting for potential confounders, suggesting that
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patients” coexisting conditions may have had an impact on mortality rather than the GI
bleeding itself.

The results also showed that patients admitted during the pandemic tended to have a
higher number of blood transfusions; however, the effect was less significant after adjusting
for confounders and PS matching. These findings may imply that the number of blood
transfusions among patients admitted during the COVID-19 outbreak might be attributable
to comorbidities rather than bleeding severity. Furthermore, the volume of EGD in UGIB
was less, and there were more delayed endoscopies during the pandemic compared to the
year before in the overall and matched population. In addition, the length of hospital stay
increased significantly for admissions during COVID-19. This may reflect the physicians’
concern for early rebleeding or delayed adverse events.

This study had some limitations. First, the retrospective design of this study had
several drawbacks, which raised the possibility of selection bias. Herein, we employed
PS matching to overcome the effects of potential confounding factors. Second, this was
a single-center study with small numbers. Thus, multicenter prospective research with
a larger sample size is required to extend the findings to other populations. Third, the
pre-COVID-19 cohort included more patients with stigmata of recent bleeding, raising
the possibility of bias. This finding might be attributed to the influence of intensive PPI
regimen usage on the resolution of peptic ulcer disease, resulting in a low incidence of high-
risk stigmata on the endoscopic assessment during the pandemic. Finally, the assessment
of rebleeding can be challenging, because only 43% of the patients admitted during the
pandemic underwent EGD.

5. Conclusions

This study suggested that the disruptive effects on the healthcare system during
the first wave of the COVID-19 outbreak led to the restriction of endoscopy services,
including the performance of urgent procedures. As a result, clinical outcomes of non-
COVID-19 patients who required the endoscopic management of UGIB were compromised.
The number of performed EGDs decreased, whereas the length of hospitalization and
30-day mortality tended to increase. Thus, healthcare centers with endoscopy services
should consider the potential lethal clinical outcomes of patients requiring an endoscopic
evaluation when adapting policy to cope with the ongoing COVID-19 pandemic.
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Abstract: Background and Aim. This study evaluated the impact of coronavirus disease 2019
(COVID-19) on the mental health of inflammatory bowel disease (IBD) patients. We quantified anxiety,
depression, and medication adherence among IBD patients through a single-center survey in South
Korea during the COVID-19 pandemic. Methods. An electronic survey was made available to patients
at the IBD clinic in Daejeon St. Mary’s hospital from July 2021 to September 2021. The validated
Hospital Anxiety and Depression Scale (HADS) was used to assess depression and anxiety. The
Korean version of the Medication Adherence Rating Scale (KMARS) questionnaire was used to assess
medication adherence. Results. In total, 407 patients (56.5%; ulcerative colitis, 43.5%; Crohn’s disease)
participated in the survey. Among the respondents, 14.5% showed significant anxiety and 26.3%
showed significant depression. Female sex, presence of mental disease, unvaccinated status, and the
presence of Crohn’s disease were associated with greater risks of anxiety and depression. Among
medications, immunomodulators were associated with a greater risk of anxiety. In terms of KMARS,
patients reported favorable medication adherence despite the psychological burden of the pandemic.
The KMARS score was 7.3 & 1.5 (mean + SD) of 10.0 points. High anxiety and depression were
associated with a slight decrease in medication adherence. Conclusions. COVID-19 has increased
anxiety and depression among IBD patients, whose medication adherence has nevertheless remained
good. Furthermore, anxiety and depression were found to have a negative correlation with adherence.
Our results provide insights concerning psychological response and medication adherence among
IBD patients in South Korea during the COVID-19 pandemic.

Keywords: COVID-19; inflammatory bowel disease; anxiety; depression; medication adherence

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has influenced multiple aspects
of life, including social interactions. High rates of anxiety and depression have been
reported [1,2]. The risks of anxiety and depression are significantly higher in inflammatory
bowel disease (IBD) patients than in the general population [3]. Factors such as disease
severity, treatment noncompliance, and socioeconomic deprivation are associated with
increased anxiety and depression [4]. In addition, IBD-related disability negatively affects
quality of life. [5] However, good drug adherence can result in lower disability and higher
quality of life [6].

During the pandemic, data concerning COVID-19 cases and vaccination are frequently
updated. IBD patients are susceptible to psychological problems and reduced medication
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adherence. Lack of awareness concerning vaccine necessity or existence is a commonly cited
reason for not remaining unvaccinated against COVID-19 [7]. Additionally, the number of
IBD patients in South Korea has increased in the prior decade, and psychological issues are
important among such patients [8]. Compared with non-IBD patients, IBD patients have a
higher level of fear concerning the potential for contracting COVID-19 [9,10]. According to
a survey conducted by the Korean Association for the Study of intestinal diseases (KASID)
in 2021, more than half of IBD patients in South Korea showed a high level of fear of
COVID-19 [11].

We evaluated the impact of COVID-19 on the mental well-being and behavior of South
Korean patients with IBD. We quantified anxiety, depression, and medication adherence
among IBD patients through a single-center survey. We also investigated predictors of
increased anxiety and depression. To our knowledge, this is the first study of mental status
and medication adherence among IBD patients in South Korea.

2. Materials and Methods
2.1. Study Design and Patients

From July to September 2021, 407 outpatients from the IBD clinic in Daejeon St. Mary’s
Hospital participated in the survey. Respondents with an underlying diagnosis of IBD
and age > 17 years and treatment period more than 6 months were all included. The
application of the evaluation battery was in situ. Patients responded to questions related
to epidemiologic features, diseases, COVID-19 screening, vaccination, and mental well-
being with the provided electronic device after outpatient treatment. To improve the
completeness of the survey, clinical research coordinators were assigned to find out blank
questions as to outcomes and incomplete questionnaires were excluded from the study.
The validated Hospital Anxiety and Depression Scale (HADS) was used to assess anxiety
(HADS-A) and depression (HADS-D). The HADS is a 14-item scale with 7 items each
for anxiety and depression subscales [12]. Each item is scored from 0 to 3; a total score
of >8 indicates significant anxiety or depression. The Korean version of the Medication
Adherence Rating Scale (KMARS) was used to assess medication adherence. The parent
Medication Adherence Rating Scale was developed by Thompson et al. in 2000 [13,14]. The
KMARS is composed of 10 questions, each of which is scored 0 or 1. The total score ranges
from 0 to 10; a higher score indicates greater medication adherence. We regarded a KMARS
score of >7 as indicative of good adherence. Additionally, a nine-item self-developed
questionnaire was used to evaluate behavioral changes during the COVID-19 pandemic.
Clinical data were obtained from electronic medical records at the time of survey completion.
Surveys were conducted using an electronic device after the provision of informed consent.
Information on the COVID-19 situation in Korea was obtained from the following websites;
http:/ /ncov.mohw.go.kr (accessed on 20 December 2021), https:/ /ourworldindata.org
(accessed on 20 January 2022), https://www.kdca.go.kr (accessed on 10 January 2022).

2.2. Data Analysis

Statistical analysis was conducted using Statistical Analysis Software v. 9.4 (SAS
Institute, Cary, NC, USA). Continuous variables are shown as means =+ standard deviations
(SDs); categorical variables are shown as numbers and proportions (%). Between-group
comparisons were carried out by independent sample ¢-tests for continuous variables and
the x? test with or without Fisher’s exact test for categorical variables. Univariate and
multivariate logistic regression analyses were performed to identify associations of patient
characteristics and KMARS score with depression and anxiety. The results are expressed as
odds ratios with 95% confidence intervals. p-values < 0.05 were considered indicative of
statistical significance.
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3. Results
3.1. Patient Characteristics

In total, 407 patients participated in the survey (Table 1). The mean + SD age of
respondents was 41.8 & 16.4 years, and 68.3% were men. The mean age at IBD diagnosis
was 35.3 & 15.5 years. More than half of the patients had ulcerative colitis (56.5%), and
43.5% of the patients had Crohn’s disease. The patients were undergoing treatment with
mesalamine (78.4%), immunomodulators (46.0%), and biologics (39.6%). Only 2.5% of the
patients were undergoing treatment with steroids during the study period. Most patients
were in remission (94.6%) and 5.4% were experiencing disease flares. Approximately half
of the patients (54.3%) were married and 74.8% were employed at the time of the survey.
Only 6.2% of the patients had a pre-existing diagnosis of depression or anxiety. During
the study period, 47.2% of the patients had undergone COVID-19 testing; 2.1% reported
positive results. Among the 45.7% of patients who had been vaccinated against COVID-19,
only 46.0% were fully vaccinated.

Table 1. Characteristics of patients with IBD responding to the questionnaire.

Characteristic All (N =407)

Age (mean £ SD) 41.82 4+ 16.35
Gender, 1 (%)

Male 278 (68.30)

Female 129 (31.70)
Subtype of IBD, 1 (%)

ucC 230 (56.51)

CcD 177 (43.49)
PO medication, n (%)

Mesalamine 319 (78.38)

Steroid 10 (2.46)

Immunomodulator 187 (45.95)

Biologics 161 (39.56)
Disease status, 11 (%)

Remission 385 (94.59)

Flare 22 (5.41)
Age at IBD diagnosis, mean + SD 35.25 + 15.54
Marriage status, 1 (%)

Married 221 (54.30)

Unmarried 186 (45.70)
Job status, n (%)

Employed 303 (74.81)

Unemployed 102 (25.19)
Presence of mental disease, 1 (%)

Yes 25 (6.16)

No 381 (93.84)
COVID-19 screening test, 1 (%)

Yes 192 (47.17)

No 215 (52.83)
COVID-19 screening result, n1 (%)

Positive 5 (2.05)

Negative 239 (97.95)
Vaccination, 1 (%)

Yes 189 (45.68)

No 220 (54.32)
Vaccination dose, 1 (%)

1st 102 (53.97)

2nd 87 (46.03)
HADS total score, mean =+ SD 9.52 + 6.70
KMARS total score, mean + SD 7.28 +1.49
Smoking, 1 (%)

Ex-smoker 109 (29.70)
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Table 1. Cont.

Characteristic All (N =407)
Never 206 (56.13)
Current smoker 52 (14.17)
Drinking, 1 (%)
Never 148 (40.22)
Regular drinking 35 (9.51)
Occasional drinking 185 (50.27)

SD, standard deviation; IBD, inflammatory bowel disease; UC, ulcerative colitis; CD, Crohn’s disease; PO, per oral;
HADS, hospital anxiety and depression scale; KMARS, Korean version of the medication adherence rating scale.

3.2. Mental Well-Being

The HADS score among the patients was 9.5 & 6.7 (mean £ SD) (Table 1). Anxiety
and depression characteristics are summarized in Table 2. Female sex, unmarried status,
unemployed status, presence of mental disease, presence of Crohn’s disease, high disease
activity, and unvaccinated status were associated with a high HADS score. COVID-19 testing
did not strongly influence the level of anxiety or depression. Female sex, presence of mental
disease, and unvaccinated status were associated with significant increases in anxiety and
depression. Univariate and multivariate analyses were performed to assess predictors of
depression and anxiety (Table 3). Among the respondents, 14.5% showed significant anxiety
and 26.3% showed significant depression; 11.8% showed both significant anxiety and depression.
Multivariate analysis indicated that female sex, presence of mental disease, unvaccinated status,
and presence of Crohn’s disease were associated with greater risks of anxiety and depression.
Among oral medications, immunomodulators were associated with a greater risk of anxiety and
steroids were associated with a lower risk of depression. Among ulcerative colitis patients, the
medications used were (in decreasing order): mesalamine (92.2%), immunomodulators (22.6%),
biologics (20.0%), and steroids (2.2%). Among Crohn’s patients, the medications used were
immunomodulators (72.9%), biologics (60.5%), mesalamine (57.1%), and steroids (1.7%).

Table 2. Average scores of HADS and KMARS among respondents according to variables.

Variables I;ADS p-Value CohenD HAPS p-Value CohenD HADS. p-Value CohenD KMARS p-Value CohenD
core Anxiety Depression Score
Gender 0.01 —0.29 <0.001 —0.41 0.18 —0.54 073 0.04
Male 8.90 + 6.50 3.72+3.24 5.18 + 3.74 7.29 + 154
Female 10.84 +6.97 512 +3.76 573 +3.83 7.24 4139
Marital status 0.07 —0.18 0.16 —0.14 0.06 —0.19 0.40 0.08
Married 8.97 + 6.57 3.94 + 3.50 5.04 + 3.57 7.33 4+ 1.56
Unmarried  10.16 +6.82 4424342 5.74 +3.97 721 + 1.41
Job status 0.25 —0.15 0.70 —0.04 0.09 —0.22 0.06 —0.22
Employed ~ 9.25+6.30 4124338 5.13 + 3.50 7.21 4+ 1.50
10.24 +£7.79 427 4377 5.96 + 4.44 7.53 +1.39
Unemployed
Presence of
mental <0.001 1.49 <0.001 135 <0.001 137 0.14 —035
disease
Yes 18.32 £8.59 8.36 + 5.21 9.96 + 4.06 6.80 + 1.68
No 8.93 + 6.15 3.88 +3.15 5.04 + 3.55 7.32 4+ 146
IBD subtype 0.06 —-0.19 022 —0.12 0.03 —0.22 0.05 0.20
Ulcerative g7 4 643 3.97 +3.42 5.00 + 3.59 7.40 + 1.42
colitis
 Crohn’s 10.23 £6.99 440 +3.53 5.82 +3.96 711+ 157
disease
Disease 0.18 ~0.29 031 ~0.30 027 —0.24 055 013
activity
Remission 9.41 + 6.60 410 + 3.40 531+ 3.74 7.29 + 1.49
Flare 11.36 £8.32 5.14 + 4.60 6.23 + 4.28 7.09 + 1.63
COVID—19 033 010 0.19 013 061 005 0.41 ~0.08
screening test
Yes 9.86 + 6.81 440 +3.63 5.46 + 3.66 721 + 144
No 9.21 + 6.61 3.94 +3.32 527 +3.88 7.33 4+ 1.54
Vaccination 0.01 —0.28 0.01 —-0.26 0.01 —0.25 0.07 0.18
Yes 848+ 6.17 3.64 +3.36 483 +3.39 7.43 + 147
No 10.32 £7.01 4.55 + 3.49 5.77 + 4.03 7.16 + 1.49

All values are mean + SD. p-values were calculated by the t-test. CohenD is Cohen’s D.
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Table 3. Predictors for moderate depression and anxiety.

Anxiety Depression
Univariate Multivariate Univariate Multivariate
Characteristics Analysis p-Value Analysis p-Value Analysis p-Value Analysis p-Value
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Age 1(0.98,1.02) 0928 1.03 (0.98, 1.08) 0318 1(0.98,1.01) 0.694 1(0.96,1.05) 0936
Gender (male vs. female) 042 (0.24,0.73) 0.002 038 (0.2,0.71) 0.003 0.67 (0.42,1.06) 0.087 057 (0.34,0.95) 0.032
Marital status (married vs. 1.08 (0.62, 1.88) 0.786 0.97 (0.43, 2.19) 0.941 0.77 (0.5, 1.2) 0.250 0.65 (0.34,1.24) 0.188
unmarried)
Job status (employed vs. 0.81 (0.4, 1.49) 0488 1.12 (055, 2.26) 0.760 0.84 (051, 1.39) 0505 1.16 (0.65, 2.05) 0.616
unemployed)
gg:i‘;cigi mental disease 7.89 (3.4, 18.33) <0.0001 9.39(3.74,2357)  <0.0001 10.69 (4.14,27.61)  <0.0001 1277 (4.67,3495)  <0.0001
Age at IBD diagnosis 0.99 (0.98,1.01) 0523 0.98 (0.94,1.03) 0471 1(0.98,1.01) 0.809 1.02 (0.97, 1.06) 0.461
g]?;’fﬁ:f“eemng fest 1.01 (0.58, 1.76) 0.962 0.94 (0.51,1.73) 0.844 1.03 (0.66, 1.6) 0.906 0.95 (0.58, 1.54) 0.823
Vaccination (yes vs. no) 0.63 (0.36, 1.13) 0.120 0.4 (0.19, 0.84) 0.016 0.68 (0.43,1.07) 0.093 0.5 (0.28,0.89) 0.019
Subtype of IBD 0344 0.050 0.055 0.034
Ulcerative colitis 0.77 (0.4, 1.33) 044 (0.2,1) 0.65 (0.42,1.01) 0.5 (0.27,0.95)
Crohn's disease Index Index Index 0.055 Index
PO medication
Mesalamine (yes vs. no) 1.15 (0.6, 2.21) 0.671 112 (0.47, 2.64) 0.800 1.07 (0.63, 1.81) 0.813 0.7 (0.36, 1.37) 0293
Steroid (yes vs. no) 1.54 (0.19, 12.38) 0.685 2.88 (0.28,29.31) 0371 0.23 (0.06, 0.82) 0.024 0.23 (0.06, 0.92) 0.038
s Ir‘:)‘)““mm°d“lat°r (yes 1.4 (0.79, 2.45) 0.247 2.35 (1.08, 5.12) 0.031 1.01 (0.65, 1.57) 0.971 1.49 (0.81, 2.74) 0.205
Biologics (yes vs. no) 1.59 (0.88, 2.88) 0.127 1.62(0.77, 3.4) 0.206 097 (0.62, 1.51) 0.877 0.86 (0.49, 1.51) 0.595

OR, odds ratio; CI, confidence interval.

3.3. Medication Adherence

The mean 4 SD medication adherence score was 7.3 &= 1.5. Approximately 72.5% of
the respondents had a KMARS score of >7 points. In a univariate analysis of the association
between the KMARS score and variables, for each 1-point increase in HADS-A score, the
KMARS score decreased by 0.102 points; this relationship was statistically significant. With
respect to HADS-D, the KMARS score decreased by 0.078 points for each 1-point increase
in HADS-D; this relationship was statistically significant. Therefore, greater anxiety or
depression were associated with a slight decrease in medication adherence. In addition,
for each 1-year increase in the age at diagnosis of IBD, the KMARS score increased by
0.010 points; this relationship was statistically significant. In the multivariate analysis, for
each 1-point increase in HADS-A score, the KMARS score decreased by 0.074 points; this
relationship was statistically significant. Furthermore, each 1-point increase in HADS-D
score resulted in a 0.021-point decrease in KMARS score; however, this relationship was not
statistically significant. The KMARS score decreased by 0.352 points in employed patients
(Table 4).

Table 4. Association between variables and Korean version of Medication Adherence Rating
Scale (KMARS).

Univariate Analysis Multivariate Analysis

B 95% CI p-Value B 95% CI p-Value

HADS Anxiety —0.102 —0.142 to —0.061 <0.0001 —0.074 —0.135to —0.013 0.018
HADS Depression —0.078 —0.116 to —0.040 <0.0001 —0.021  —0.076 to 0.035 0.466
Gender (male vs. female) 0.055 —0.258 to 0.368 0.732 0.006 —0.312 t0 0.324 0.972
Marital status (married vs. unmarried) 0.125 —0.167 to 0.417 0.400 —0.045 —0.403 to 0.313 0.804
Job status (employed vs. unemployed) —0.318 —0.650 to 0.014 0.060 —0.352 —0.695 to —0.010 0.044
Presence of mental disease (yes vs. no) —0.520 —1.120 to 0.078 0.089 —0.0609 —0.702 to 0.564 0.830
Age at IBD diagnosis 0.010 0.001 to 0.020 0.031 0.003 —0.010 to 0.016 0.678
COVID—19 screening test (yes vs. no) —0.121 —0.413 t0 0.170 0.414 —0.043  —0.330 to 0.244 0.768
Vaccination (yes vs. no) 0.269 —0.022 to 0.560 0.070 0.137 —0.188 to 0.461 0.409
Subtype of IBD (Ulcerative colitis vs. Crohn’s disease) 0.291 —0.001 to 0.584 0.051 0.181 —0.199 to 0.561 0.350
PO medication

Mesalamine (yes vs. no) 0.238 —0.115 to 0.591 0.186 0.071 —0.328 to 0.471 0.726
Steroid (yes vs. no) 0.023 —0.918 to 0.964 0.962 0.032 —0.889 to 0.952 0.946
Immunomodulator (yes vs. no) —0.256 —0.548 to 0.035 0.084 —0.153  —0.508 to 0.202 0.398
Biologics (yes vs. no) 0.034 —0.264 t0 0.332 0.823 0.203 —0.134 to 0.540 0.236
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3.4. Behavioral Changes

The patients reported that the COVID-19 pandemic reduced their time with friends
(76.8%), increased their communication with others concerning health (65.5%), caused
them to delay tasks (44.6%) and shop for certain types of food (42.9%), reduced their time
with family (37.5%), and increased their efforts to access health care (30.4%) and to obtain
medication (18.5%) (Table 5). Fewer than 10% of the patients reported increased smoking
(8.9%) and alcohol consumption (7.1%).

Table 5. Impact of COVID-19 on behaviors among patients with inflammatory bowel disease.

Variables n* (%)
Reduced time with friends 129 (76.8)
More communication with people about health 110 (65.5)
Delay tasks to do 75 (44.6)
Shopping for certain types of food 72 (42.9)
Reduced time with family 63 (37.5)
Increased efforts to access health care service 51 (30.4)
Increased efforts to obtain medication 31 (18.5)
Increased frequency to smoke 15 (8.9)
Increased frequency to drink alcohol 12 (7.1)

* Participants who reported “Yes” to each question.

4. Discussion

According to National Health Insurance Service statistics, the number of IBD patients
in South Korea increased from 2010 to 2019. Indeed, KASID reported that the number of
IBD patients has increased more than twofold during the past decade, thereby necessitating
investigations into changes in disease burden and behavioral patterns [8,15]. The psy-
chological burden of the COVID-19 pandemic has been increased by frequent changes in
policies, the introduction of vaccination, and reports of adverse events. The negative effect
of disease on mental health in IBD patients has been reported. IBD patients are at least
threefold and twofold more likely to develop anxiety and depressive disorders, respectively;
treatment of such psychological problems can improve the long-term outcomes [16,17].

As of 7 July 2021, 185.55 million cases of COVID-19 had been reported worldwide,
with over 4 million confirmed deaths. In South Korea, these figures were 164,028 cases and
2034 deaths [18]. The South Korean government introduced social distancing rules to slow
the spread of COVID-19 in March 2020 and implemented a COVID-19 vaccination program
on 26 February 2021 [19,20].

At the beginning of this study, the COVID-19 vaccination rate (at least one dose) in
South Korea was higher (30.1%) than the global rate (24.9%). However, other countries
have higher vaccination rates, including the United Arab Emirates (74.0%), Canada (68.7%),
the United Kingdom (66.9%), and the United States (55.8%). In terms of full vaccination,
the United Arab Emirates ranks first (64.1%), followed by the United Kingdom (50.1%),
and the United States (48.8%); in South Korea, the rate of full vaccination is 11.1%. During
the study period, the South Korean government frequently changed the social distancing
rules according to the number of domestic confirmed cases, which was updated daily. At
the time the survey began, the highest level (level 4) of social distancing rules was in force.
Private gatherings of up to three people were prohibited after 18:00 and restaurants were
permitted to offer only take-out and delivery after 22:00. Comprehensive social distancing
rules affected all areas of daily life including work, education, and sports activities [18,21].

Data concerning the incidences of anxiety and depression during the COVID-19 pan-
demic among IBD patients in South Korea are scarce. The patients in this study had higher
rates of anxiety (14.5%) and depression (26.3%) than patients in a pre-COVID-19 nationwide
study (anxiety, 12.2%; depression, 8.0%) [3]. According to previous studies conducted in
Portugal and Italy during the COVID-19 pandemic, more than 50% of respondents showed
moderate or severe levels of anxiety. [2,22] Our results reported a lower percentage of
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anxiety and depression. However, unlike previous studies, this study was conducted one
year after the outbreak of the COVID-19 pandemic.

In this study, 6.2% of patients had a previous diagnosis of mental disease. Most of the
patients with significant anxiety or depression did not have such a prior diagnosis. The
development of such diagnoses could be related to the COVID-19 pandemic, although
some patients may have had undiagnosed mental disease before the pandemic.

Multivariate analysis of predictors of significant anxiety or depression can provide
insights concerning interventions needed to reduce the mental health burden during
the COVID-19 pandemic. Female sex, the presence of mental disease, and the presence
of Crohn’s disease were associated with greater risks of anxiety and depression. Our
results are different from those of Trindade et al., which showed no differences between
Crohn’s disease and ulcerative colitis patients. [22] With respect to COVID-19 vaccination,
unvaccinated patients had greater risks of anxiety and depression, presumably because
IBD patients were more likely to take any recommended precautions. A meta-analysis
reported a lower incidence of COVID-19 infection among IBD patients than among the
general population [23]. Uncertainty concerning the benefits and risks of vaccination may
make IBD patients more prone to anxiety and depression.

Immunomodulators were associated with a greater risk of anxiety. In South Korea,
some IBD patients regard immunomodulators as suppressants. This could cause fear,
despite the unclear relationship between immunomodulators and anxiety. Although
previous findings reported reduced medication adherence in IBD patients using steroids,
our results for steroids cannot inform conclusions because a small proportion of IBD patients
used steroids. [24] Therefore, the mental well-being of patients should be considered when
making recommendations concerning the cessation of immunomodulators or biologics
among IBD patients during the pandemic.

Medication adherence can considerably affect the quality of life and disease control in
IBD patients. A four-item version of the Medicine Adherence Report Scale was previously
used to assess medication adherence in IBD patients [25,26]. The Medicine Adherence
Report Scale total score ranges from 5 to 20, with each statement scored on a 5-point
Likert scale, ranging from always [1] to never [5]. Scores of 17 to 20 are considered good
adherence [27]. However, we used the KMARS to assess adherence, which comprises
more than four questions. Furthermore, respondents answer each question yes or no.
However, a reliable KMARS cut-off score for good adherence has not yet been established.
Based on a systematic review before the pandemic, the nonadherence rate among IBD
patients is 7% to 72%; most studies reported 30% to 45% [28]. Although it is difficult to
compare adherence rates before and after the COVID-19 pandemic, our findings indicate
that IBD patients showed good medication adherence despite the psychological effects
of the COVID-19 pandemic. Several studies in Asia reported medication nonadherence
rates among IBD patients of 20% to 30%, similar to our results [29]. Results of the present
study also correspond with those of earlier European studies, which reported COVID-19
prevalence did not affect medication adherence in IBD patients [22,30].

The above findings may be explained as follows. First, the KASID educational ma-
terials and campaigns could have promoted medication adherence among South Korean
IBD patients. The KASID distributed vaccination guidelines for South Korean IBD patients
according to their medications [31,32]. Second, the “Band” social media platform (run by
the medical team at our IBD Center) provided patients with comprehensive information.
This 24 h online platform enabled communication and question—answer interactions be-
tween physicians and patients. Because open communication with healthcare providers is
important to maintain control of psychological stress, such social media interventions can
reduce the psychological burden of patients and improve their medication adherence [33].

This study had several limitations. First, it was a single-center, cross-sectional study.
However, we enrolled 407 outpatients, a considerable number from a single center. A larger
multicenter study involving a larger number of outpatients and hospitalized patients is
needed to verify the results. Second, we cannot assume that COVID-19 directly affected the
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mental well-being of IBD patients. Several factors may have affected the results because
this was a self-reported survey study. Third, the possibility of unavoidable bias may exist
due to uncontrolled factors. The percentage of having previous mental illness was too low
and comparisons were not made with this variable. In addition, the survey was conducted
for 14 weeks and the frequent changes in restrictions on public activity promulgated by the
South Korean government during that period may have affected the responses.

Nonetheless, this study had several strengths. First, it was a timely study. During
the study period, COVID-19 vaccination was in the pipeline in South Korea. Our results
provide insights concerning how IBD patients reacted to COVID-19 and the effect (if any)
of vaccination. Second, this was the first South Korean study of both mental well-being
and medication adherence. Third, we evaluated behavioral changes using a self-developed,
albeit unvalidated, questionnaire. The high rates of anxiety and depression in IBD patients
indicate the need for the development of effective interventions.

5. Conclusions

The COVID-19 pandemic has increased anxiety and depression among IBD patients,
whose medication adherence has nevertheless remained good. Furthermore, anxiety and
depression were negatively associated with medication adherence. Our results provide
insights concerning psychological response and medication adherence among IBD patients
in South Korea during the COVID-19 pandemic.
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Abstract: Deviations in laboratory tests assessing liver function in patients with COVID-19 are fre-
quently observed. Their importance and pathogenesis are still debated. In our retrospective study, we
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analyzed liver-related parameters: aspartate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), gamma-glutamyltransferase (GGT), total bilirubin (TBIL), albumin, co-
morbidities and other selected potential risk factors in patients admitted with SARS-CoV-2 infection
to assess their prognostic value for intensive care unit admission, mechanical ventilation necessity and
mortality. We compared the prognostic effectiveness of these parameters separately and in pairs to
the neutrophil-to-lymphocyte ratio (NLR) as an independent risk factor of in-hospital mortality, using
the Akaike Information Criterion (AIC). Data were collected from 2109 included patients. We created
models using a sample with complete laboratory tests n = 401 and then applied them to the whole
studied group excluding patients with missing singular variables. We estimated that albumin may be
a better predictor of the COVID-19-severity course compared to NLR, irrespective of comorbidities
(p < 0.001). Additionally, we determined that hypoalbuminemia in combination with AST (OR 1.003,
p =0.008) or TBIL (OR 1.657, p = 0.001) creates excellent prediction models for in-hospital mortality. In
conclusion, the early evaluation of albumin levels and liver-related parameters may be indispensable
tools for the early assessment of the clinical course of patients with COVID-19.

Keywords: COVID-19; SARS-CoV-2; severity of COVID-19; hospitalized patients; risk factors; liver

1. Introduction

Coronavirus disease 2019 (COVID-19) caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) was first reported to the World Health Organization on 30 De-
cember 2019 in Wuhan. [1-3]. The symptoms of COVID-19 are predominantly related to the
pulmonary tract and are manifested by dry cough, fever, fatigue and headache [4]. However,
the virus may also lead to a systemic and multi-organ disease causing extra-pulmonary
manifestations involving the cardiovascular, hematological, renal, gastrointestinal and
hepatobiliary, neurological, ophthalmological and dermatological systems [5]. According
to the meta-analysis, the most common gastrointestinal manifestations include anorexia,
diarrhea and nausea. Additionally, vomiting, abdominal pain and abdominal distension
can be observed [6].

The liver’s involvement in patients with COVID-19 is still the subject of dispute, espe-
cially due to the fact that 76% of patients present liver biochemistry abnormalities, usually
mild to moderate [7,8]. A multicenter retrospective study by Wuhan revealed that acute
liver injury (ALI) occurs later in the course of COVID-19 (day 17 IQR, 13-23) and follows
the development of ARDS [9]. The latest research shows that ALI is more common than
initially thought and may occur in up to 22.8% of patients [10]. The potential mechanism of
hepatocyte damage remains unclear. Direct damage can be mediated by angiotensin
converting enzyme 2 (ACE2) receptors and cellular serine protease called TMPRSS2,
which is needed to prime the Spike protein for cell entrance [11]. These receptors are ex-
pressed in only 3% of hepatocytes, whereas their presence in cholangiocytes reaches 60% of
cells [12-14]. However, L-SIGN, which is a liver-specific membrane receptor binding to
ACE2, may be excessively expressed in infected sinusoid cells [15]. Thus, it may consti-
tute a bridge for SARS-CoV-2 to infect hepatocytes. Other considered receptors include
CD147, which can be overexpressed in an inflammatory process. The affinity between
CD147 and the SARS-CoV-2 spike protein was shown in in vitro studies [16]. Sun et al.
suggest probable patomechanisms as immune-mediated damage, hypoxic damage and
drug-induced liver injury [17]. Additionally, studies focused on the impact of preexisting
non-alcoholic fatty liver disease (NAFLD) on the severe course of COVID-19 suggest that
obesity associated with NAFLD can contribute to the polarization of macrophages into
M1 proinflammatory macrophages, which may exacerbate SARS-CoV-2 infection [18]. Thus,
it seems that the liver impairment caused by COVID-19 is likely of multifactorial origin.

The substantial majority of studies focused on COVID-19-associated liver abnormali-
ties evaluate peak levels of liver enzymes, such as aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT),

114



J. Clin. Med. 2022, 11, 4490

total bilirubin (TBIL) and albumin [9,19,20]. They showed a predominance of parenchymal
liver injury based on the prevalence of elevated AST and ALT [21]. Studies considering
liver biochemistry at baseline seem to confirm this tendency [22,23]. Significant elevations
in ALP are uncommonly recorded despite strong cholangiocyte ACE2 expression, with
mildly raised GGT levels seen in up to 50% of patients [7,22-24]. Nevertheless, the clini-
cal significance of these observations remains inconclusive. There are still some lacking
answers, especially regarding the impact of previously taken medications.

The clinical course and outcome of patients with COVID-19 and liver abnormalities re-
quire further investigation, given the alterations in liver function tests and liver impairment
in pathological findings in patients with COVID-19. Furthermore, the association between
liver enzymes and worse outcomes, including COVID-19-related in-hospital fatalities,
should also be analyzed.

In our retrospective study, we aimed to develop a predictive model for COVID-19
patients based on baseline data, including liver abnormalities especially associated with po-
tential biliary tract damage, hoping to find a new objective path to forecast the progression
of COVID-19 to severe and lethal forms while excluding the influence of comorbidities.

2. Materials and Methods
2.1. Study Population and Data Collection

All procedures were performed in accordance with the ethical standards of Wroclaw
Medical University (Poland) and with the 1964 Helsinki Declaration and its later amend-
ments. The study protocol was approved by the Commission of Bioethics at Wroclaw
Medical University (No: KB-444/2021).

This study enrolled 2184 adult patients admitted to the University Hospital in Wroclaw
(USW) with positive SARS-CoV-2 real-time PCR (RT-PCR) from March 2020 to November
2021. Generic data included the following characteristics: gender, age, prior history of
hypertension, diabetes, asthma, chronic obstructive pulmonary disease (COPD), dementia,
stroke/transient ischemic attack (TIA), chronic kidney disease, myocardial infraction, heart
failure, chronic liver disease, solid malignant disease, leukemia, lymphoma and active
acquired immunodeficiency syndrome (AIDS). Further information about smoking status
and length of hospital stay was collected. Patients with accompanying chronic liver disease,
such as chronic hepatitis, cirrhosis with or without portal hypertension, and fatty liver
disease (n = 74), were excluded from the analysis. Admission values of laboratory tests
including liver enzymes such as AST, ALT, ALP, GGT, TBIL and albumin were examined
as a main subject of our survey. Further data collection included a complete blood count
with differential used to calculate neutrophil-to-lymphocyte ratio (NLR), which is an
independent risk factor of in-hospital mortality [25]. Endpoints for COVID-19 severity
were defined as: (1) admission to the ICU, (2) intubation and (3) death.

2.2. Statistical Analysis

Categorical variables are presented as numbers and percentages. Means and standard
deviations were used to present the central tendency of the continuous variables. The
normal distribution of these variables was verified using the Shapiro-Wilk test. The chi-
square test was used to determine the association between the two categorical variables.
Reviewing the percentage of patients whose parameters related to liver function were
abnormal, we considered only the group without liver diseases in a previous history
(n = 2109). To analyze the association between liver function tests and the severity of
disease, logistic regression was used adjusting for comorbidities: hypertension, diabetes,
asthma, COPD, dementia, stroke/TIA in patient history, chronic kidney disease, myocardial
infarction in patient history, heart failure, leukemia, lymphoma and solid malignant disease
in order of additional assessment of their influence on COVID-19 severity in our population
and a potential ability to interfere with the objective assessment of liver-related parameters
as predictors. Additionally, adjustment was performed for length of hospital stay and
smoking history, which is considered an independent risk factor for worse outcomes
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in COVID-19 disease [26]. In the above-mentioned logistic regression, we assessed only
patients who had complete laboratory tests, which is the reason for the sample size variation
(n =401). In further analyses, we created models composed of pairs formed by laboratory
parameters (AST, ALT, ALP, GGT, TBIL, albumin) in various configurations using the same
adjustments as in the previous analysis to find the best predictors that could be objective
laboratory indicators of the severe course of COVID-19, regardless of comorbidities and
other factors mentioned above. The accuracy of multivariate models evaluating single
parameters related to the liver and their double combinations was assessed using the
Nagelkerke coefficient. The best models were selected using the Akaike Information
Criterion (AIC) and then applied to the whole sample (1 = 2109), excluding patients with
missing data. Receiver operating characteristic (ROC) curves were calculated to present a
comparison between the models.

All statistical analyses were performed using the Statistica 13.3 package and R software,
version 4.1.1 (2021-08-10, R Foundation for Statistical Computing). Statistical significance
was determined at p < 0.05.

3. Results
3.1. Clinical Characteristics

The baseline clinical characteristics of the COVID-19 patients from our cohort are
summarized in Table 1. The median age was 64 years and 50.4% were female. In our
sample, men statistically significantly more frequently met fatal outcomes, were admitted
to ICU and required invasive respiratory support. The most prevalent underlying medical
conditions were arterial hypertension (46.8%), diabetes mellitus of any kind (23.6%), heart
failure (11.7%) and chronic kidney disease (10.6%). Hypertension and diabetes were
significantly more frequent in the groups for all endpoints. Furthermore, myocardial
infraction in the patient history co-occurred with mechanical ventilation requirements and
fatal outcomes. In the group of deceased patients, the prevalence of dementia, stroke/TIA
in the past, chronic kidney disease, heart failure and solid malignant disease was also
statistically relevant.

Table 1. Baseline demographic data and comorbidities of 2184 patients hospitalized due to COVID-19.

All Patients ICU Admission p-Value l‘\//lec}'\angcal p-Value Fatal Outcome p-Value
entilation
n=2184 n=214 n=215 n =326
% 9.8 % 9.8 % 14.9
Age, median 64 (46-73) 64 (52-70) 65 (54-71) 72.5 (65-84)
Gender, n (%) <0.001 <0.001 <0.001
Female 1102 (50.4%) 71 (6.4%) 70 (6.4%) 129 (11.7%)
Male 1082 (49.5%) 143 (13.2%) 145 (13.4%) 197 (18.2%)
Underlying comorbidities, n
(%)
Hypertension 1022 (46.8%) 125 (5.7%) <0.001 130 (5.95%) <0.001 219 (10%) <0.001
Diabetes 516 (23.6%) 75 (3.4%) <0.001 79 (3.6%) <0.001 122 (5.6%) <0.001
Asthma 85 (3.9%) 12 (0.6%) 0.172 11 (0.5%) 0.328 14 (0.6%) 0.684
COPD 75 (3.4%) 5(0.2%) 0.353 6 (0.3%) 0.585 18 (0.8%) 0.025
Dementia 132 (6%) 3(0.1%) 0.003 6 (0.3%) 0.035 49 (2.2%) <0.001
Stroke/TIA in patient history 164 (7.5) 13 (0.6%) 0.402 16 (0.7%) 0.969 35 (1.6%) 0.017
Chronic kidney disease 231 (10.6) 21 (1%) 0.702 22 (1%) 0.863 72 (3.3%) <0.001
Myocardial infraction in 191 (8.7%) 28 (1.3%) 0018 32 (1.5%) <0.001 74 (3.4%) <0.001
patient history
Heart failure 255 (11.7%) 33 (1.5%) 0.072 33 (1.5%) 0.077 89 (4.1%) <0.001
Chronic liver disease 74 (3.4%) 7 (0.3%) 0.802 5(0.2%) 0.83 12 (0.6%) 0.508
Solid malignant disease 151 (6.9%) 10 (0.5%) 0.098 10 (0.5%) 0.096 42 (1.9%) <0.001
Leukemia 19 (0.9%) 6 (0.3%) 0.001 4(0.2%) 0.1 8 (0.4%) 0.001
Lymphoma 18 (0.8%) 0 (0%) 0.200 0 (0%) 0.2 6 (0.3%) 0.03
AIDS 2(0.1%) 0 (0%) 0.641 0 (0%) 0.640 0 (0%) 0553
Smoking status, n (%) 193 (8.8%) 15 (0.7%) 0.606 15 (0.7%) 0.606 41 (1.9%) 0.004
Active smoker 117 (5.4%) 6 (0.3%) 6 (0.3%) 11 (0.5%)
Former smoker 76 (3.5%) 9 (0.4%) 9 (0.4%) 30 (1.4%)
Length of hospital stay days, 9
! (2-16) 18 (9-27) 16 (6-26) 13 (5-21)

median

Values for continuous variables were showed as or median (Q25-Q75). ICU: intensive care unit; COPD: chronic
obstructive pulmonary disease; TIA: transient ischemic attack; AIDS: active acquired immunodeficiency syndrome.
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3.2. Clinical Course and Outcome

Out of the 2184 patients with SARS-CoV-2 infection that were included in our cohort,
214 (9.8%) required treatment in the ICU and 215 (9.8%) underwent mechanical ventilation.
The total fatality rate among patients with COVID-19 was 14.9%. The median time of hospital
stay was 9 days, yet it varied between groups of patients with certain outcomes (Table 1).

3.3. Liver Biochemistry Abnormalities
Liver test abnormalities were defined as the deviation of the following liver enzymes
inserum: AST>31U/L, ALT>35U/L, GGT >38 U/L, ALP >150 U/L, ALP <40 U/L,
TBIL > 1.2 mg/dL, albumin < 3.5 g/L and albumin > 5.2 g/L. As COVID-19 is a new,
emerging infectious disease, guidance or consensus on liver injury classifications is lacking.
Median values and percentages of abnormal laboratory tests at the time of hospital
admission are presented in Table 2.

Table 2. Labolatory parameters of patients on admission n = 2109.

Median (IQR) Abnormal (%)
AST (0-31U/L) 37 (24-62) 389
ALT (0-35 U/L) 29 (18-50) 29.3
GGT (0-38 U/L) 42 (24-83) 33.2
ALP (40-150 U/L) 65 (51-95) 6.2
TBIL (0.2-1.2 mg/dL) 0.6 (0.5-0.8) 6.7
Albumin (3.5-5.2 g/L) 3.1 (2.7-3.5) 21.1
Neu (2.5 x 10%-6 x 103 /mm?) (x103) 5.5 (3.5-8.4) 34.0
Lym (1.5 x 103-3.5 x 10°/mm?) (x10%) 1.0 (0.7-1.4) 46.7
NLR 5.9 (3.1-10.8)

IQR: Interquartial Range; AST: aspartate aminotransferase; ALT: alanine aminotransferase; GGT: gamma-
glutamyltransferase; ALP: alkaline phosphatase; TBIL: total bilirubin; Neu: neutrophil; Lym: lymphocyte;
NLR: neutrophil-to-lymphocyte ratio.

3.4. Association of Liver Biochemistry Abnormalities at Admission with COVID-19 Severity

In this section, we described the results obtained from testing models adjusted for
comorbidities and potential risk factors (hypertension, diabetes, asthma, COPD, dementia,
stroke/TIA in patient history, chronic kidney disease, myocardial infarction in patient
history, heart failure, leukemia, lymphoma and solid malignant disease, smoking history
and length of hospital stay), including single liver-related parameters and their double
combinations. The sample in that part consisted of patients who had complete results of all
laboratory tests considered in our research (1 = 401).

Elevation of AST at admission was observed in 38.9% (n = 2109, Table 2). The AST
model showed statistical significance for all endpoints at the significance level p < 0.001,
but its role within the model was determined as significant only for COVID-19-related
death (Table 3). Similar observations were made for AST models in combination with GGT,
ALT, ALP, TBIL and albumin (Supplementary Materials Tables S11, S15 and S17-519).

Table 3. The role of liver-related laboratory parameters in models containing potential risk factors
and their impact on outcome.

ICU Admission Mechanical Ventilation Fatal Outcome
OR 95% CI p-Value OR 95% CI p-Value OR 95% CI p-Value
Liver biochemistry abnormality
1.000 0.998-1.000 0.6 1.000 0.999-1.000 0.32 1.004 1.001-1.010 0.008
ALT 1.000 0.998-1.000 0.55 1.000 0.999-1.000 0.46 1.002 0.999-1.00 0.133
GGT 1.000 0.999-1.000 0.74 1.000 0.999-1.000 0.60 1.001 0.999-1.000 0.220
ALP 0.999 0.996-1.000 0.41 0.999 0.996-1.000 0.29 1.002 0.999-1.00 0.087
TBIL 0.965 0.698-1.270 0.81 0.985 0.717-1.300 0.92 1.598 1.188-2.250 0.004
albumin 0.281 0.172-0.450 <0.001 0.247 0.148-0.400 <0.001 0.233 0.143-0.370 <0.001
NLR 1.033 1.015-1.060 0.001 1.032 1.014-1.050 0.001 1.031 1.011-1.060 0.006

Stated are the OR (Odds Ratio), 95% CI (Confidence Interval) and p-values for laboratory parameters, each in single
model adjusted for comorbidities. A full model description is available in Supplementary Materials Tables S1-S7.
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ICU: intensive care unit; AST: aspartate aminotransferase; ALT: alanine aminotrans-
ferase; GGT: gamma-glutamyltransferase; ALP: alkaline phosphatase; TBIL: total bilirubin;
NLR: neutrophil-to-lymphocyte ratioAST combined with ALT revealed better predictive
value for death than NLR, with p < 0.001 for the model and p = 0.002, OR 1.009, p = 0.03,
OR 0.992 for the following parameters (Supplementary Materials Table S17).

Deviation in ALT, GGT and ALP levels were observed in 29.3%, 33.2% and 6.2% re-
spectively (Table 2). Models that contain these parameters achieved a statistically significant
predictive value p < 0.001 (Supplementary Materials Tables S3, 54 and S6). However, in none of
them, ALT, GGT or ALP were significant within the model, both alone (Table 3) or together with
other characteristics (Supplementary Materials Tables S6, S8, 510, S12-516, S18 and S20-522).

TBIL elevation at admission was observed in a relatively small proportion of patients
(n = 2109, Table 2), but it was associated significantly with higher mortality. The model
for fatal outcome including TBIL reached a p-value at the level 0f<0.001, and TBIL signifi-
cance was described as p = 0.004, OR 1.598. Interestingly, the model including TBIL and
AST turned out to have a greater predictive value for death than the model containing
NLR (Table 4), with p-value = 0.023, OR 1.471 for TBIL, and p = 0.038, OR 1.003 for AST
(Supplementary Materials Table 519).

Table 4. Comparison of the models with single parameters and their double combinations adjusted
for comorbidities and potential risk factors according to AIC for individual endpoints.

ICU-Admission Mechanical Ventilation Fatal Outcome

Model AIC Model AIC Model AIC
1 albumin+ALP 439.0 1 albumin 426.2 1 albumin+TBIL 455.1
2 albumin 439.2 2 albumin+ALP  426.2 2 albumin+AST 456.8
3 albumin+ALT 440.7 3 albumin+ALT  427.3 3 albumin+ALT 462.1
4 albumin+TBIL 441.0 4 albumin+AST 427.5 4 albumin 464.1
5 albumin+AST 441.2 5 albumin+TBIL ~ 428.0 5 albumin+GGT 464.7
6 albumin+GGT 441.2 6 albumin+GGT  428.1 6 albumin+ALP 464.7
7 NLR 456.3 7 NLR 4484 7 AST+ALT 493.2
8 ALP 469.8 8 AST 461.1 8 AST+TBIL 493.5
9 ALT 4704 9 AST+ALP 461.5 9 NLR 497.0
10 AST 4704 10 ALP 461.6 10 AST 497.2
11 GGT 470.5 11 ALT 461.6 11 TBIL+GGT 497.2
12 TBIL 470.6 12 GGT 461.9 12 TBIL 497.5
13 AST+ALP 470.9 13 TBIL 462.1 13 TBIL+ALT 497.7
14 ALP+GGT 470.9 14 ALP+GGT 462.4 14 AST+ALP 498.7
15 ALP+ALT 471.0 15 ALP+ALT 462.6 15 AST+GGT 499.1
16 ALP+TBIL 471.6 16 AST+TBIL 462.8 16 ALP+TBIL 499.5
17 TBIL+GGT 472.1 17 AST+GGT 463.1 17 ALP+ALT 504.6
18 AST+TBIL 472.1 18 AST+ALT 463.1 18 ALP 504.6
19 TBIL+ALT 472.2 19 ALP+TBIL 463.3 19 ALT 504.7
20 ALT+GGT 472.2 20 TBIL+GGT 463.4 20 ALT+GGT 505.8
21 ALT+AST 472.3 21 ALT+GGT 463.4 21 GGT 506.4
22 AST+GGT 472.3 22 TBIL+ALT 463.5 22 TBIL+GGT 506.5

AIC: Akaike Information Criterion; ICU: intensive care unit; AST: aspartate aminotransferase; ALT: ala-
nine aminotransferase; GGT: gamma-glutamyltransferase; ALP: alkaline phosphatase; TBIL: total bilirubin;
NLR: neutrophil-to-lymphocyte ratio.

Deviation in albumin levels on admission was presented by 21.1% of patients (n = 2109,
Table 2). Hypoalbuminemia as a single test, as the only one of all investigated parameters,
was statistically significantly associated with all three endpoints (Table 3). Remarkably, each
of these models showed by far the highest predictive value for all the variables included
(Supplementary Materials Table S7).
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Albumin combined with each of the examined characteristics (AST, ALT, GGT, ALP
and TBIL) produced a stronger predictive model for all endpoint tests than NLR, according
to the AIC (Table 4). Albumin was the most important component examined in each of
these tests, with a statistically significant effect on the final test result at the p < 0.0001 level
(Supplementary Materials Tables S8-11 and S16).

ALP together with albumin performed better than albumin alone for ICU admis-
sion (Table 4), but a careful examination reveals that ALP was not statistically significant
(p = 0.199, Supplementary Materials Table S8).

In the overview of models predicting the necessity of mechanical ventilation, we
observed a similar distribution as in the case of ICU admission; however, for this particular
outcome, the model using albumin without additional parameters works as well as the
model combining albumin with ALP (Table 4).

The albumin-TBIL model (p < 0.001, Supplementary Materials Table S9) and albumin
together with AST (p < 0.001, Supplementary Materials Table S11) were found to be the
greatest predictors of fatal outcome (Table 4).

TBIL and albumin were the most important covariates in the model (p = 0.003, OR
1.705, p = 0.001, OR 0.228, respectively), outweighing the potential of other comorbidities
(Supplementary Materials Table S9). In the model combining albumin and AST, the predic-
tive value of both factors within the model was statistically significant (p < 0.001, OR 0.233,
p =0.009, OR 1.003, respectively, Supplementary Materials Table S11).

Models examining the combination of albumin with other parameters (ALT, GGT, ALP)
for fatal outcomes also performed better than the model with NLR (Table 4), while the
inclusion of GGT and ALP seems to lower the value of the model compared to the one
considering albumin alone (Table 4, Supplementary Materials Tables S8 and S16). ALT in
combination with albumin fares better than albumin; however, ALT does not reach statistical
significance within the model (p = 0.09, OR 1.002, Supplementary Materials Table S10).

The comorbidities and risk factors with a statistically significant (p < 0.05) impact on
ICU admission and mechanical ventilation were chronic kidney disease (OR < 1) and length
of hospital stay (OR > 1) (Supplementary Materials Tables S1-522).

Within models testing the influence of included factors on the risk of death due to
COVID-19, the most important (p < 0.05) were hypertension (OR > 1), dementia (OR > 1),
myocardial infarction in the past (OR > 1) and leukemia (OR > 1). The laboratory parameters
that always achieved greater statistical significance within the models for this endpoint
were NLR and albumin (Supplementary Materials Tables S1, S7-511 and S16).

3.5. Best Predictive Models

In this section, we present models with the highest predictive value for severe COVID-19,
selected on the basis of 7 = 401 sample tests and examined on the entire population of
patients included in the study (n = 2109), while excluding those with missing desired labo-
ratory data. This means that samples tested in each model consisted of slightly different
groups of patients, which is the reason for variation in statistical significance analyzed
parameters, comorbidities and risk factors (hypertension, diabetes, asthma, COPD, demen-
tia, stroke/TIA in patient history, chronic kidney disease, myocardial infarction in patient
history, heart failure, leukemia, lymphoma and solid malignant disease, smoking history
and length of hospital stay, Tables 5-7).
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Table 5. The best models to predict ICU admission in COVID-19 tested on larger groups of patients.

ICU Admission
OR 95% CI p-Value Sample Size n NG LR AIC
p-Value
Variables 25% 75%
Model: albumin+ALP 36.810 8.245 177.080 <0.0001 459 0.292 <0.0001 518.2
ALP 0.997 0.994 1.000 0.101
albumin 0.277 0.176 0.420 <0.0001
Hypertension 1.103 0.675 1.810 0.694
Diabetes-1 0.243 0.012 1.570 0.207
Diabetes-2 1.504 0.824 2.740 0.182
Diabetes-3 1.881 0.754 4.650 0.170
Diabetes-4 2.234 0.588 8.410 0.228
Diabetes-5 <0.001 <0.001 <0.001 0.997
Asthma 1.837 0.579 5.700 0.290
COPD 0.236 0.033 1.050 0.088
Dementia 0.061 0.009 0.230 <0.001
Stroke/TIA in patient history 0.650 0.257 1.540 0.341
Chronic kiedney disease 0.279 0.138 0.540 <0.001
Active smoker 0.706 0.192 2.300 0.576
Former smoker 0.279 0.069 0.910 0.047
Myocardial infraction in patient history 1.704 0.802 3.630 0.164
Heart failure 0.959 0.473 1.910 0.905
Leukemia 4.327 0.946 21.070 0.058
Solid malignant disease without metastases 0.863 0.317 2.260 0.767
Solid malignant disease with metastases <0.001 <0.001 >1000 0.988
Lymphoma <0.001 <0.001 >1000 0.989
Lenght of hospital stay 1.007 0.993 1.020 0.341
OR 95% CI p-Value  Sample Size n NG LR AIC
p- Value
Variables 25% 75%
Model: albumin 21.583 6.137 79.200 <0.0001 621 0.276 <0.0001 666
albumin 0.295 0.200 0.430 <0.0001
Hypertension 1.055 0.685 1.630 0.808
Diabetes-1 0.224 0.012 1.300 0.168
Diabetes-2 1.751 1.038 2.950 0.035
Diabetes-3 1.782 0.809 3.870 0.146
Diabetes-4 2.423 0.730 8.030 0.142
Diabetes-5 <0.001 <0.001 >1000 0.994
Asthma 1.749 0.708 4.260 0.218
COPD 0.514 0.142 1.610 0.274
Dementia 0.068 0.015 0.210 <0.001
Stroke/TIA in patient history 0.748 0.329 1.600 0.468
Chronic kiedney disease 0.263 0.139 0.470 <0.001
Active smoker 0.773 0.268 2.070 0.618
Former smoker 0.352 0.105 1.000 0.065
Myocardial infraction in patient history 1.495 0.780 2.840 0.221
Heart failure 0.861 0.467 1.560 0.625
Leukemia 4.333 1.092 17.900 0.036
Solid malignant disease without metastases 0.532 0.217 1.200 0.144
Solid malignant disease with metastases <0.001 <0.001 >1000 0.984
Lymphoma <0.001 <0.001 >1000 0.987
Lenght of hospital stay 1.006 0.994 1.020 0.333

OR: Odds Ratio; 95% CI: Confidence Interval; NG: Nagelkerke pseudo R2; LR: Likelihood Ratio; AIC: Akaike
Information Criterion; ICU: intensive care unit; ALP: alkaline phosphatase; Diabetes-1:diabetes mellitus type 1,
including LADA; Diabates-2: diabetes mellitus type 2 treated with oral medications; Diabetes-3: diabetes mellitus
type 2 treated with insulin; Diabtes-4: prediabetes; Diabtes-5: gestational diabetes; COPD: chronic obstructive
pulmonary disease; TIA: transient ischemic attack.
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Table 6. The best models to predict nesscesity of mechanical ventilation in COVID-19 tested on larger
groups of patients.

Mechanical Ventilation

OR 95% CI p-Value  SamPleSize g LR AIC
n p-Value
Variables 25% 75%
Model: albumin+ALP 50.933 11.113 253.280 <0.0001 459 0.298 <0.0001 507.8
ALP 0.998 0.994 1.000 0.121
albumin 0.244 0.154 0.380 <0.0001
Hypertension 1.334 0.810 2.210 0.259
Diabetes-1 0.244 0.012 1.590 0.209
Diabetes-2 1.331 0.723 2.440 0.356
Diabetes-3 2.102 0.828 5.330 0.115
Diabetes-4 2.232 0.582 8.530 0.233
Diabetes-5 <0.001 <0.001 <0.001 0.997
Asthma 1.342 0.404 4.180 0.616
COorD 0.410 0.080 1.610 0.230
Dementia 0.057 0.008 0.220 <0.001
Stroke/TIA in patient history 0.735 0.287 1.760 0.502
Chronic kiedney disease 0.270 0.131 0.530 <0.001
Active smoker 0.765 0.208 2.500 0.668
Former smoker 0.211 0.043 0.760 0.030
Myocardial infraction in patient history 1.622 0.751 3.500 0.216
Heart failure 0.649 0.309 1.320 0.241
Leukemia 1.515 0.266 7.180 0.611
Solid malignant disease without metastases 0.739 0.260 1.970 0.555
Solid malignant disease with metastases <0.001 <0.001 >1000 0.987
Lymphoma <0.001 <0.001 >1000 0.988
Lenght of hospital stay 1.005 0.991 1.020 0.497
OR 95% CI p-Value SampleSize  yq LR AIC
n p-Value
Variables 25% 75%
Model: albumin 23.245 6.524 86.500 <0.0001 621 0.266 <0.0001 657.3
albumin 0.284 0.192 0.410 <0.0001
Hypertension 1.228 0.794 1.900 0.356
Diabetes-1 0.233 0.012 1.360 0.180
Diabetes-2 1.677 0.990 2.830 0.053
Diabetes-3 2.286 1.043 4.980 0.037
Diabetes-4 2721 0.826 8.980 0.095
Diabetes-5 <0.001 <0.001 >1000 0.994
Asthma 1.572 0.627 3.820 0.322
COrD 0.512 0.142 1.610 0.273
Dementia 0.072 0.016 0.220 <0.001
Stroke/TIA in patient history 0.800 0.351 1.720 0.577
Chronic kiedney disease 0.294 0.157 0.530 <0.001
Active smoker 0.731 0.243 2.000 0.556
Former smoker 0.356 0.104 1.030 0.073
Myocardial infraction in patient history 1.686 0.880 3.210 0.112
Heart failure 0.647 0.345 1.190 0.167
Leukemia 1.770 0.399 7.030 0.426
Solid malignant disease without metastases 0.488 0.191 1.120 0.108
Solid malignant disease with metastases <0.001 <0.001 >1000 0.984
Lymphoma <0.001 <0.001 >1000 0.987
Lenght of hospital stay 1.000 0.989 1.010 0.953

OR: Odds Ratio; 95% CI: Confidence Interval; NG: Nagelkerke pseudo R2; LR: Likelihood Ratio; AIC: Akaike
Information Criterion; ALP: alkaline phosphatase; Diabetes-1:diabetes mellitus type 1, including LADA; Diabates-
2: diabetes mellitus type 2 treated with oral medications; Diabetes-3: diabetes mellitus type 2 treated with insulin;
Diabtes-4: prediabetes; Diabtes-5: gestational diabetes; COPD: chronic obstructive pulmonary disease; TIA:
transient ischemic attack.
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Table 7. The best models to predict fatal outcomes in COVID-19 tested on larger groups of patients.

Fatal Outcome

OR 95% CI p-Value Sample Size n NG LR AIC
p-Value
Variables 25% 75%
Model: albumin+TBIL 26.886 7.227 105.600 <0.0001 582 0.291 <0.0001 645
TBIL 1.657 1.249 2.290 0.001
albumin 0.229 0.151 0.340 <0.0001
Hypertension 1.538 0.982 2.420 0.061
Diabetes-1 0.800 0.159 3.190 0.764
Diabetes-2 1.814 1.071 3.070 0.026
Diabetes-3 1.723 0.819 3.580 0.146
Diabetes-4 3.292 0.895 11.440 0.063
Diabetes-5 <0.001 <0.001 >1000 0.984
Asthma 1.191 0.432 3.040 0.723
CorD 0.806 0.259 2.360 0.700
Dementia 1.473 0.709 3.070 0.298
Stroke/TIA in patient history 0.916 0.449 1.820 0.804
Chronic kiedney disease 0.614 0.354 1.050 0.077
Active smoker 1.110 0.405 2.880 0.835
Former smoker 0.818 0.283 2.200 0.699
Myocardial infraction in patient history 2.904 1.609 5.310 <0.001
Heart failure 1.313 0.750 2.290 0.337
Leukemia 6.608 1.617 30.450 0.010
Solid malignant disease without metastases 1.017 0.443 2.240 0.967
Solid malignant disease with metastases 0.286 0.065 1.010 0.068
Lymphoma 1.895 0.338 8.780 0.431
Lenght of hospital stay 0.974 0.960 0.990 <0.001
OR CI 95% p-Value  Sample Size n NG LR AIC
p-Value
Variables 25% 75%
Model: albumin+AST 38.776 10.422 152.550 <0.0001 603 0.305 <0.0001 661.5
albumin 0.213 0.140 0.310 <0.0001
AST 1.003 1.001 1.010 0.008
Hypertension 1.573 1.009 2.460 0.046
Diabetes-1 1.021 0.276 3.450 0.973
Diabetes-2 1.685 1.007 2.810 0.046
Diabetes-3 1.533 0.724 3.200 0.258
Diabetes-4 3.133 0.838 11.120 0.079
Diabetes-5 <0.001 <0.001 >1000 0.980
Asthma 1.011 0.363 2.600 0.983
CorD 0.823 0.267 2.390 0.725
Dementia 1.550 0.749 3.220 0.237
Stroke/TIA in patient history 0.925 0.454 1.840 0.827
Chronic kiedney disease 0.717 0.414 1.220 0.228
Active smoker 1.267 0.484 3.190 0.621
Former smoker 0.693 0.250 1.780 0.461
Myocardial infraction in patient history 2.751 1.542 4.970 0.001
Heart failure 1.520 0.882 2.610 0.129
Leukemia 6.975 1.720 32.450 0.008
Solid malignant disease without metastases 1.250 0.566 2.690 0.572
Solid malignant disease with metastases 0.537 0.159 1.640 0.289
Lymphoma 1.829 0.331 8.470 0.454
Lenght of hospital stay 0.975 0.962 0.990 <0.001

OR: Odds Ratio; 95% CI: Confidence Interval; NG: Nagelkerke pseudo R2; LR: Likelihood Ratio; AIC: Akaike
Information Criterion; ICU: intensive care unit; TBIL: total bilirubin; AST: aspartate aminotransferase; Diabetes-
l:diabetes mellitus type 1, including LADA; Diabates-2: diabetes mellitus type 2 treated with oral medications;
Diabetes-3: diabetes mellitus type 2 treated with insulin; Diabtes-4: prediabetes; Diabtes-5: gestational diabetes;
COPD: chronic obstructive pulmonary disease; TIA: transient ischemic attack.

Within the models predicting the risk of ICU admission, which revealed the greatest
impact on final outcome, the most important was hypoalbuminemia (OR < 0.3, p < 0.0001 for
both models, Table 5). This time, despite the larger group of patients analyzed in the study,
the model including ALP achieved better results than the model containing albumin as the
only laboratory parameter, according to AIC. Moreover, the lack of statistical significance of
ALP was confirmed. The better accuracy of the model containing ALP may result from the
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consideration of an additional parameter and a certain cooperation of ALP and albumin.
Their reduced values may indicate cachexia and malnutrition.

Regarding mechanical ventilation as an endpoint, the reduced albumin level was
assessed as the most powerful predictor in the models (Table 6).

The best model to predict COVID-19-related death became the one including albumin
and TBIL, with albumin significance at the level of OR 0.229, p < 0.0001, and TBIL OR 1.657,
p =0.001 (Table 7). The model analyzing albumin and AST accompanied by other potential
risk factors presented slightly worse according to AIC, but again both laboratory tests had
influence (albumin OR 0.213, p < 0.0001, AST OR 1.003, p = 0.008, Table 7). Figure 1 shows
the relationships between the best models for all endpoints.
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Figure 1. ROC curves presenting relationships between best models for endpoints (a) ICU admission,
(b) mechanical ventilation, and (c) fatal outcome. The models, apart from the laboratory parameters,
were adjusted for hypertension, diabetes, asthma, COPD, dementia, stroke/TIA in patient history,
chronic kidney disease, myocardial infarction in patient history, heart failure, leukemia, lymphoma
and solid malignant disease, smoking history and length of hospital stay.
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4. Discussion

COVID-19, since it arose in Wuhan, China, has become a major public health concern
all over the world. Early recognition of the severe course is an exclusive problem that is
of vital importance for the management and use of medical facilities. In this situation, the
search for a reliable combination of laboratory parameters that can be prognostic factors is
definitely justified.

Lately, it has become evident that liver abnormalities are present in a relevant propor-
tion of COVID-19 patients and correlate with worse outcomes [27]. The pattern of liver
injury is predominantly hepatocellular or mixed-type and presents as aminotransferases
and GGT elevation [21-24]. Nevertheless, we still do not have a sufficient explanation for
this phenomenon. Direct viral effects on the liver have been discussed [12-14,17,28-30]
since ACE2 is expressed in a subset of cholangiocytes, while expression in hepatocytes is
low [12-14]. However, findings regarding the increased expression of ACE2 in liver cells
due to hypoxia and inflammatory conditions should be mentioned [31,32]. Further poten-
tial mechanisms include liver damage through ACE2 receptors expressed in endothelial
cells [33], but it has been confirmed that ACE2 is absent in sinusoidal endothelial cells [17].
The contribution of the CD47 receptor and the interactions between the L-SIGN receptor
and ACE2 are other theories that should be mentioned [15,16]. Considering aminotranses,
we need to note that the source of the elevated AST may be not the liver but the muscle or
cardiac injury, which was suggested previously [34]. A study performed by Bloom et al.
showed that there is moderate correlation between muscle injury markers such as creatine
kinase, lactate dehydrogenase and AST elevation [35]. On the other hand, drug-induced
liver injury is a possible contributing factor, based on recent studies. In the present research,
we used only baseline parameters for prognostication, which allowed us to exclude the
hepatotoxic potential of a wide array of drugs (e.g., redemsivir) used to treat COVID-19,
mostly in off-label fashion. However, since many patients have chronic diseases, it is likely
that chronic medications are taken. Therefore, in our multivariate models, we considered
comorbidities, assessed their impact on the final value of the model and compared them
with the influence of considered laboratory tests.

At the time of hospital admission, patients presented with liver biochemistry abnor-
malities 38.9% of AST, 29.3% of ALT, 33.2% of GGT, 21.1% of albumin, 6.7% of TBIL and
6.2% of ALP (Table 2).

The increased values of AST and ALT have already been widely commented on in
the literature.

Lei et al. [9] reported a connection between liver injury based on markers of hepatic
injury and inpatient mortality, specifically an association between AST abnormality and
risk of death during hospitalization. Ramachandran et al. [36] claimed that elevated AST
or ALT levels among hospitalized COVID-19 patients were associated with higher rates
of mechanical ventilation but were not significant independent predictors of more severe
disease. Pazgan-Simon et al. presented a rife elevation of ALT and AST at baseline, with no
correlation with higher mortality [22]. In our cohort, AST was the most frequently elevated
liver-related parameter, consistent with previously reported results. It has a significant
predictive value for death in the course of COVID-19, but in the studied model, the presence
of myocardial infarction in the patient’s history was more statistically significant (p = 0.008,
OR 1.006 vs. p = 0.003, OR 2.805, respectively). That could bring us to the conclusion
that AST may be elevated due to extrahepatic causes, such as exacerbation of previously
existing coronary artery disease (CAD) already described in COVID-19 patients [37] or be
the result of liver damage caused by chronic statin use due to CAD. AST in combination
with TBIL outperformed the model with NLR, according to the AIC, but in this case, again,
the most important factor in the model was myocardial infarction in the past (p = 0.003, OR
1.446 vs. p = 0.038, OR 1.0004 for AST, p = 0.023, OR 1.068 for TBIL). Nevertheless, it should
be noted that elevated TBIL and AST levels on admission are independently associated
with in-hospital death in patients with COVID-19.
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ALT elevation is predominantly observed in hepatocellular injuries. Viral hepatitis
classically leads to an ALT variation, which has also been reported in many studies focused
on COVID-19 as more common than ALP or TBIL elevation but less common than AST,
which does not match the viral pattern [21,24,35,38-40]. Bloom et al. [35] proved a strong
correlation between AST and ALT, which may suggest that real hepatocellular injury is
a predominant source of aminotransferase elevation. That conclusion is in line with the
theory of cytokine-mediated injury or hypoxia proposed not only for COVID-19 [17,35,41]
but also for influenza [42]. In our study, elevated ALT was observed in 29.3% of patients
at baseline, which is comparable to the previously mentioned papers. In each model,
ALT was not independently associated with the final outcome, besides combination with
AST predicting death, in which it achieved significance at the level of p = 0.026, OR 0.986.
This finding may support the theory that AST has a source other than the liver and that
deviations in AST and ALT in COVID-19 patients are unrelated.

Hypoalbuminemia is a typical trait of all severely ill patients and is often related to
inflammatory diseases, mainly due to increased vascular permeability (with increased
albumin distribution volume) and a shortened albumin half-life. A low albumin level is
a negative prognostic indication in hyperinflammatory conditions such as trauma, shock
or infection and has been linked to poor outcomes and a shorter life expectancy [43]. The
processes causing hypoalbuminemia in COVID-19 have not yet been fully investigated
and described. Albumin is produced in the liver, but it has been subject to dispute as to
whether its insufficiency in COVID-19 could be caused by liver dysfunction. According
to the study performed by Huang et al. [44], this occurrence cannot be explained solely
by liver damage as a result of hepatocellular dysfunction; nonetheless, they did not find
any correlation between AST and ALT elevation and worse outcomes, which might be
explained by population differences.

The literature often addresses hypoalbuminemia in severe COVID-19 [24,45,46], but
the prognostic value of albumin is still underestimated. According to our research, lower
albumin levels on admission can predict COVID-19 outcomes irrespective of most co-
morbidities and better than NLR. Our results emphasize the remarkable effectiveness of
albumin as a predictor of intubation necessity. Models tested on a smaller group of patients
n =401, which included albumin, turned out to be a better indicator of COVID-19 severity
than the NLR for all endpoints and, along with TBIL, the best model to predict the risk of
death, which aligns with Weber and colleagues’ findings [24]. Similarly, hypoalbuminemia,
in combination with variation in ALP, became the best combination to assess the risk of a
patient’s admission to the ICU.

The albumin level confirmed its prognostic efficiency during testing the models on
larger groups of patients (Tables 5-7).

Moreover, according to the results of our study, attention should be paid to the assessment
of TBIL and AST levels, whose significance was confirmed during testing on larger samples
(Table 7). Although some of the variables considered exceeded their importance, each of them
turned out to be significant, so they can be independent predictors of death in the course of
COVID-19, working better when assessed in combination with albumin.

The majority of the available data show that the cholestatic pattern of injury is less
common in COVID-19 patients than AST and ALT, but mildly raised GGT levels can be
seen in up to 50% of patients [7,21-24,35,38—40]. In our study, GGT, ALP and TBIL were
varied in 33.2%, 6.2% and 6.7% of patients, respectively.

GGT elevation and its predictive value in terms of COVID-19 severity have been
widely commented upon recently. Shao et al. reported that elevated GGT and CRP levels
were associated with a longer hospital stay [47]. Kasapoglu and colleagues determined that
elevated serum GGT levels, but not aminotransferases, at admission were associated with
the increased risk of ICU admission and mortality [48], while Weber et al. claimed that AST,
ALT, GGT and albumin correlated strongly with COVID-19-related death [24]. Our results
show that, despite the fact that elevated GGT is frequently observed at baseline, it is not the
best predictor for COVID-19 severity. Elevated ALP levels are rather rare among patients
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admitted to hospital for COVID-19, and worldwide prevalence reaches 4% [21,24,35]. In
our study, abnormal ALP was observed in a similar percentage. Although uncommon, it
should not be neglected. Da et al., in their study, assessed the effect of cholestasis, defined
as the serum ALP level > 3x upper normal limits (UNL), on the mortality of COVID-19
patients [49]. Our research did not reveal any statistically significant effect of ALP on
COVID-19 severity, neither in models with ALP alone nor in different combinations, tested
both, on sample 1 = 401 or n = 459 (Tables 3, 5 and 6). Consideration of an extra parameter,
as well as a certain corporation of ALP and albumin, whose lower levels may suggest
cachexia and malnutrition, could result in improved accuracy of the model comprising
ALP (Tables 4-6).

Bilirubin, a natural end product of haeme catabolism, has long been recognized as
a protective molecule with powerful antioxidant, anti-inflammatory, and other bioactivi-
ties [50]. Liu et al. [51] observed that a low percentage of COVID-19 patients had elevated
bilirubin levels, and this group tended to have a worse outcome and a more severe ill-
ness. Furthermore, those with greater TBIL levels at admission had a higher mortality
risk. Ding et al. [52] found that abnormal AST and direct bilirubin baseline and peak are
associated with in-hospital fatal outcomes. Weber et al. [24] claimed that TBIL elevation
was the most predictive single factor of COVID-19-related death. In our study, the most
influential singular factor remained hypoalbuminemia, but hypoalbuminemia and TBIL
elevation on admission became the best predictive model for in-hospital mortality due to
COVID-19. Moreover, it is necessary to consider the predictive ability of the TBIL and AST
combination, which value exceeded the model for NLR and the fact that the role of each
parameter in the model also proves to have a significant impact on final fatal outcome.

Referring to the observed impact of comorbidities and potential risk factors, the op-
posite effect of chronic kidney disease on the risk of admission to the ICU and intubation
was noted. In the analysis with the endpoint of death due to COVID-19, chronic kid-
ney disease did not show statistical significance; however, the OR also took a value < 1
(Table 7, Supplementary Materials Tables S1-522). This observation is in contrast to the
currently available data [53,54]. The reason for this unexpected remark may be the sample
size and the precise group of patients who had performed admission tests. Similar observa-
tions were made for smoking history (Tables 5 and 6), contrary to popular claims [37,55].
Dementia was shown to be adversely linked with the risk of ICU admission and invasive
respiratory support in our cohort, but not with the risk of mortality due to SARS-CoV-2 in-
fection (OR > 1, Table 7). Although the lack of significance may be due to the small size
of the research group, the tendency of dementia to indicate COVID-19-related death is
visible and consistent with previous observations [56]. CVD and type 2 diabetes mellitus
are well-known risk factors for the severe course of COVID-19, and our survey for these
comorbidities is compatible [57,58]. Leukemia was also significantly associated with mor-
tality, in line with earlier considerations [59], and our group had a strong influence on the
risk of admission to the ICU.

In this research, patients with chronic liver diseases known as chronic hepatitis, cir-
rhosis and fatty liver were excluded from the analysis. This allowed us for an objective
assessment of the liver function of COVID-19 patients on admission, but at the same time
made it impossible to investigate in depth the impact of these comorbidities on the severe
course of the disease. However, this influence was reported previously by Galiero et al. in
a large multicenter study [60].

Our study had several limitations. First, due to the retrospective nature of the study,
the results of the laboratory tests on admission were incomplete. This caused a constraint
of the sample to n = 401 during the creation of adequate and reliable models that were later
implemented on the entire group of patients included in the study (1 = 2109). Second, we
investigated test results obtained at admission to the hospital, which caused an inability to
analyze further fluctuations in the parameters in the course of the disease. Moreover, in our
study, we did not include the international normalized ratio (INR), which could be a useful
tool to assess liver function and to complete our conclusions. In our study, we excluded
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patients with chronic liver diseases, which did not allow us to evaluate how SARS-CoV-2
infection affects disease progression or how the deterioration of liver functioning in these
cases might affect the course of COVID-19. Finally, because the study was single-center, a
certain selectivity of the analyzed group may have resulted in bias. Therefore, prospective,
long-term studies are necessary to verify the validity of our observations and conclusions.

5. Conclusions

In our study, we attempted to find predictive factors for the severe course of
SARS-CoV-2 infection, which is important for risk classification, optimizing hospital re-
source redistribution, and guiding healthcare strategies.

Our observations emphasize that hypoalbuminemia is a strong predictor of severe
COVID-19 course and, in combination with AST or TBIL, has a remarkable association
with mortality. This is the most important finding for clinicians because the assessment
of the albumin, AST and TBIL levels at admission is an inexpensive, quick test that can
be performed in most patients and allows for a more accurate prognosis in the course of
SARS-CoV-2 infection.

Moreover, based on our results, we suspect that the liver may not be the source of
the elevated AST level, which is often observed in COVID-19 patients. Deviated AST on
admission should draw our attention to the feasible risk of exacerbation of CVD and cannot
be underestimated; however, further research is required to fully explore this assumption.

Despite the presence of abundant ACE-2 receptors in cholangiocytes, the parameters
associated with cholestasis did not appear to be useful in the early risk assessment of severe
COVID-19. GGT and ALP were not found to be predictors of worse outcomes; nonetheless,
elevated TBIL levels, although rare, are a significant predictor of death in the course of
SARS-CoV-2 infection.

Overall, the early determination of biochemical parameters in COVID-19 patients can
provide important prognostic information. Decreased albumin, high AST and TBIL levels
should be alarming as potentially associated with a severe course of the disease.
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o U e W N e

Abstract: Alteration in gut microbiota has been associated with COVID-19. However, the underlying
mechanisms remain poorly understood. Here, we outlined three potential interconnected mechanistic
pathways leading to gut dysbiosis as an adverse outcome following SARS-CoV-2 presence in the
gastrointestinal tract. Evidence from the literature and current uncertainties are reported for each step
of the different pathways. One pathway investigates evidence that intestinal infection by SARS-CoV-2
inducing intestinal inflammation alters the gut microbiota. Another pathway links the binding of viral
S protein to angiotensin-converting enzyme 2 (ACE2) to the dysregulation of this receptor, essential in
intestinal homeostasis—notably for amino acid metabolism—Ileading to gut dysbiosis. Additionally,
SARS-CoV-2 could induce gut dysbiosis by infecting intestinal bacteria. Assessing current evidence
within the Adverse Outcome Pathway framework justifies confidence in the proposed mechanisms to
support disease management and permits the identification of inconsistencies and knowledge gaps
to orient further research.

Keywords: SARS-CoV-2 infection; COVID-19; gut dysbiosis; microbiota; gastrointestinal disorders;
intestinal inflammation; ACE2 dysregulation

1. Introduction

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is still a global public health emergency. A better understand-
ing of the mechanisms underlying the progression and severity of the disease is needed.
Particularly, COVID-19 is markedly heterogeneous in terms of clinical outcomes, with a
high variation at the individual level. Poor clinical outcomes in COVID-19 patients were
notably associated with elderliness and certain pre-existing medical conditions, including
but not limited to diabetes, cardiovascular diseases, obesity, and high LDH levels [1-5].
Older age and the comorbidities mentioned above are associated with alterations in the
gut microbiota [6-8]. Besides, COVID-19 patients exhibit fecal microbiome alterations
compared to controls [9-12]. These changes correlated to COVID-19 severity [12]. Gut
dysbiosis, defined as a reduction in gut microbiota diversity or the depletion of beneficial
bacteria with an enrichment of the pathogenic ones, may alter susceptibility to SARS-CoV-2
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infection [13-15]. This is aligned with the evidence that many pathophysiological dimen-
sions of diseases are underpinned by the gut microbiota, especially in chronic inflammatory
diseases [16] such as inflammatory bowel diseases (IBD). Although the exact etiologies of
IBD remain uncertain, many studies have provided important insights into the central role
of gut dysbiosis and barrier dysfunction in inflammatory status [17,18]. The gut microbiota
plays an essential role in the education and functions of both the local and systemic immune
systems. Besides, emerging evidence has demonstrated important cross-talks between the
gut microbiota and many other organs via communication axes such as the gut-lung [19],
gut-liver [20,21], and gut-brain [22] axes. Notably, gut dysbiosis during respiratory viral
infection has been shown to worsen pulmonary symptoms [23]. Similarly, gut dysbiosis
and disrupted intestinal barrier can cause neurological inflammation [22] or hepatic in-
flammation through the translocation of endotoxins and bacteria via the portal vein [24].
Consistently, taking into account gut microbiome-mediated mechanisms may help depict
a comprehensive overview of COVID-19 pathogenesis. Exploring how gut dysbiosis as a
pre-existing condition in some COVID-19 patients mechanistically influences the disease
progression and impacts the clinical outcomes might help identify high-risk patients, and
has been discussed elsewhere [5]. Here, we aim to investigate how SARS-CoV-2 might
directly alter the gut microbiota, thus considering gut dysbiosis as a direct consequence of
the virus in the gastrointestinal (GI) tract. Recently, animal studies have provided evidence
for a direct impact of SARS-CoV-2 infection on the gut microbiota. A study conducted
in transgenic mice expressing human ACE2 showed that the gut microbiome is affected
by SARS-CoV-2 in a dose-dependent manner after intranasal inoculation [25]. In Syrian
hamsters, SARS-CoV-2 infection was associated with mild intestinal inflammation, relative
alteration of the intestinal barrier property, and alteration of the gut microbiota [26]. SARS-
CoV-2 infection in nonhuman primates was associated with changes in the gut microbiota
composition and functional activity [27]. However, despite the dynamic research, the
underlying pathways leading to gut dysbiosis in COVID-19 are still poorly understood.
To contribute to deciphering these mechanisms, the Joint Research Centre of the Eu-
ropean Commission initiated an interdisciplinary project, the CIAO project, to model the
pathogenesis of COVID-19 using the Adverse Outcome Pathway (AOP) framework [28-31].
The AOP approach is well established in regulatory toxicology [32] but is innovatively ap-
plied here to a viral disease of high societal relevance. The project relies on the assumption
that an AOP-driven organization of the relevant knowledge will improve the integration
of the tsunami of data on COVID-19 [28]. The AOP approach does not capture all the
details in a biological pathway, but aims for a pragmatic identification of successively
linked key events (KE) that represent essential steps in a pathway leading to an adverse
outcome [33-36]. A key event describes a measurable and essential change in a biological
system that can be quantified in experimental or clinical settings [32]. The AOP framework
also provides a structured approach for the evaluation of the level of evidence currently
available to ascertain the causal relationships between pairs of successive key events [37].
AOPs do not build on the correlation between two events but gather and weigh the evi-
dence for their causal relationship. Because of this mechanistic and causal description of the
pathways, AOPs help elucidate the pathophysiological mechanisms also by learning from
other diseases, such as IBD or respiratory virus-related diseases presenting gut dysbiosis.
Finally, an AOP integrates knowledge across the different biological levels (from molecular,
cellular, tissue, organ, and up to organism level). While research tends to compartmen-
talize in silos, this pandemic calls for an interdisciplinary integration of data from the
different experimental systems. Hence, the AOP approach allows the structured review
and organization of rapidly growing relevant in vitro, in vivo, and clinical data. Assessing
the evidence currently available using the AOP framework permits the identification of
critical inconsistencies and knowledge gaps guiding future research needs. The AOPs are
steered by the Organization for Economic Co-operation and Development (OECD), which
maintains a centralized online platform called AOP wiki (https://aopwiki.org/ accessed
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on 29 June 2022), where information captured in AOPs is openly accessible. Numbers in
the text refer to these AOP-wiki pages (Table 1).

Table 1. AOP-wiki pages.

KER1739 https:/ /aopwiki.org/events/1739 accessed on 29 June 2022
KER1738 https:/ /aopwiki.org/events /1738 accessed on 29 June 2022
KER1847 https:/ /aopwiki.org/events/1847 accessed on 29 June 2022
KER1901 https:/ /aopwiki.org/events/1901 accessed on 29 June 2022
KER1493 https:/ /aopwiki.org/events/1493 accessed on 29 June 2022
KER1497 https:/ /aopwiki.org/events/1497 accessed on 29 June 2022
KER1954 https:/ /aopwiki.org/events/1954 accessed on 29 June 2022
KER2311 https:/ /aopwiki.org/events/2311 accessed on 29 June 2022

This study was conducted as part of the CIAO project (https:/ /www.ciao-covid.net/
accessed on 29 June 2022) aiming to provide a holistic overview of the COVID-19 pathogen-
esis through the Adverse Outcome Pathway framework, offering scientists from different
fields an international platform to collaborate across disciplines [1]. Here, we outlined three
putative pathways initiated by SARS-CoV-2 presence in the gut leading to gut dysbiosis.
We applied the AOP approach to analyze the weight of available evidence supporting the
causality of the key event relationships (KER) involved in the proposed pathways. For
each causal step, we first described the biological plausibility, then we explored the existing
literature and data qualitatively and quantitatively supporting this link, and finally, we
highlighted the current inconsistencies, uncertainties, and knowledge gaps. Ultimately, we
discussed the potential implication of each pathway for disease management.

2. Enteric SARS-CoV-2 Presence Leads to Intestinal Inflammation Altering
Gut Microbiota

2.1. SARS-CoV-2 Entry into Enterocytes Leads to Intestinal Inflammation

The biological plausibility, evidence, and uncertainties for a productive SARS-CoV-2
enteric infection (an active replication in the GI tract) inducing intestinal inflammation
are described in detail elsewhere [38]. Briefly, following binding to the ACE2 receptor
(KE1739), SARS-CoV-2 enters into enterocytes (KE1738) and might replicate (KE1847) after
antagonizing the antiviral response (KE1901). Viral infection induces the secretion of pro-
inflammatory mediators (KE1493), which recruit inflammatory cells (KE1497). SARS-CoV-2
enters into enterocytes via binding to the ACE2 receptor and cleavage, preferentially by
transmembrane serine protease 2 (TMPRSS2) at the plasma membrane. Enterocytes in the
small intestine express the highest levels of ACE2 in the human body [39,40], and co-express
TMPRSS2, indicating potential enteric infection [39,41,42]. ACE2-KO intestinal organoids
were fully resistant to SARS-CoV-2 infection [43], suggesting that ACE2 is the entry receptor
for SARS-CoV-2 in intestinal cells in vitro. Following cellular entry, SARS-CoV-2 induces an
antiviral response [44]. The timely production of type I interferons by host cells is critical for
limiting viral replication and promoting antiviral immunity [45]. While a body of evidence
points towards a productive enteric infection, it is not firmly established that SARS-CoV-2
can actively replicate in the human intestine [38]. Specific conditions, such as viral load,
comorbidities, age, medication, inflammatory status, fasted—fed status, or pre-existing
dysbiosis, might render the GI epithelium permissive to SARS-CoV2 infection [38]. In
addition to interferon, viral infection induces the release of pro-inflammatory cytokines,
such as interleukins (IL) and tumor necrosis factor (TNF) alpha by epithelial cells [27,46].
Pro-inflammatory signaling recruits immune cells to the gut. This local inflammatory
response due to viral entry into cells and potential active replication might alter the gut
microbiota (Figure 1).
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Figure 1. Spike proteins of SARS-CoV-2 virus binding to ACE2 receptor expressed in enterocytes
mediates viral entry inducing intestinal inflammation (release of pro-inflammatory mediators and re-
cruitment of inflammatory cells) leading to alteration of gut microbiota. Created with Biorender.com.

2.2. Binding to Enteric ACE2 Leads to Intestinal Inflammation

Functional studies based on colitis animal models have indicated that the modulation
of ACE2 expression itself affects the severity of intestinal inflammation. ACE2 deficiency
causes enhanced susceptibility to dextran sodium sulfate-induced colitis [47], suggesting
that ACE2 plays a protective role in colitis. Moreover, Ang (1-7) treatment alleviates colitis
progression, whereas the blockade of Mas aggravates the disease [48], indicating the protec-
tive role of the ACE2/Ang (1-7)/Mas axis. In contrast, treatment with the ACE2 inhibitor
GL1001 reduces the severity of colitis [49], suggesting that ACE2 plays a pathogenic role
in intestinal inflammation. During SARS-CoV-2 infection, the downregulation of ACE2
would potentially result in unopposed functions of Ang II and decreased levels of Ang
(1-7), thereby shifting the balance toward the pro-inflammatory side [50,51]. In IBD, re-
duced small bowel but elevated colonic ACE2 levels are associated with inflammation,
suggesting compartmentalization of ACE2-related biology in the small intestine and colon
inflammation [52]. Further studies are needed to assess if intestinal ACE2 dysregulation
due to the interaction with SARS-CoV-2/S proteins leads to intestinal inflammation.

2.3. Intestinal Inflammation Leads to Alteration of Gut Microbiota

Biological plausibility. Intestinal inflammation is associated with aerobic conditions,
biological sources from dying epithelial cells, and mucus thickness, which provide an
optimal environment for the growth of microorganisms. Dysbiosis is defined as a reduction
in microbial diversity and a combination of the loss of beneficial bacteria and a rise in
pathogenic ones (KE1954).

Evidence. Plasma concentrations of inflammatory cytokines correlated with gut micro-
biota composition in studies on COVID-19 patients [10]. Several studies in other diseases
provided evidence that an inflamed gut microenvironment induces gut microbiota alter-
ations [53-57]. The alteration is often characterized by blooms of normally low-abundance
and harmful bacterial species (e.g., Enterobacteriaceae) that are capable of utilizing nutrients
found more abundantly in the inflamed gut, while other families of symbiotic bacteria
succumb to the inflammatory environmental changes [53-57].

Feedback loop. A causal role for gut microbes in generating an inflammatory phenotype
was demonstrated. Germ-free mice receiving microbial transfers from insulin-resistant mice
exhibited more inflammation than mice receiving microbial transfers from controls [58].
In humans, abundant reports highlight the role of gut microbiota in the pathogenesis
of inflammatory diseases such as asthma, type 1 and type 2 diabetes mellitus, and obe-
sity [59-61]. Antibiotic-resistant Klebsiella species can lead to inflammation in genetically
susceptible hosts [62]. Adherent-invasive E. coli, commonly reported as enriched in IBD,
increases chemokine secretion (IL-8/CCL20 levels). Other Enterobacteriaceae species, namely
Citrobacter rodentium and Salmonella, utilize virulence factors to induce intestinal inflamma-
tion, which subsequently confers a growth advantage for these pathogens in the intestinal
lumen to compete with beneficial bacteria [63-65]. Some bacteria produce short-chain fatty
acids with anti-inflammatory properties [66-68]. Faecalibacterrium pausnitizii, reduced in
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IBD [69], convert acetate to butyrate, which facilitates the regeneration of colonocytes, thus
maintaining intestinal integrity [49] and the balance between Th7 and Treg cells to prevent
intestinal inflammation [70]. The reduction of butyrate-producing bacteria contributes to
intestinal inflammation; notably, Treg cells were shown to be activated by butyrate, blocking
an excessive proinflammatory response [71]. Butyrate can exert an anti-inflammatory effect
in part by suppressing the activation of NF-«B [72], a transcription factor that regulates the
inflammatory and innate immune responses [73]. In addition, butyrate strongly inhibits the
interferon-gamma (IFN-vy) signaling to ameliorate inflammation [74]. Butyrate also targets
peroxisome proliferator-activated receptor-y (PPARY) to prevent colon inflammation [75].
IL-10-deficient mice developing enterocolitis when maintained in conventional conditions
showed no evidence of colitis when kept in a germ-free environment, suggesting that
resident enteric bacteria are necessary for immune system activation in these mice [47].
Anaerobic and mutually exclusive Bacteroides species could dominate the microbiota and
exert commensal, mutualistic, or pathogenic behaviors depending on host-microbe inter-
actions, bio-geographical location, and nutritional availability. As a known pathobiont
in IBD, Bacteroides vulgatus activates NF-kB pathways, and some strains are important
for colonization and persistence in CD. Similarly, entero-toxigenic B. fragilis has been
shown to promote intestinal inflammation and possibly colon carcinogenesis through the
activation of NF-kB [76], resulting in increased pro-inflammatory cytokine levels, such
as IL-8/CXCLS8. The composition of the gut microbiome has been associated with the
severity of COVID-19, possibly via its immune-modulatory properties. Gut commensals
with known immunomodulatory potential, such as F. prausnitzii, Eubacterium rectale, and
Bifidobacterium adolescentis, were found to be significantly under-represented in COVID-19
patients compared with healthy controls, and were associated with disease severity after
taking account of antibiotic use and patient age [10]. Furthermore, the microbial imbal-
ance found in COVID-19 patients was also associated with raised levels of inflammatory
cytokines such as C-reactive protein The inflammatory phenotype could represent a risk
factor in SARS-CoV-2 infection.

Uncertainties, inconsistencies, and gaps. Disturbances of the microbiota are evident in
inflammatory diseases. However, despite encouraging evidence from animal models in
which inflammatory conditions were successfully treated via gut microbiota manipulation,
data from human trials are less conclusive. It is still unclear from human studies whether the
alteration in the microbial community is a cause or consequence of inflammation. A higher
degree of resolution of microbiome analysis matched with lifestyle factors, heterogeneity of
the host genotype, and epigenome, is likely to be required to advance the understanding of
host-microbe interactions.

The gut microbiota also play an important role in the production of interleukin-22
(IL-22) in the gut, which is central to the induction of antimicrobial peptides, and promotes
the protective functions of the epithelial barrier [50]. Klooster et al. [77] showed that
intestinal viral infections induce IL-22 expression by T cells stimulated by IFN1-mediated
IL-7 production by epithelial cells and IL-6 production by fibroblasts. Their findings
suggest that IL-22 modulates genes involved in viral entry and replication. Specifically,
IL-22 inhibits the expression of the viral entry receptors, ACE2 and TMPRSS2, while
increasing the expression of antiviral proteins [77]. Although IL-22 is well-known for its
role in bacterial defense, there are limited and conflicting data on the importance and
regulation of IL-22 in intestinal viral defense.

2.4. Potential Implication for Disease Management

The persistence of gut microbiota dysbiosis after disease resolution in COVID-19 could
contribute to persistent symptoms, highlighting a need to understand how gut microorgan-
isms are involved in inflammation and COVID-19. Notably, it remains unknown whether
inflammation-associated gut microorganisms enriched in COVID-19 play an active part in
the disease or flourish opportunistically due to a depletion of other gut microorganisms.
Follow-ups of patients with COVID-19 (e.g., 3 months to 1 year after clearing the virus) are
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needed to address questions related to (i) the duration of gut microbiota dysbiosis post-
recovery, (ii) the link between microbiota dysbiosis and long-term persistent symptoms,
and (iii) whether the enrichment/depletion of specific gut microorganisms predisposes
recovered individuals to future health problems.

3. Intestinal ACE2 Dysregulation Inducing Gut Dysbiosis

Research in the last few years has highlighted the key role of ACE2 in intestinal
homeostasis by influencing multiple processes [78-81], including the modulation of gut
microbiota [82-84]. Therefore, it is plausible that the binding of the viral S protein to ACE2
in the gut may lead to the dysregulation of physiological functions such as alteration of the
GI amino acid (AA) metabolism, altering the gut microbiota (Figure 2).
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Figure 2. Virus binding to ACE2 expressed in enterocytes induces ACE2 dysregulation leading to
alteration in gut microbiota. Created with Biorender.com.

3.1. Binding of S Proteins to Enteric ACE2 Induces Intestinal ACE2 Dysregulation

Biological plausibility. The binding of S proteins to ACE?2 is likely to impede the physio-
logical functions of ACE2. In the gut, ACE2 modulates the local renin—angiotensin signaling
(RAS) system in a paracrine and autocrine manner, mediating cell-specific growth, prolifer-
ation, and metabolic activity [83]. Little is known about the potential role of intestinal ACE2
in modulating the local KKS system in the gut. The role of ACE2 as a chaperone for neutral
AA transporters in the intestines is its most studied RAS-independent and non-enzymatic
function [85,86]. ACE2 and ACE, components of the RAS system, are present in the intes-
tine. Intestinal ACE2 stabilizes the transporter BYAT1 (Slc6a19), which mediates the uptake
of neutral dietary AA, such as tryptophan (Trp), into intestinal cells in a sodium-dependent
manner [86]. ACE2 has also been proposed to interact functionally with sodium-dependent
imino transporter 1 (SIT1), a luminal L-proline transporter expressed in small intestine
enterocytes [78]. Therefore, it is plausible that SARS-CoV-2 binding might interfere with
ACE2 association with AA transporters and their function.

Evidence. Extensive evidence exists for ACE2 dysregulation as a result of interaction
with the viral S proteins in different cells and tissues, with changes in ACE2 mRNA
expression, protein levels, and enzymatic activity (KER2311). Evidence for ACE2 protein
down-regulation mediated by viral S proteins comes from lung and liver-derived cell
systems [79,80] which monitored ACE2 protein levels in whole cell lysates. Membrane and
cellular ACE2 protein down-regulation following treatment with SARS-CoV-1 S protein
have also been demonstrated in studies with kidney cell lines that concomitantly monitored
and showed increased ACE2 enzymatic activity in the extracellular compartment [81,87,88].
In these non-GI test systems, the decrease of the full-length ACE2 cellular protein is due
to S-protein-mediated cleavage of ACE2 by cellular proteases (TACE/ADAM17). The
precise role of ACE2 cleavage and shedding in SARS-CoV and SARS-CoV-2 viral entry
and/or maturation of infective particles remains to be elucidated. ACE2 down-regulation
at the transcriptional level has been reported in kidney biopsies from deceased patients [89]
and in GI tract-derived organoids [90]. Using a single-cell transcriptomics approach and
multiplex single-molecule RNA fluorescence in situ hybridization (FISH), ACE2 mRNA
down-regulation was observed in both ileal- and colon-derived 2D organoids infected with
SARS-CoV-2 (relative to mock infected organoids) [90]. Tissue-specific differences were
noted. In ileum-derived organoids, ACE2 mRNA was down-regulated in the bystander
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cells (cells not showing active SARS-CoV-2 replication as judged by detection of viral RNA)
whereas in the colon-derived bystander cells, ACE2 was comparable to mock/uninfected
cells. This difference may also be due to the method applied to determine the threshold
for distinguishing actively infected and bystander cells (which also contained detectable
viral RNA). Nataf and Pays (2021) [91] reported profound but transient down-regulation of
ACE2 mRNA in SARS-CoV-2-infected differentiated human intestinal organoids compared
to controls. Interestingly, they also reported decreased B’AT1 mRNA, which requires ACE2
for its membrane expression and function [86]. The mRNA levels for both ACE2 and BYAT1
returned to baseline by 60 hpi. Nataf and Pays [91] re-analyzed the mRNA expression levels
generated in a study by Lamers et al. [46] but reported results from earlier time points.

Evidence for up-regulation of ACE2 (mRNA and protein) following interaction with
SARS-CoV-2 S proteins is available in a significant number of studies with non-Gl-infected
tissues or in vitro cell systems (KER2311). In differentiated human small intestinal 3D
organoids (DIF) infected with SARS-CoV-2, a modest ACE2 mRNA up-regulation was
reported [46]. The DIF showed significantly higher levels of ACE2 expression compared to
expanding organoids (EO). Data in this study shows ACE2 mRNA down-regulation in the
DIF organoids [91]. SARS-CoV infection up-regulated ACE2 mRNA at 24 and 60 hpi in
EO while the data for SARS-CoV-2 in EO showed up-regulation of ACE2 mRNA at 60 hpi
only. Up-regulation of both ACE2 mRNA (~3x) and protein (1.3x) in 2D differentiated
Caco-2-derived infected with SARS-CoV-2 were observed compared to uninfected cells [78].
Up-regulation was noted when the viral titer was at saturation. ACE2 mRNA up-regulation
was also reported with SARS-CoV-2 in human colon 3D organoids [92].

Uncertainties, inconsistencies, and gaps. Evidence supports the high plausibility of
ACE2 dysregulation in the GI tract due to the interaction with SARS-CoV-2. However,
direct evidence for ACE2 dysregulation resulting from S protein binding rather than viral
replication in the gut or in gut-derived systems is currently lacking. In addition, there are
inconsistencies in the evidence that need further consideration.

The apparent inconsistencies regarding the direction and magnitude of ACE2 dys-
regulation in the different studies (using various test systems) may reflect the dynamic
and temporal components of the dysregulation. The latter could be driven not only by the
interaction of ACE2 with the surface viral components, but also by the interaction of the
replicating viral components with the innate immunity response elements, particularly
in the test systems using replicating viruses. ACE2 mRNA down-regulation in SARS-
CoV2-treated Gl-derived organoids was reported in enterocytes actively replicating the
virus [90]. A second study also reported profound but transient ACE mRNA downregula-
tion [91]. Contrary evidence for SARS-CoV2 mediating up-regulation of ACE2 mRNA in GI
organoids [46,92,93] is consistent with similar studies in many other tissue/organ systems
(KER2311) and with the finding that ace2 is an Interferon Stimulated Gene (ISG) in airway
epithelial cells [94] and in colon enterocytes [92]. These studies also demonstrated a time
concordance of ACE2 mRNA up-regulation with stimulation of ISG response in the infected
organoids [46,92,93]. Interestingly, a sScRNAseq study by Triana et al. [90] found that SARS-
CoV2 exposure induced distinct proinflammatory and ISG expression profiles in infected
and bystander cells in the organoid. Expression of ISGs was pronounced in bystander cells,
while the infected cells showed strong NFkB/TNF-mediated pro-inflammatory response
but limited production of ISGs. This suggests that while SARS-CoV-2 may activate ISG by
paracrine signaling, it may suppress the autocrine action of interferon i.e. induction of ISG,
including ACE2, in infected cells. This would be consistent with ACE2 down-regulation
in the infected cells observed in this study. In addition, this may explain why in some
studies ACE2 mRNA down-regulation can be observed under certain conditions and at
some (earlier) time points of replication. Furthermore, the causal relationship between
an observed increase in ACE2 mRNA and dysregulation at protein and enzymatic levels
remains to be elucidated. Indeed, most recently Harnik et al. [95] examined the spatial dis-
cordances between mRNAs and proteins in the intestinal epithelium and their significance
for the interpretation of transcriptomic data. In addition, in the intestines of SARS-CoV-2-
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infected Hamsters, mRNA expression of ACE2 was up-regulated and ACE2 function was
decreased [26]. Such apparent discordances have also been reported in the heart and lung
tissue of mice and humans (KE1854).

The identification of alternative forms of ACE2 mRNA and protein, an N-terminus
truncated dACE2, which appears to have a distinct transcriptional regulation profile com-
pared to fIACE2 [95-97], may also account for some of the observed inconsistencies. A
detailed analysis of experimental conditions in the past, and careful design of probes and
primers in future studies would be informative. Interestingly, concomitant down- and
up-regulation of 97kD and 80kD anti-ACE2 polyclonal Ab-reacting proteins have been
detected in human colon adenocarcinoma cell line HT29 [98]. Considering only one form
of ACE2 relevant, the authors concluded that ACE2 was down-regulated in mature differ-
entiated enterocytes compared to undifferentiated ones. This is in contrast to all the studies
described above which demonstrated that the highest level of ACE2 (both mRNA and
protein) were detected in the mature enterocytes and at the brush borders of the intestine
and 3D organoids [46,90,92,93]. The inconsistencies disused above clearly illustrate the
need for careful characterization of the test systems to facilitate robust interpretation of
the results.

The majority of studies have focused on ACE2 mRNA levels, while protein and
functional analyses are often lacking, particularly in the GI system. The novel gut-derived
organoid systems could help address this gap by monitoring the level and cell distribution
of ACE2 protein as well as its function as BYAT1 chaperon, by monitoring the membrane
expression and the transporter function of B’AT1. In addition, treatment with S protein
and with non-replicating SARS-CoV-2 pseudoviruses [98] may better address any potential
direct effect of S-binding on ACE2 dysregulation. Indeed, it remains to be elucidated
if S protein alone can elicit ACE2 dysregulation, as this would mean that a nonviable
virus reaching the gut lumen would be sufficient to induce such a mechanism. Finally,
a development of more complex organoid systems that would also include microbiota
and/or elements of the immune system is needed to better examine ACE2 dysregulation
by SARS-CoV2, but also the effects of such dysregulation at higher organizational levels
and in conjunction with the other elements of the RAS system. Finally, evidence of up- or
down-regulation of ACE2 in the GI tract of SARS-CoV-2-infected patients was not available.
Examining potentially existing or generating GI-specific transcriptomic, proteomic and
biomarker databases of COVID-19 patents may help address some of these uncertainties.
This again highlights the importance of interdisciplinary collaboration between basic,
translational, and clinical researchers.

3.2. Enteric ACE2 Dysregulation Leads to Gut Microbiota Alteration

Biological plausibility. ACE2 co-expresses with several AA transporters in enterocytes,
such as BYAT1 for Trp [99] and SIT-1 for proline [78,100,101]. Thus, in the gut, ACE2
modulates dietary AA transport. Trp regulates the secretion of antimicrobial peptides by
Paneth cells through the mTOR pathway [102]. Those antimicrobial peptides impact the
composition and diversity of the microbiota [12,103]. In addition, the gut microbiota is
influenced by the host intestinal AA metabolism as bacteria of the gut use dietary AA
for protein synthesis [104-106]. Alteration of dietary AA transport due to viral S proteins
binding to ACE2 could modify the ratio of AA-fermenting bacterial species and their
metabolic pathways. Metabolism of AA by gut bacteria results in the formation of diverse
metabolites, several of which are considered deleterious (nitrosamines, heterocyclic amines,
and hydrogen sulfides), while others are beneficial, such as short-chain fatty acids (SCFA),
namely butyrate, propionic acid, and acetic acid. Finally, as a regulator of local RAS, ACE2
receptor hijacked by the viral S proteins could lead to reduced ACE2 cleavage of Angll,
an increase in local Ang Il levels, and Ang 1-7 decrease resulting in luminal activation of
ATR1 [107], enhancing permeability [99], and impacting gut microbiota. In addition, the
GI RAS appears to be involved in numerous processes in the gut including AA, fluid, and
electrolyte absorption and secretion [108].
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Evidence. Some evidence linking ACE2-medjiated altered dietary AA (such as Trp) and
gut dysbiosis exist. Ace2 KO mice lack BYAT1 [86] and exhibited reduced Trp serum levels,
along with downregulated expression of the mTOR pathway, inducing impaired expression
of small intestinal antimicrobial peptides, and resulting in altered gut microbiota, which
was re-established by Trp supplementation [109]. Exacerbated diabetes-induced dysbiosis
was also observed in ACE2 KO/y-Akita mice [110]. ACE2 is also a co-receptor of SIT-1 trans-
porting proline. ACE2 KO mice showed decreased intestinal proline absorption [111,112],
not reflecting an increase of intestinal permeability but an alteration of the selective aspect
of the intestinal barrier. In fecal microbiota of COVID-19 patients, the abundance of op-
portunistic pathogens was higher, and SCFA-producing bacterial populations were lower
compared to healthy controls [9,113], suggesting that intestinal AA metabolism is altered.
There is preclinical evidence of the presence of all RAS components in the GI tract [108,114].
Evidence also indicates a complex association between gut microbiota, ACE2 expression,
and Vitamin D in COVID-19 severity. Vitamin D contributes to the regulation of the gut
microbiome by maintaining microbial diversity and by promoting the growth of beneficial
commensal strains of Bifida and Fermicutus. In addition, Vitamin D is a negative regulator
for renin expression and interacts with the RAS/ACE/ACE-2 signaling axis [115].

Feedback loop. Interestingly, the gut microbiota seems to influence Ace2 expression and
activity. A study found that several Streptococcus spp. increased the level of ACE2 protein
in mammalian cells [116]. In patients, Coprobacillus enrichment—associated with clinical
severity of COVID-19 [12] has been shown to upregulate colonic ACE2 in mice [48,117].
The abundance of specific gut bacteria such as certain Bacteroides species (Bacteroides dorei,
Bacteroides thetaiotaomicron, Bacteroides massiliensis, and Bacteroides ovatus) was associated
with a reduction in ACE2 expression in the mouse gut [48,117] and negatively correlated
with fecal SARS-CoV-2 load [12], suggesting that they may limit the ability of SARS-CoV-2
to enter enterocytes [48]. In addition, gnotobiotic rats colonized with 9 bacterial phyla
showed a decrease in colonic Ace2 expression compared to germ-free rats [118].

Uncertainties, inconsistencies, and gaps. Evidence linking altered levels/functions of
ACE2 with altered uptake of dietary AA (Trp and/or proline) and alteration in gut mi-
crobiota needs to be further evaluated. One could examine Trp levels in ACE2-infected
mice and assess dysbiosis with or without Trp supplementation. The use of S proteins,
non-replicating SARS-CoV-2 pseudoviruses, or SARS-CoV-2 viruses might be informative
as well as further exploration of the pro- and prebiotic effects on ACE2 regulation. In
addition, not enough evidence is available so far regarding the intestinal RAS following
ACE2 dysregulation in COVID-19.

3.3. Potential Implications for Disease Management

Many forms of diarrheal disease depend on the dysregulation of intestinal ion trans-
porters, and an imbalance between secretory and absorptive functions of the intestinal
epithelium [119]. It is tempting to consider that infectious dysbiosis and diarrhea might be
effectively targeted by small molecules that act specifically on transporters implicated in the
disease. Indeed, efforts are already ongoing to identify such molecules and some promis-
ing candidates have been identified [120,121], but they seem to be focused on exploring
the ACE2-Spike protein interaction rather than ACE2 function/activity alone, or RAS-
related function which is critical for cardiovascular homeostasis [122]. Similar approaches
screening for the intestinal-specific functions of ACE2 may help in the management of gut
dysbiosis during COVID-19 and potentially other ACE2-mediated gut dysfunctions. Based
on the AOP outlined above, screening for modulating factors of ACE2 function that alter
gut microbiota would be an informative target focus. Recognizing that testing or modeling
systems that include microbiota are not yet fully available, the evidence analysis in the
AOQP justifies efforts needed for their development.

139



J. Clin. Med. 2022, 11, 5400

4. SARS-CoV-2 Infection of Microbial Bacteria Driving Gut Dysbiosis

In the gut, human cells might not be the sole SARS-CoV-2 targets. SARS-CoV-2
infection of human gut bacteria might be another mechanism driving dysbiosis in COVID-
19 patients (Figure 3).
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Figure 3. SARS-CoV2 infection of gut microbial bacteria might drive alteration in the gut microbiota.
Created with Biorender.com.

4.1. Viral Entry in Gut Bacteria Leads to Coronavirus Production in Bacteria

Biological plausibility. Bacteriophages are viruses that infect prokaryotic hosts, such as
bacteria of the gut microbiome. Typically, a phage virion binds to the host cell surface using
a phage receptor-binding protein triggering the insertion of its genome into the host [123].

Evidence. A series of serine protease TMPRSS2 and peptidyl peptidase with high
similarity to ACE2 peptidase domain were identified in silico in bacteria of the Proteobac-
teria phylum [124]. Transmission electron microscopy analysis showed the presence of
SARS-CoV-2 particles on the surface and inside gut bacteria obtained from COVID-19
patients [125], consistent with a viral tropism for gut bacteria [13]. SARS-CoV-2 replication
has been observed outside the human body in bacterial growth medium, following bacterial
growth, and reduced by antibiotics administration [13].

Uncertainties, inconsistencies, and gaps. A virus able to infect at the same time eukaryotic
and prokaryotic cells has never been described before. In addition, enveloped bacterio-
phages are not very common. The best-known family (Cystoviridae) is lipid-containing with
three double-stranded RNA (ds-RNA) genome segments: resembling the family Reoviridae,
cystoviruses served as a simple model for reovirus assembly, but Cystoviridae genome pack-
aging mechanism have not yet fully elucidated [126]. Looking for taxa potentially acting
as a receptor for the virus would be really informative. Evidence of two bacterial species
susceptible to being infected by SARS-CoV-2 has been recently reported [125]. However,
the full picture of SARS-CoV-2-susceptible human gut bacterial species is lacking [13].

4.2. Coronavirus Production in Gut Bacteria Leads to Alteration of Gut Microbiota

Biological plausibility. Bacteriophages can shape bacterial communities by predation or
by horizontal gene transfer through transduction. Besides, viruses can modulate microbiota
function by modulating their metabolism.

Evidence. Altered microbiota compositions were found to be independent of the
presence of SARS-CoV-2 in the respiratory tract, disease severity, and GI symptoms, but
correlated with GI levels of SARS-CoV-2 RNA [127].

Uncertainties, inconsistencies and gaps. There is a wealth of literature on the role of
bacteriophages within the human gut. However, there are still large areas that require
further investigation, and if fully elucidated, could trigger beneficial treatments for human
diseases, similar to what we are currently seeing with the bacterial component of the
human microbiome [128]. A key issue is that current analysis tends to focus on the known
annotated component of viral datasets [129,130] and the need for reproducible methods
limiting bias at the different steps. Furthermore, besides taxonomy, investigating the
metabolomic alteration following SARS-CoV-2 infection in vitro would help to provide
evidence of the causal link between bacterial coronavirus production and dysbiosis.
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4.3. Potential Implications for Disease Management

This proposed mechanism might have a direct effect on human health. If the virus is
hosted by bacteria in the gut microbiome, eliminating the bacterial host with appropriate
antibiotics might kill the virus [131]. The efficacy of some antibiotics (like rifaximin and
azithromycin) in reducing viral RNA load to negligible levels in in vitro fecal microbiota
cultures obtained from stool samples of SARS-CoV-2-positive individuals has been re-
ported [13,132]. However, a better understanding via the AOP concept of these complex
interactions makes prevention or adequate therapeutic interventions mechanism-based,
taking into account different modulating factors [123]. In this regard, multidisciplinary
approaches that couple tests on the efficacy of antimicrobials with proteomic and electron
microscopy image analyses would be beneficial to shed light on the potential viral tropism
of SARS-CoV-2 for gut bacteria.

5. Central Role of Gut Microbiota in COVID-19 and Potential Modulation

The three above proposed pathways leading to an alteration of gut microbiota fol-
lowing SARS-CoV-2 presence in the gut lumen are non-mutually exclusive but rather
interconnected (Figure 4).
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Figure 4. The three proposed pathways leading to gut dysbiosis following SARS-CoV-2 presence in
the gut lumen are not mutually exclusive but might be interconnected. Created with Biorender.com.

5.1. Gut Microbiota and Intestinal Barrier Integrity in COVID-19

Together with the mucosal barrier and the cellular immune system, the intestinal
epithelial cell monolayer and the tight junction proteins act simultaneously as a physical
barrier against harmful external substances, as well as a selective barrier. Increased in-
testinal permeability, a sign of an impaired barrier function, enhances the translocation of
gut bacteria and bacterial toxins from the intestinal lumen into the systemic circulation.
The gut microbiota ensures intestinal barrier integrity through diverse mechanisms [48]
(Figure 4, dashed grey lines). Beneficial butyrate-producing bacteria are proposed to
maintain intestinal integrity, as butyrate, a short-chain fatty acid (SCFA), facilitates the
regeneration of healthy colonocytes [49]. A reduced relative proportion of bacteria pro-
ducing SCFA was observed in Syrian hamsters infected with SARS-CoV-2, compared to
non-infected controls, with a transient decrease in systemic SCFA amounts [26]. Decreases
in the abundance of butyrate-producing bacteria and a decline in SCFA were observed in
severe COVID-19 [10,12,133]. Besides the reduction of beneficial bacteria, the overgrowth
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of pathobionts, such as Escherichia coli or Salmonella enterica, disrupts intestinal barrier
function [134-136]. Outgrowth of pathogenic Prevotella has been associated with reduced
mucus secretion, one crucial protective layer of the intestinal barrier [137]. Blooms of
pathogenic bacteria have been observed in hospitalized COVID-19 patients, along with the
translocation of gut bacteria into the blood [25]. Lowered levels of butyrate-producers and
higher levels of opportunistic pathogens (including E. coli and S. enterica) were observed in
COVID-19 patients compared with HIN1 patients and healthy controls [9]. In addition, gut
microbiota composition correlated with plasma levels of tissue damage markers, altered
tight junctions, and microbial translocation in COVID-19 patients [10]. Finally, the colonic
mucus barrier is shaped by the composition of the gut microbiota [138]. Alteration of the
gut microbiota might contribute to disrupting the mucus barrier.

Human intestinal organoid co-cultures with microbes could represent useful systems
to investigate the protective function of bacteria on gut permeability upon SARS-CoV-2
infection [139]. In addition, similar to the treatment of other diseases, treating SARS-
CoV-2 infected mice or Syrian hamsters with SCFA supplementation [26,51], prebiotics,
or probiotics (such as Lactobacillus reuteri in rodents), [140] and evaluating the intestinal
permeability (dextran and bacterial translocation) in parallel with microbiota omics could
strengthen our understanding of the relationship between gut microbiota and the intestinal
barrier in COVID-19 pathophysiology.

5.2. Central Role of the Gut (Microbiota) in COVID-19 and Long COVID

Dysbiosis, intestinal inflammation, and leaky gut are intimately interconnected (Figure 4)
and intestinal homeostasis is increasingly recognized as an underpinning clinical driver
in several noncommunicable diseases as well as in COVID-19. Accumulating evidence
supports that altered gut microbiota and associated leaky gut may contribute to the GI
symptoms and the cytokine storm and multiorgan complications in COVID-19 [141,142].
In critically ill patients with sepsis and respiratory distress, bacterial translocation is widely
documented [143,144]. Higher plasma levels of gut permeability markers were found in
COVID-19 patients, along with abnormal presence of gut bacteria in the blood [145,146].
These markers correlated with higher levels of C-reactive peptide (a marker of hyperinflam-
mation) and with a higher mortality rate [146]. Serum levels of lipopolysaccharide-binding
protein were higher in patients with severe COVID-19 and were associated with circulating
inflammation biomarkers [147]. Altered intestinal homeostasis induces diarrhea [148],
which is the digestive symptom most commonly reported in COVID-19 patients [149-153].

Despite the well-documented prevalence of GI symptoms and the high rate of SARS-
CoV-2 fecal RNA shedding, the isolation of replication-competent virus from fecal samples
has not been reproducibly and systematically demonstrated [38]. The biological, clinical,
and epidemiological relevance of SARS-CoV-2 shedding remains unclear [154]. SARS-
CoV-2 shedding in stools has been reported from one week to seven months after diagno-
sis [154,155]. The prolonged presence of viral RNA in feces [154], but not in respiratory
samples, and its association with GI symptoms suggests that SARS-CoV-2 infects the GI
tract, and that this infection can be prolonged in a subset of individuals with COVID-19.
SARS-CoV-2 infection leading to perturbation of the gut microbiome may contribute to
the underlying etiology of GI symptoms observed in COVID-19 and long COVID [45,156].
Alteration in the gut microbiome persists long after a patient recovers, suggesting that the
gut microbiome may play an important role in long COVID [157]. Long COVID or post-
acute COVID-19 syndrome (PACS) is rapidly emerging across the globe and many studies
following patients who have recovered from the respiratory effects of COVID-19 identified
persistent GI sequelae, including dysbiosis [154,155,158]. While the pathogenesis of long
COVID is still under intense investigation, on the four current leading hypotheses [45], it
is interesting to note that gut dysbiosis is considered as one of them [157,159]. A compre-
hensive understanding of the dynamics of fecal clearance of SARS-CoV-2 RNA and its link
with gut dysbiosis is currently lacking. Further studies are needed as the gut microbiota
could serve as a potential prognosis indicator and could be therapeutically valuable.
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5.3. Potential Modulation of Gut Microbiota to Mitigate COVID-19

In light of the current insight into the central role of the gut in COVID-19 and long
COVID, modulating the gut microbiota to improve disease prevention and management
may be relevant. First, fecal microbiota transplantation (FMT) enables stool infusion from
a healthy individual to a severely ill patient to restore intestinal microbial balance [160].
So far, FMT has been remarkably successful in the treatment of Clostridium difficile in-
fection, but much less in treating other conditions, such as IBD or metabolic disorders.
COVID-19 being an infectious disease and not an inflammatory disorder, FMT could be
more successful [141]. However, COVID-19 could potentially be transmitted via FMT,
particularly from asymptomatic donors who tested negative for the presence of the virus
in their respiratory tract but positive in their stools [161]. No cases of COVID-19 trans-
mission through FMT have been reported so far, but only FMT products generated from
stools donated before December/November 2019 were used according to the FDA and
Hong Kong recommendations, respectively. Secondly, gut microbiota modulation with
probiotics, prebiotics, or diet and therapies preventing gut barrier defects may represent
easy-to-implement strategies to mitigate COVID-19 [162]. Clinical trials of probiotics with
expected anti-inflammatory effects for preventing or treating SARS-CoV-2 infection are cur-
rently ongoing [163]. Next-generation probiotics focusing on butyrate-producing bacteria,
or simply increasing the daily intake of dietary fiber are proposed as potential beneficial
approaches for COVID-19 patients [141]. A few reports cite indirect evidence for the associ-
ation between probiotics and COVID-19, primarily based on previous coronaviruses and
other viral infections [164,165]. The health benefits of prebiotics to the GI tract, including
the inhibition of pathogens and stimulation of the immune system, are due to their ability
to modulate the composition and activity of human microbiota [166-168]. However, to
date, there is no information directly linking prebiotics to COVID-19 infections, although
an indirect effect may be hypothesized [169]. Thus, using conventional probiotics is not
currently warranted, but is considered promising, and a better understanding of SARS-
CoV-2 pathogenesis and its mutual effect on gut microbiota is needed. More generally, diet
is obviously a factor impacting gut microbiota [170-173]. Dietary adaptation may be the
easiest method to be implemented in the preventive arsenal against COVID-19 and for
general health improvement [141].

6. Conclusions and Future Perspectives

Here we explored the evidence currently available in the literature supporting that
SARS-CoV-2 induces intestinal inflammation, dysregulates intestinal ACE2 physiologi-
cal functions, and/or infects gut bacteria, as three potential interconnected mechanisms
leading to gut dysbiosis in COVID-19. Based on the current insights into the underlying
mechanisms, we discussed the potential implications for disease management in infected
patients. In addition, the alterations in the gut microbial community are observed long after
the respiratory syndrome is resolved, and thus a better understanding of the underlying
mechanisms is needed to capture the potentially important role of microbiota in long
COVID. The approach applied also permits identifying knowledge gaps and proposes
methods to perform further research. Notably, examining potentially existing or generating
Gl-specific transcriptomic, proteomic, and biomarker databases of COVID-19 patents may
help address some of these uncertainties. Large-scale population-based studies are war-
ranted to validate with more confidence these pathways, and intervention studies could
help to explore the roles of gut microbiota alteration in COVID-19 pathogenesis. In addition,
it remains unclear to what extent the gut microbiota composition as an outcome of COVID-
19 is influenced by clinical management due to the variability across COVID-19 treatments.
Due to all these current uncertainties, there is a need to continue the interdisciplinary
collaboration between basic, translational, and clinical researchers.
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Abstract: The gut has been proposed as a potential alternative entry route for SARS-CoV-2. This was
mainly based on the high levels of SARS-CoV-2 receptor expressed in the gastrointestinal (GI) tract,
the observations of GI disorders (such as diarrhea) in some COVID-19 patients and the detection
of SARS-CoV-2 RNA in feces. However, the underlying mechanisms remain poorly understood. It
has been proposed that SARS-CoV-2 can productively infect enterocytes, damaging the intestinal
barrier and contributing to inflammatory response, which might lead to GI manifestations, including
diarrhea. Here, we report a methodological approach to assess the evidence supporting the sequence
of events driving SARS-CoV-2 enteric infection up to gut adverse outcomes. Exploring evidence
permits to highlight knowledge gaps and current inconsistencies in the literature and to guide
further research. Based on the current insights on SARS-CoV-2 intestinal infection and transmission,
we then discuss the potential implication on clinical practice, including on long COVID. A better
understanding of the GI implication in COVID-19 is still needed to improve disease management
and could help identify innovative therapies or preventive actions targeting the GI tract.

Keywords: SARS-CoV-2 infection; COVID-19; gut microbiota; gastrointestinal disorders; enteric infection

1. Introduction

While COVID-19 is mainly considered a respiratory disease, gastrointestinal (GI)
symptomatology in COVID-19 has been reported, though the proportion varies depending
on the studies, with patients reporting diarrhea, abdominal discomfort, nausea and/or
vomiting, with diarrhea being the predominant GI symptom [1-4]. GI disorders, and
particularly diarrhea, are proposed to be a direct consequence of SARS-CoV-2 intestinal
infection, as many patients have detectable SARS-CoV-2 RNA in feces [5]. In addition,
recent studies showed that non-human primates infected with SARS-CoV-2 had transient
diarrhea [6]. However, the mechanisms leading to diarrhea in COVID-19 are largely
unknown [7]. Studies from other viruses identified different mechanisms-inducing diarrhea
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such as malabsorption or inflammation secondary to enterocyte damage and death [8,9],
the release of virulent toxins [8] and gut microbiota dysbiosis [10,11]. While SARS-CoV-2
RNA has been found in the stools of many patients, the impact of its presence in the
GI tract remains to be clarified; in most cases, infectious particles are not recovered and
infection does not always lead to diarrhea. In one study, 50% of the examined COVID-19
patients had a detectable level of virus in their feces, with only half showing diarrhea [12].
In another study the level of fecal viral load was positively associated with diarrhea [5].
Elevated fecal and serum levels of the inflammatory marker calprotectin in COVID-19
were not consistent with GI symptoms [13]. In line, limited intestinal inflammation was
observed in patients with acute COVID-19 despite diarrhea, fecal viral RNA and SARS-
CoV-2-specific immunoglobulin A (IgA) [14]. Thus, summarizing the current lines of
evidence and uncertainties supporting intestinal infection and understanding the impact of
intestinal SARS-CoV-2 on the GI system (epithelium damage, inflammation) could improve
disease management, help to identify therapies or effective preventive actions targeting the
Gl tract.

Here, we used a methodological approach well-established in toxicology to evaluate
key mechanisms driving SARS-CoV-2 mediated gut pathophysiology: the Adverse Out-
come Pathway (AOP) framework which has been developed and is currently used to assess
chemical risk for regulatory purposes. Based on existing data and available literature,
the AOP approach seeks to pragmatically focus on essential biological key events (KE)
at the different biological levels (molecular, cellular, tissue, organ, individual) up to an
adverse outcome via a domino effect [15-18]. A KE describes a measurable and essential
change in a biological system that can be quantified in experimental or clinical settings [19].
The strength of the relationship between the events is established by demonstrating bio-
logical plausibility and causality between pairs of events, called key event relationships
(KER) [18,19]. The confidence that each KER occurs within an AOP is postulated by the
evaluation of the weight of evidence [20]. Information contained in the KEs, KERs and
AOPs are stored in an open access platform (https://aopwiki.org/) where they are iden-
tified by assigned unique numbers. Numbers in the text refer to these AOP-wiki pages.
There, AOPs can be continuously updated as new information becomes available. This
AQP approach highlights important inconsistencies and gaps in the evidence. Interestingly,
based on a mechanistic understanding, AOPs help elucidate the pathophysiological mecha-
nisms notably by learning from other inflammatory bowel diseases and other respiratory
virus-related diseases (e.g., SARS, MERS, influenza) also presenting GI symptoms. This
study was realized under the CIAO project which aims to make sense of the overwhelm-
ing flow of publications and data related to COVID-19 pathogenesis by using the AOP
framework [21,22]. The project is based on the assumption that such mechanistic organi-
zation of the COVID-19 knowledge across the different biological levels will improve the
interpretation and efficient application of the scientific understanding of COVID-19 [23].
In addition, we applied this methodology for the first time to map a viral disease of high
societal relevance, expanding the AOP scope outside the toxicological field.

We aim to evaluate if the gut can be an alternative route for viral entry, meaning
that a productive intestinal infection by SARS-CoV-2 occurs and is responsible for the
associated GI disorders (inflammation, permeability, diarrhea). To do so, we explored
in the literature the evidence and uncertainties of each event starting with SARS-CoV-2
binding to its cellular receptor towards infection up to intestinal barrier disruption and
intestinal inflammation. For this review, we collected evidence reported in tissue cultured
cells, human samples and animal models of infection, including mice with human ACE2
(hACE2 mice), hamsters, minks, ferrets and non-human primates.

2. Current Evidence and Uncertainties of an Active SARS-CoV-2 Enteric Infection

Besides GI symptoms experienced by many COVID-19 patients and SARS-CoV-2 RNA
detected in feces, the rationale supporting intestinal infection was also based on the high
level of expression in the intestines of the main SARS-CoV-2 cellular gateways: angiotensin
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converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2). Enterocytes
in the small intestine express the highest levels of ACE2 in the human body [24] and are
one of the few human cell types that co-express TMPRSS2 [24], the main cofactor mediating
cellular entry [7,25,26]. To evaluate if SARS-CoV-2 can effectively infect enterocytes, we
assessed the evidence from the literature, starting with viable SARS-CoV-2 in the gut lumen
binding to ACE2 receptors at the apical surface of the enterocytes, cell entry via TMPRSS2
cleavage and replication while antagonizing the antiviral response in order to release new
viral particles (Figure 1).

infectious
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¥* * % o
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Figure 1. Pathway depicting the proposed sequence of events of a productive SARS-CoV-2 infection
in the gut. Virus binding to the ACE2 receptor expressed on enterocytes mediates viral entry inducing
an antiviral response that must be antagonized for new virions to be produced. This manuscript will
evaluate available published data on the likelihood of their occurrence.

2.1. S Proteins Bind to ACE2 in Enterocytes and Mediates Viral Entry

Biological plausibility. Upon binding of SARS-CoV-2 to ACE2 (KE1739), the spike (S)
proteins of the virus need to be activated through proteolytic cleavage to allow fusion be-
tween host and viral membranes, a key step in viral entry (KE1738), that releases viral RNA
and proteins into host cells. Many proteases were identified as aiding in cell surface entry,
such as TMPRSS2. Only three cell types showed co-expression of ACE2 and TMPRSS2,
including enterocytes [26,27]. In addition, neuropilin-1 (NRP-1) was proposed to act as
ACE2 co-receptor and promote, although to very low levels, SARS-CoV-2 entry even in
cells that lack ACE2 and TMPRSS2 [24]. Maximum infection was reported when NRP-1
and ACE2 are co-expressed on the same cell types [28]. NRP-1 is reported to be expressed
in the epithelia of the GI tract [29].

Evidence. Regarding ACE2 as the entry receptor for SARS-CoV-2, the level of ACE2
expression did not correlate with infectivity of cells in human intestinal organoids [30].
Both ACE2-positive and ACE2-negative SARS-CoV-2 infected cells in intestinal organoids
were observed [31], potentially suggesting the existence of alternative entry receptors,
ACE2 downregulation after infection, or reflecting expression levels under the detection
limit. However, ACE2-knock-out (KO) intestinal organoids were fully resistant to SARS-
CoV-2 infection [31], suggesting that ACE2 is the obligate entry receptor for SARS-CoV-2
in intestinal cells. Accordingly, in human gut-on-chip models composed of intestinal
epithelial Caco-2 co-cultured with mucin-secreting HT-29 intestinal cells, the highest levels
of ACE2 expression were found in the Caco-2 cells and after viral infection, Spike protein-
positive Caco-2 cells were detected [32]. Similarly, higher ACE2 levels correlated with
the maturity of enterocytes present in human differentiated enteroids and SARS-CoV-2
was able to infect ACE2+ mature enterocytes [33], therefore mature enterocytes are likely
highly susceptible to infection. Further, the entry process was facilitated by TMPRSS2
and TMPRSS4 proteases [33]. However, when using CRISPR-Cas9 to generate different
knock-out of key coronavirus host factors in human intestinal organoids, TMPRSS2, and
not TMPRSS4, was found to be essential for SARS-CoV-2 entry [31].

As mouse ACE2 has a low affinity for S protein of SARS-CoV-2, different strategies
were adopted to circumvent that mice are resistant to SARS-CoV-2 infection [34]. In a trans-
genic mouse expressing human ACE2 in the lungs, heart, kidneys and intestines (hACE2
mice), viral RNA was detected in the intestines of intranasally inoculated animals [35].
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In another stable mouse model generated by CRISPR-Cas9 knock-in technology, hACE2
expression was also detected in the small intestine [36]. Another transgenic mouse model
with hACE2 driven by the heterologous promoters (K18-hACE2) showed no viral RNA in
the GI tract following nasal inoculation [37], but importantly hACE2 expression was not
detected in the gut in these mice [37]. In Syrian golden hamsters, ACE2 protein is highly
expressed in surface epithelium of ileum [38] and SARS-CoV-2 nucleocapsid protein was
found in the intestine after intranasal infection [39]. In ferrets, ACE2 is expressed in the GI
tract [40] and viral RNA was detected in the gut (ileum and colon) of intranasally infected
male ferrets [39]. In rhesus monkeys, viral RNA was detectable in GI tissues after intranasal
inoculation [41,42].

Uncertainties, inconsistencies and gaps. As previously noted, study in ACE2-KO in-
testinal organoids indicated ACE2 as the entry receptor of SARS-CoV-2 in enterocytes
in vitro facilitated by TMPRSS2 [31]. The authors proposed that the discrepancy with the
study considering TMPRSS4 could be explained by the expression in the KO organoids
of physiological levels of the proteases rather than overexpression [31]. No studies have
specifically investigated the role of NRP-1 in SARS-CoV-2 entry in the gut. However, it is
interesting to note that different variants display different affinities for NRP-1, with omicron
displaying higher affinity than previous variants. Future studies should elucidate whether
this increase in affinity constitutes a functional evolutionary adaptation of SARS-CoV-2 to
humans [43], and confer an advantage for viral entry.

2.2. Viral Entry Leads to Antiviral Response

Biological plausibility. Following cellular entry, the primary translation of the SARS-
CoV-2 open reading frame (ORF) 1a and ORF1b genomic RNA produces non-structural
proteins (NSPs) [44]. The ORFla produces polypeptide 1a (ppla) that is cleaved into NSP-1
through NSP11. A -1 ribosomal frameshift occurs immediately upstream of the ORF1la stop
codon to allow translation through ORF1b, yielding pplab, which is cleaved into 15 NSPs
(duplications of NSP1-11 and five additional proteins, NSP12-16). Viral proteases NSP3
and NSP5 cleave the polypeptides through domains functioning as a papain-like protease
and a 3C-like protease, respectively [44]. The NSPs, structural proteins, and the accessory
proteins are encoded by 10 ORFs in the SARS-CoV-2 RNA genome. They have multiple
functions in evasion of the host innate immune response and in viral replication [45].

Evidence. The innate immunity activated by viral infections resulting in quick res-
olution of disease occurs in many instances of SARS-CoV-2 infection, such as in adults
with no or mild symptoms [46], the young [47], and bats that harbor the virus without
disease [48]. SARS-CoV-2 infection of human intestinal epithelial cells was associated with a
robust innate immune response mediated by type IIl interferon, which inhibits SARS-CoV-2
replication and de novo virus production [49]. Interestingly, the scRNAseq study by Triana
et al. found that SARS-CoV2 induced distinct proinflammatory and interferon-stimulated
gene (ISG) expression profiles in infected and bystander cells in organoids. ISG expression
was pronounced in bystander cells, while the infected cells showed strong NFkB/TNF-
mediated pro-inflammatory response but a limited ISG expression. In intranasally infected
hamsters, high levels of viral RNA were detected in the GI tract only in signal transducer
and activator of transcription 2 (STAT2) KO animals suggesting that STAT2, the main actor
of the interferon (IFN) response, is crucial for preventing intestinal virus replication and
production of infectious progeny [50,51].

Uncertainties, inconsistencies and gaps. For SARS-CoV-2 infection, initial transcriptional
analyses of infected cells have generated ambiguous results on the induction of type I/III
IFNs and the subsequent expression of ISG and many studies associate better prognosis
with increased innate immunity activation. However, the effectiveness of IFN treatment
is still uncertain due to some studies evaluating IFN and other drugs [52]. There are
uncertainties based on differing disease outcomes, mainly associated with the timing of
administering IFN; administering late, in the inflammatory stage, led to long-lasting harm
and worsened disease outcomes [52]. In the small intestine of infected hamsters, a mild
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antiviral gene signature was observed coinciding with a low-level inflammatory response
and low replication similar to some human cases [53], in contrast to the robust replication
seen in human small intestinal organoids [54] and severely ill patients [55].

2.3. Antagonized Antiviral Response Leads to Coronavirus Production

Biological plausibility. The SARS-CoV-2 virus has evolved a repertoire of proteins that
bind and block proteins in the IFN cascade so the host antiviral proteins are not expressed,
and the virus is free to replicate [56]. Interactions between SARS-CoV-2 proteins and human
RNAs have been demonstrated to thwart the IFN response: NSP1 binds to 40S riboso-
mal RNA in the mRNA entry channel of the ribosome to inhibit host mRNA translation.
NSP6 binds TANK binding kinase 1 (TBK1) to suppress interferon regulatory factor 3
(IRE3) phosphorylation, and NSP13 binds and blocks TBK1 phosphorylation [56]. NSP14
induces lysosomal degradation of type 1 IFN-alpha receptor (IFNAR) to prevent STAT
activation [57]. ORF6 blocks nuclear import of IRF3 and STAT proteins to silence IFN-I gene
expression [58]. ORF7a suppresses STAT2 phosphorylation and ORE7b suppresses STAT1
and STAT2 phosphorylation to block interferon-stimulated gene factor 3 (ISGF 3) complex
formation with IRF9 [58]. ORF9b antagonizes IFN-I by targeting multiple components of
RIG-I/MDA-5-MAVS, TOMM70, NEMO and cGAS-STING signaling [59-62]. The timely
production of type I IFN by host cells is critical for limiting viral replication and promoting
antiviral immunity [63]. If the antiviral response is antagonized (KE1901), the viral RNA
can be translated, replicated, transcribed and the genomic RNA packaged before the new
SARS-CoV-2 virions are assembled and released potentially into feces (KE1847).

Evidence. In human intestinal organoids, following entry, gene expression analysis
demonstrated that SARS-CoV-2 replicated with low induction of type I and III IENs, though
increased expression of ISG was observed [27]. Infection of Caco-2 cells leads to a weaker
intrinsic immune response, associated with more de novo infectious virus production than
T84 cells [49]. In ex vivo human intestinal tissues, SARS-CoV-2 replicated less efficiently
(less viral genome copies produced, less infectious particles generated) but induced a more
robust innate immune response than SARS-Co-V, including both type I and III IFNs while
SARS-Co-V induced only IFNa expression [64]. These findings contrast with data obtained
in ex vivo human lung tissues (SARS-CoV-2 replicated more efficiently while triggering
an attenuated IFN response) [65]. Studies in human primary nasal epithelial cell cultures
have shown that if exogenous IFN-I/III were administered intranasally prior to infection
and at sufficient concentration, SARS-CoV-2 infection was inhibited [66]. Furthermore, in a
hamster model IFN treatment limited tropism to distal tissues, including the intestine [53].
Also, some people have developed autoimmunity in which they produce autoantibodies
that block IFN, resulting in more severe disease [67,68]. Loss of function variants in loci
that control TLR3- and IRF7-dependent type I IFN immunity have been identified in a
small number of severe adult patients with severe COVID-19 who had not been previously
hospitalized for severe illness due to infection with other viruses [69]).

In humans, SARS-CoV-2 could productively replicate in surgically removed intestinal
tissue but not in kidney or liver tissues [64]. SARS-CoV-2 RNA has been found in stools of
infected individuals consistently, although with different frequencies (ranging from 15.3% to
81.8% of infected people [7]. In a retrospective cohort in China, the median duration of viral
RNA in stool was 22 days [70]. In some patients, the viral load in feces reached 107 copies/g
suggesting an enteric infection not blunted by an interferon response [71]. In addition,
SARS-CoV-2 RNA was reported to be detected in untreated wastewater sludge [72]. Viral
RNA and intracellular staining of viral nucleocapsid protein were detected in GI epithelium
from one patient in China who tested positive for SARS-CoV-2 RNA in feces [73] and
duodenal biopsies of 2 out of 5 moderate COVID-19 patients; however, the staining was
weak and scattered [74]. In another study, within six patients with GI symptoms subjected to
endoscopy, SARS-CoV-2 RNA was detected in stomach, duodenum and rectum specimens
of the two patients with severe disease, but only duodenum was positive in one of the four
non-severe patients [75]. Another study that tested five COVID-19 patients, presenting
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with either upper abdominal pain or diarrhea. Early in infection, patients were subjected to
a total of four esophagogastroduodenoscopy, and 2 in 5 showed signs of viral replication in
the gut and increased numbers of antigen-experienced activated CD8" T cells were detected
within the epithelium [74]. This is in line with another study that found viral nucleocapsid
in 5 out of 14 patients at an average of 4 months after initial COVID-19 diagnosis [76].

Uncertainties, inconsistencies and gaps. Contrasting results between ex vivo lung and
intestinal tissues prove a line of evidence that SARS-CoV-2 infectivity and antiviral re-
sponse is different in the gut than in lungs. Studies in lung cells and tissues showed that
IFN expression is delayed or reduced by SARS-CoV-2 compared to influenza [66,77-79].
However, one exception to this observation is the response to high multiplicity of infection
(MOI) response, where replication was robust with an observed IFN-I and -III signature.
At low MO, the virus might not be a strong inducer of the IFN-I and -III system, as op-
posed to conditions where the MOl is high [77]. hACE2 mice pre-treated with neutralizing
antibodies against IFN-o/ 3 receptors (mimicking pre-existing autoantibodies targeting
type I IFNs) were more susceptible to SARS-CoV-2 infection with reduced survival [80].
Autoantibodies against IFN-a have been identified in patients with severe disease and
have been shown to contribute to delayed viral clearance in lung cells [80].

While SARS-CoV-2 replication in human enterocytes in vitro is supported by strong
evidence, evidence of SARS-CoV-2 infection in the digestive tract of animals showed
mixed results. In the intranasally inoculated hACE2 transgenic mice, viral RNA was
detected, but no infectious virus was isolated and no viral antigens were detected in
the intestines [35]. In another stable mouse model generated by CRISPR-Cas9 knock-in
technology [36], robust virus replication were demonstrated in lungs. When infected via
the intragastric route, no data were reported on intestinal infection, but interestingly, these
mice did exhibit lung infection [36]. K18-hACE2 showed no viral replication in the intestine
following nasal inoculation [37]. This is coherent with the fact that hACE2 expression were
not observed in the gut of the mice used in that study [37]. No studies in the gut have
been reported so far for the HFH4-hACE2 mice developing severe/lethal disease. Thus,
multiple strategies for introducing hACE2 into mice have been developed, a comprehensive
characterization of the different models as well as of the doses and routes of inoculum
used in each case is needed to correctly interpret the results [81]. In golden hamsters,
expression of SARS-CoV-2 nucleocapsid protein was found in the intestine after intranasal
infection [82]. In ferrets, viral RNA and viral subgenomic mRNA, indicative of a previous
or current viral transcription, was detected in the gut but interestingly, in this case did
not produce detectable infectious viral particles [39]. Viral RNA but no infectious virus
was detected in the ileum of one over three minks inoculated intranasally [83]. In rhesus
monkeys, viral RNA was detectable in digestive tissues and in fecal samples after intranasal
inoculation and Tissue Culture Infective Dose (TCID50) assays suggested that the virus
was infectious [41]. While in rhesus macaques infected via a combination of intranasal,
intratracheal and ocular inoculation, viral RNA was and SARS-CoV-2 antigen were detected
in the GI tract but not viral mRNA [42]. Thus viral RNA was detected in the intestines after
virus inoculation (intranasal or intragastric) in almost all animal models [35,39,41,42,82]
providing evidence for SARS-CoV-2 entry into enterocytes. However, evidence that the
virus found in the GI tissues was infectious was observed only in rhesus monkeys in one
study [41]. As already mentioned, these data calls for precaution of which models are
suitable to study SARS-CoV-2 intestinal infection as well as for considering with care the
doses and routes of inoculum used in each case [81]. Assessing intestinal infection and
IEN response following infection with different dosages in the gut of all types of hACE2
infected mice and non-human infected primates [6] in parallel with ACE2 staining would
help provide clear evidence of whether increased coronavirus production occurs in the gut
in vivo.

In humans, according to the few endoscopic and histological examinations based
on one or two cases [73-76], the GI epithelium is potentially susceptible to infection by
SARS-CoV-2 but to date, it remains unclear whether SARS-CoV-2 replicates in the human
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gut, and for how long it could persist in the gut. Even if difficult to obtain, further staining
of COVID-19 patients GI epithelia, as well as omics analysis of intestinal biopsies notably
regarding IFN response, are needed to confirm and quantify the proportion of patients
with active replication in the gut.

3. Current Evidence and Uncertainties of SARS-CoV-2 Damaging Intestinal Barrier

SARS-CoV-2 infection was reported to be a cytopathic virus in lung cells triggering
cell apoptosis in lung epithelial cells and in lungs of infected mice while lung sections of
fatal COVID-19 patients revealed cell death markers [84]. Thus, SARS-CoV-2 has been
proposed to induce cell death resulting in disruption of the epithelial monolayer integrity
or alterations to tight junctions (TJ), the mucus layer and/or the cellular immune system.
Disruption of the intestinal barrier layers is associated with increased intestinal permeability,
also called “leaky gut”, which allows the transfer of commensal or pathogenic bacteria and
bacterial components into the lamina propria and later on into the systemic circulation [85]
(Figure 2).
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Figure 2. Pathway depicting the sequence of events for SARS-CoV-2 enteric production impairing
intestinal barrier (AOP422). Evidence is evaluated in the present work to assess the likelihood of
the occurrence.

SARS-CoV-2 Production Impairs Intestinal Barrier

Biological plausibility. Within the host cell, the new virions are assembled (KE1847)
and to release viral particles, the virus promotes host lysis, leading to cell death and
compromising the integrity of the epithelial monolayer. The intestinal barrier is ensured by
the integrity of the monolayer epithelium (via cell integrity and tight junctions/adherens
proteins), together with the chemical barrier, the mucosal layer and the cellular immune
system located in the lamina propria (KE1931). Alternatively, TJs might be altered following
SARS-CoV-2 infection enhancing paracellular permeability. In addition, the mucus layer
and/or the cellular immune system might be perturbed.

Evidence. No extensive cell death was observed after SARS-CoV-2 infection in intestinal
organoids, compared to MERS-CoV that killed most cells within 48 h of infection [31]. SARS-
CoV-2 also replicated less efficiently than SARS-CoV and induced less cytopathology in
ex vivo human intestinal epithelium [64]. In contrast, studies in vitro with gut derived
organoids report observable organoid disintegration [86] also associated with markers
of apoptosis, such as caspase 3 [54,86]. No substantial histopathological changes were
observed in the intestines of hACE2 intranasally inoculated mice in which no virus was
isolated, nor viral antigens detected [35]. In Syrian hamsters, the histological analysis did
not reveal intestinal damage or structural remodeling of the epithelium in hamsters but a
trend towards increased blood concentration of intestinal fatty-acid binding protein (FABP),
a systemic marker associated with disrupted gut integrity, has been detected [87]. This
agrees with other studies [82,88] but contrasts with another study [89] in which severe
epithelial cell necrosis and damaged intestinal villi were observed at 4dpi (but not at 2dpi).
The reason for this discrepancy is unclear according to the authors, but they proposed
differences in the virus preparations and the dose used to inoculate animals, which are
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well summarized in [81]. In rhesus monkeys, exfoliation of mucosal epithelium in the
GI tract was observed after intranasal inoculation of SARS-CoV-2 as well as a reduced
number of mucin-containing goblet cells at the earlier stage of infection [41]. In humans,
no relation was noted between fecal calprotectin (FC) levels and fecal SARS-CoV-2 RNA
in a cohort of 40 hospitalized patients with COVID-19 [1]. In another exploratory study,
COVID-19 patients had elevated plasma levels of LPS-binding protein (a gut leakage
marker) but not of intestinal FABP (a marker of enterocyte damage) [90]. These data
suggest impaired gut barrier function without excessive enterocyte damage and highlight
gaps to comprehensively understand under which experimental or clinical conditions,
SARS-CoV-2 productively infects and kills enterocytes. However, in a human gut-on-chip
model composed of intestinal epithelial Caco-2 co-cultured with intestinal mucin-secreting
HT-29 cells, after SARS-CoV-2 infection, S-positive epithelial cells were detected along with
damage to the intestinal villus-like structures, disturbance of the mucus layer and reduced
expression of T] (E-cadherin) [32]. Severe COVID-19 was associated with high levels of
markers of tight junction permeability and microbial translocation [1,91,92], signaling a
loss of the intestinal barrier function.

Uncertainties, inconsistencies and gaps. While the biological plausibility was high, cur-
rently, there is not enough evidence to support that enterocyte massive cell death following
SARS-CoV-2 infection occurs systematically [93]. Number of cases showing histomorpho-
logic changes due intestinal infection by SARS-CoV-2 is still limited. While not easy to
obtain, more (post-mortem) intestinal biopsies of COVID-19 patients showing the presence
of replicating SARS-CoV-2 along with cell death markers in epithelial cells of the small
intestine would be needed to determine precisely if cell death occurs. A small body of
evidence points toward a potential alteration of TJs upon SARS-CoV-2 infection. However,
definitive evidence is still limited and warrants further research. The role of Ca/Zn/VitD
depletions in COVID-19 patients which weaken physical tissue barrier integrity by inter-
acting with TJ [94] is still unclear. Using biomimetic human intestinal gut-on-chip able
to partially mirror intestinal barrier injury and response to viral infection [32] or human
intestinal organoids could provide insight into the essentiality of these events in COVID-19.
In addition, it would informative to assess the tight junction permeability in infected mice,
hamsters or nonhuman primate models described above.

4. Current Evidence and Uncertainties of SARS-CoV-2 Enteric Infection Contributing
to the Inflammatory Response

While productive replication still needs further studies, strong evidence supports
SARS-CoV-2 entry in intestinal epithelial cells. There it might trigger a coordinated innate
immune response due to the recognition of SARS-CoV-2 associated molecular patterns,
similar to that reported in the lung cells [49,95], inducing an antiviral response as described
above but also releasing proinflammatory mediators which recruit immune cells to the gut,
which in turn secrete cytokines leading to gut inflammation (Figure 3).
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Figure 3. Pathway depicting the sequence of events of SARS-CoV-2 enteric infection contributing to
the inflammatory response. This manuscript assesses whether evidence supports these events.
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4.1. Viral Entry Induces Pro-Inflammatory Mediators Release

Biological plausibility. Viral infections induce a proinflammatory response including
expression of cytokines and chemokines via signal transduction pathways activation, such
as NF-kB [96], JAK-STAT [97] and NFAT [98].

Evidence. Infection of human intestinal organoids with SARS-CoV-2 elicited a broad
signature of cytokines [54] mediated by NFkB/TNF [30]. Lamers et al. [54] showed that
the infection of human intestinal organoids with SARS-CoV-2 can induce 117 expression.
Intestinal viral infections cause IL22 expression in T cells via [IFN{31-mediated IL7 produc-
tion by epithelial cells and IL6 production in fibroblasts. In non-human primates infected
with SARS-CoV-2, increased serum concentrations of interleukin (IL)-8, IL-1RA, C-C motif
chemokine ligand (CCL)2, CCL11, and chemokine (C-X-C motif) ligand (CXCL)13 were
observed [6,42,99,100]. Higher levels of the pro-inflammatory cytokine IL-8 and lower
levels of the anti-inflammatory cytokine IL-10 were detected in the feces of COVID-19
patients when compared to uninfected controls [14]. However, the lack of increase of other
cytokines and of calprotectin in this study suggests that the immune response within the
gut to this viral infection is limited.

Inconsistencies, uncertainties and gaps. Several components of inflammation exist but we
have limited knowledge on the nature of inflammatory pathways triggered in the GI tract
by SARS-CoV-2. Additional investigations in COVID-19 patients are still needed, such as
analysis of in situ produced cytokines in gut biopsies from COVID-19 patients with distinct
disease severity profiles. Of key importance it would be to dissect, if similarly to other
enteric viral infections, to what extent does intestinal inflammatory response contribute to
the systemic cytokine profile and which are the parallels and differences between in the
epithelial response in the gut versus in the lung. In lung samples, a signature of low IFN-I
and -IIT and high pro-inflammatory mediators was consistently observed in vitro, ex vivo,
in vivo in longitudinal studies and in COVID-19 patients [77], performing similar analysis
in the gut would be informative.

4.2. Pro-Inflammatory Mediators Recruit Inflammatory Cells in the Gut

Biological plausibility. Pro-inflammatory signaling (KE1496) recruits’ pro-inflammatory
cells, such as neutrophils, macrophages, and T cells to the site of infection (KE1497).

Evidence. When cytokines are released, immune cells, such as neutrophils, macrophages,
and lymphocytes, are recruited to the gut environment and facilitates an adaptive immune
response [101]. In golden Syrian hamsters intranasally infected with SARS-CoV-2, the viral
N protein was detected in the intestine, IL-4, IL-6, TNF-a and IL-12 were upregulated
and the lamina propria exhibited mononuclear cell infiltration at 2dpi [102]. Histological
examination of human intestinal samples revealed that lymphocytes and inflammatory
cells infiltrate the lamina propria [103]. Neutrophils recruitment has been demonstrated by
gut calprotein (neutrophil-specific alarmin protein) presence in COVID-19 patients where
elevated fecal calprotectin and systemic IL-6 response were identified [1] and associated to
intestine inflammation, adding to the evidence that SARS-CoV-2 triggers an inflammatory
response in the intestine [104]. Recent studies also described that the cytokine storm may be
associated with the expression of calprotectin [105,106] but another preprint study showed
that the level of calprotectin was not linked to COVID-19 severity [14].

Uncertainties. Whether direct or indirect modulation in the gut immune activation
during SARS-CoV-2 infection is responsible for immune cell recruitment needs to be
examined more thoroughly. Direct cell death in intestinal epithelial and goblet cells can
cause apoptosis and recruit immune cells or, alternatively, an indirect loss of GI tract
integrity caused by viral infection can activate immune cell recruitment. A recent study
in ferrets infected with SARS-CoV-2 by gavage compared the immunomodulation of
probiotics in the duodenum, however a noninfected placebo group was missing, which
would be informative [40]. Recently, in a non-human primate (rhesus monkey) model
of SARS-CoV-2 infection, in vivo infection of GI tract increased apoptosis of intestinal
epithelial and goblet cells along with intestinal inflammation by macrophages has been
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reported [41]. However, these results could not explain whe, ther immune modulation in
the GI tract was due to direct infection of GI tract cells by the virus or due to changes in the
GI tract integrity and microbiota under the influence of systemic cytokines and hypoxic
conditions or a combination of all [104]. Certain patient subgroups such as the elderly and
patients with type 2 diabetes or obesity have been shown to be associated with more severe
disease [107]. Immune defense mechanisms at the digestive level are described as impaired
in these populations [108,109]. It is not currently known whether this impaired digestive
immunity is a risk factor for infection.

5. Current Insights, Research Needs and Potential Impact on Clinical Practices
5.1. Productive Enteric Infection

An important aspect is that to infect intestinal cells, viable SARS-CoV-2 must reach
the gut lumen as an infectious particle, meaning able to actively replicate in the GI tract.
In contrast to enteric viruses, enveloped respiratory viruses, such as influenza virus or
SARS-CoV-2, are thought to be cleared by the exposure to digestive juices (gastric acid, bile,
pancreatic juice) and mucus layer in the GI tract. SARS-CoV-2 was found to be extremely
stable over a wide range of pH values (pH 3-10) [110] but rapidly lost infectivity in vitro in
the low pH simulated gastric fluid (pH 1.5-3.5, fasting state) [33]. Furthermore, SARS-CoV-
2 was rapidly inactivated in the lumen of the colon by enteric fluid [33]. This suggests that,
predominantly, noninfectious particles reach the gut lumen [33]. However, while MERS-
CoV also rapidly lost infectivity in fasting-state simulated gastric fluid, the infectivity was
unaffected in fed-state-simulated gastric fluid (pH 5) [111,112]. Using human coronavirus
OC43 (causing mild symptoms and not requiring a biosafety level 3 lab) as a surrogate
for the pathogenic SARS-CoV-2, a very recent study showed that, except for fasting-state
gastric fluid (pH 1.6), the virus remained infectious in all other GI fluids for 1 h and the
presence of food improved viral survival in gastric fluids [112]. A similar strategy should
be done for SARS-CoV-2 and investigate infectivity in this fluid simulating stomach acidity
after meals. This would allow determining whether SARS-CoV-2 tolerates gastric acid and
survives passage to the gut in all settings and whether SARS-CoV-2 ingestion with food
could protect the virus against inactivation by the GI fluids [7]. Interestingly, in this regard,
it was described that the usage of H pump inhibitors was associated with worse clinical
outcomes for COVID-19 patients, despite not being associated with increased susceptibility
to SARS-CoV-2 infection. This observation raises the question of whether some medicines
permit SARS-CoV-2 replication in the gut [113]. In addition, if other conditions, including
for example highly viscous mucus, protect virus particles, allowing the virus to retain its
infectivity, as shown for influenza virions, should be evaluated to determine conditions in
which SARS-CoV-2 could actively replicate in the gut [114]. In infected hamsters, SARS-
CoV-2 intranasal infection was more efficient than oral infection. However, increasing
viral dose in the initial inoculum, both intranasal and oral, resulted in higher levels of
SARS-CoV-2 RNA in the lungs and in the intestines of these animals, suggesting that the
initial dose is an important factor when considering gut infection and mechanisms that
protect the virus from the harsh environment of the stomach [88]. Alternatively, other cell
types may be able to transport SARS-CoV-2 to the gut, as for example, a small number of
lymphocytes has been shown to be infected by SARS-CoV-2 [103] or even bacteria. A recent
study showed that SARS-CoV-2 replicates outside the human body in vitro in bacterial
growth medium, following bacterial growth and influenced by antibiotics administration,
suggesting a bacteriophage-like behavior for SARS-CoV-2 [115] or the activation of other
bacteriophages [116]. Electron and fluorescence microscopy images showed the presence of
SARS-CoV-2 both outside and inside bacteria [116,117]. Further research is needed as these
results could lead to a rethinking of SARS-CoV-2 biology and of effective management
of COVID-19 transmission [115]. In addition, it cannot be excluded that both the viscous
mucus and the gut microbiome could protect viral RNA and virus particles, allowing the
virus to retain its infectivity.
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Thus, while the human gut expresses high levels of ACE2, and SARS-CoV-2 infection
of human enterocytes in vitro is supported by strong evidence, human healthy gut may
not be systematically permeable to viral entry due to the GI fluids, antiviral response
and/or the protective multi-layers of the intestinal barrier. However, evidence of intestinal
infection of SARS-CoV-2 has been reported, suggesting that there are some conditions that
may render people susceptible to SARS-CoV-2 infection in the gut or that may protect
the virus from degradation. For example, individuals with altered intestinal barrier prior
to infection, or under certain medication or comorbidities, might be more vulnerable to
gastrointestinal SARS-CoV-2 infection [118]. An inflammatory environment, as seen in
many other conditions such as diabetes, obesity, or resulting from the cytokine storm in
severe COVID-19, disrupting the intestinal barrier, may render the GI entry of the SARS-
CoV-2 significant [33]. Different experimental models mimicking diseases known to be
associated with an altered intestinal barrier exist. Literature describing their use to unravel
the mechanisms behind SARS-CoV-2 Gl infection is starting to emerge. A mouse preclinical
T2DM/ obesity co-morbidity model of COVID-19 [119] and a mouse model mimicking
obesity-associated COVID-19 comorbidities were established [119]. Such models could
accelerate the development of therapeutics for this highly susceptible population. Sex and
diet-specific responses partially explaining the effects of obesity and diabetes on COVID-
19 disease were observed [119]. The detrimental impact of continuous Western diet on
COVID-19 outcome has been reported in Syrian hamsters [120]. The age dependent increase
in disease can be observed in Syrian hamsters and nonhuman primates [81]. Thus age,
medication, metabolic syndrome, via high fat diet for example, could be incorporated into
models to mimic human comorbidities in order to investigate this important question.

In addition, the colonic mucus barrier is shaped by the composition of the gut micro-
biota [121]. Alteration of the gut microbiota has been associated with severity in COVID-
19 [122,123] and might contribute to disrupting the mucus barrier, rendering the gut more
permissive to SARS-CoV-2. A body of evidence indicates that gut dysbiosis, prior to infec-
tion, represents a risk factor, meaning contributes to more severe outcomes in COVID-19
patients, potentially by modulating intestinal ACE2 expression, intestinal and systemic
inflammation and gut barrier integrity [124].

In conclusion, further research is needed to acquire a comprehensive understanding of
the conditions under which SARS-CoV-2 productively infects enterocytes in humans in vivo.
Notably, it is important to understand if specific conditions, including age, comorbidities
or medication are associated with release of infectious particles from feces by tracking and
surveillance of several groups in the population. These studies could be complemented by
in situ hybridization or staining of human tissues acquired from biopsies or post-mortem
samples of gut retried from COVID-19 positive people.

5.2. Infectious Virus in the Feces

If SARS-CoV-2 can establish an intestinal infection, then it remains unknown whether
infectious viral particles can tolerate GI fluids and be shed alive through feces with sufficient
concentration and infectivity for subsequent transmission. Despite SARS-CoV-2 RNA being
detected in stools, and the persistent viral shedding of SARS-CoV-2 in feces, current data
from different studies are conflicting regarding the detection of infectious particles in feces.
Infectious viral particles may be retrieved from anecdotal cases, although studies indicate
that the vast majority of individuals infected with SARS-CoV-2 do not release infectious
particles from stools [125]. While high viral RNA concentrations were observed in stools in
two different studies (9 and 10 patients, respectively), infectious virus was not recovered
in those samples [33,125,126]. In contrast, replicating SARS-CoV-2 virus was detected in
feces in [127] and viable SARS-CoV-2 particles in stool samples in [128]. Several aspects
could complicate SARS-CoV-2 isolation from fecal material, such as the stability of the
virus in the feces [129] and the potential presence of numerous other viruses. These aspects
could also make viral activity assays technically challenging. A procedure using filtered
diluted specimens without the addition of any potentially toxic antibacterial agents and
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cell culture medium changing after centrifugation was described as responsible for high
virus recovery [130]. Using a similar method Jeong et al. [128] failed to demonstrate the
presence of viable virus in stools, but they were able to isolate SARS-CoV-2 from ferrets
that were inoculated with stool samples from COVID-19 patients. Other SARS-like viruses
have been isolated from animal feces (see [131] as example), coronaviruses related to SARS-
CoV-2 were isolated from bat rectal swabs and guano and were tested as able to infect
in vitro human cells [132]. Understanding whether and when fecal-oral transmission of
SARS-CoV-2 might occur will be of critical importance for health workers since feces from
infected hosts could be a transmission source.

In addition, the potential risk of transmission via feces had implications on fecal mi-
crobiota transplantation (FMT) highly effective for recurrent Clostridium difficile infections.
It is speculated that COVID-19 might be transmitted via FMT particularly from asymp-
tomatic donors, specifically those who tested negative for the presence of the virus in their
respiratory tract but potentially positive in their fecal samples [133]. No cases of COVID-19
transmission through FMT treatment have been reported, but only FMT products generated
from stool donated before December 2019 or before November 2019 can be used according
to the FDA recommendations and Hong Kong guidelines, respectively.

Finally, fecal shedding may have important epidemiological implications for com-
munity surveillance tools such as wastewater monitoring, which inform public health
measures. Detection of SARS-CoV-2 RNA in untreated wastewater has been reported [134].
Detecting SARS-CoV-2 in wastewater might represent a way to better surveille the status of
the population and detect peaks of infection and admissions to hospital up to one week
ahead development of symptoms or detection in nasopharyngeal swabs [135]. In a recent
study [136] fecal viral RNA was observed up to 7 months post infection in patients with
mild to moderate COVID-19. Understanding the temporal dynamics of fecal shedding in
individuals with mild or even asymptomatic disease is essential for inferring population-
prevalence of COVID-19 from wastewater studies [137]. Currently the majority of the
longitudinal studies of fecal viral RNA shedding have been limited to hospitalized patients
with severe COVID-19 and/or with co-morbidities [138]. As stated by the authors, the
continued presence of fecal viral RNA in wastewater may be mistakenly interpreted as
evidence of the prevalence of infectious individuals in a community. Since wastewater viral
RNA levels are being considered for use in guiding community level policies, it is critical to
better understand how aerosol transmissibility of SARS-CoV-2 RNA are temporally related
to fecal viral RNA shedding [136].

More evidence is required to demonstrate whether and in which conditions SARS-CoV-
2 can establish a fecal-oral transmission route. This requires determining which people
are susceptible to GI infection, and from this pool, in what conditions may people shed
infectious virus particles in feces. Another important outstanding question to resolve is
determining the minimum infectious dose of SARS-CoV-2, which may vary for the different
SARS-CoV-2 variants.

5.3. Gut Implication in the Severity of the COVID-19 Outcomes

While a first Asian analysis at the beginning of the pandemic suggested that the
presence of GI symptoms in COVID-19 patients was associated with increased clinical
deterioration [139], other European or American studies have subsequently found the
opposite [140-142]. An initial study showed no significant correlation consistent with
GI tract symptomatology and disease severity [143]. Later on, a first meta-analysis did
not show a statistically significant difference in mortality between patients with or with-
out GI symptoms [144]. A second recently published (March 2022) large meta-analysis
including 53 studies with 55,245 patients also showed no association [144], but two stud-
ies including more groups and people associated GI symptoms with worse prognosis of
the disease [5,145]. Thus, it is still unclear whether GI symptoms could be predictive of
disease severity.
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An important body of evidence, however, supports the crucial implication of the gut
in the excessive inflammatory response in COVID-19. Under normal conditions, inflam-
mation is a protective process that combats infection. However, prolonged inflammatory
response has long been known to play a detrimental role in human diseases, and clinical
markers of excessive systemic inflammatory response were associated with severe and
fatal COVID-19 [146,147]. Hyperinflammation contributes to broad tissue damage, acute
respiratory distress syndrome, multiple-organ failure and ultimately death [148] and has
been described as central in inducing severe outcomes in COVID-19 patients [149,150].
Impaired intestinal barrier function enhances the translocation of gut bacteria and of bac-
terial toxins, such as peptidoglycans and lipopolysaccharides (LPS), from the gut lumen
into the blood. Increased levels of LPS in the blood (endotoxemia) activate Toll-Like Re-
ceptors, leading to the production of numerous pro-inflammatory cytokines and, hence,
low-grade systemic inflammation [151]. In severely ill patients, intestinal barrier disrup-
tion and associated bacterial translocation exacerbates systemic inflammation [152,153].
Three studies found higher gut permeability markers in (severe) COVID-19 patients with
abnormal presence of gut microbes in their bloodstream [7,91,92]. High levels of zonulin
(gut permeability marker) were associated with severe COVID-19 and bacterial products in
the blood correlated strongly with higher levels of markers of systemic inflammation and
immune activation (such as C-reactive peptide levels) [7,91,92,123]. This does not imply
that microbial translocation is the primary trigger of the inflammation, but supports the
hypothesis that disrupted intestinal barrier and associated bacterial translocation play an
additive or synergistic role in the cytokine storm underlying severe COVID-19 [92,154]. In
addition, bacteria translocation from the gut into the systemic circulation might result in
secondary infections and aggravate pulmonary symptoms in COVID-19 patients [155,156].

Disruption of the intestinal barrier also induces a local inflammatory response. It
remains unclear whether permeability changes are primary events or secondary effects
triggered by inflammation. Increased intestinal permeability and chronic intestinal in-
flammation are hallmarks of inflammatory bowel diseases (IBD), such as Crohn’s disease
(CD) [157]. Taking advantage of the genetic aspect in CD, several studies reported that
increased permeability might precede CD onset as abnormal lactulose-to-mannitol ratios
in asymptomatic first-degree relatives of CD patients was associated with a CD diagnosis
during the follow up time [158-160]. In line, in the IL-10 gene-deficient IBD mouse model,
increased intestinal permeability was observed early in life and then mice spontaneously
developed colitis at 12 weeks age [161]. In addition, IL-10 deficient animals treated with
AT-1001, a zonulin peptide inhibitor previously shown to reduce small intestinal perme-
ability, developed less colitis later in life. Results from IBD mouse models suggest that
investigation of intestinal permeability and inflammation in SARS-CoV-2 infected mice
or cells treated with AT-1001 could be informative of the sequential process. Recently, a
drug repurposing approach identified AT-1001, currently in phase 3 trials in celiac disease,
as a potential therapeutic approach for COVID-19, however still requiring optimization
steps [162]. In light of the central role of inflammation in COVID-19, concerns were raised
that IBD patients may have an increased risk of worse outcomes. Corticosteroids, com-
monly used medications for IBD, were associated with adverse outcomes in COVID-19, but
overall IBD patients did not have an increased risk of COVID-19 and had largely similar
outcomes as the general population [163].

Finally yet importantly, associations between levels of inflammatory markers and gut
microbiota composition in COVID-19 patients suggest that the gut microbiota might be
involved in the magnitude of COVID-19 severity [122]. Significant alterations in fecal mi-
crobiomes of COVID-19 patients were reported at all times of hospitalization [122,164-166].
Recently, animal studies in mice, hamsters and nonhuman primates provided evidence
that SARS-CoV-2 infection directly alters the gut microbiome [6,87,166]. However, the
underlying mechanisms are still poorly understood. A body of evidence supports that
intestinal and systemic inflammation, dysregulation of intestinal ACE2 or infection of
intestinal bacteria can be interconnected pathways leading to gut dysbiosis as an adverse
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outcome following SARS-CoV-2 in the gut, but further laboratory research and large-scale
population-based studies are needed to validate these pathways [167]. In addition, changes
in the lung microbiome with increase of bacteria normally found in the GI tract were re-
ported in COVID-19 patients [168]. Besides, gut dysbiosis during respiratory viral infection
has been shown to worsen lung pathology and to promote secondary infections [156].
Based on the current insights, modulating the gut microbiota with probiotics, prebiotics or
diet to improve disease prevention and management might represent easy to implement
strategies [169]. Clinical trials in COVID-19 of probiotics with expected anti-inflammatory
effects in the gut-lung axis are currently underway [170].

5.4. Gut Implication in Long COVID

Finally, GI disorders described in patients appeared to precede, accompany or fol-
low the respiratory symptoms [5,171,172]. Long-term sequelae of COVID-19, collectively
termed the post-acute COVID-19 syndrome (PACS) or long COVID, are rapidly emerging
across the globe and many studies following patients who have recovered from the res-
piratory effects of COVID-19 identified persistent GI sequelae [173-175]. In a study from
China, around half of the patients (41 of 74) had fecal samples positive for SARS-CoV-2
RNA, which remained positive for longer than the respiratory samples [173]. A recent
study detected fecal RNA in around half of participants (113 patients with mild to moderate
COVID-19) within the first week after diagnosis and around 4% of the patients shed up
viral RNA up to 7 months after diagnosis while respiratory samples were negative [136].
No association between symptomatology and fecal viral RNA shedding was found in this
study in participants with active respiratory infection, but when focusing on participants
with extended shedding of fecal viral RNA after respiratory shedding ceased, fecal viral
RNA was associated with GI symptoms [136]. Another recent study using a cohort of IBD
patients showed that SARS-CoV-2 antigens could persist in the gut up to 7 months after
infection. Importantly, only those IBD with detectable viral RNA in the gut were found
to display post-acute COVID-19 symptoms [176]. In non-human primates infected with
SARS-CoV-2, the viral RNA load decreased less rapidly over time in rectal samples than in
nasopharyngeal and tracheal swabs [6]. These studies support the possibility that a pro-
longed SARS-CoV-2 presence in the GI tract, after the respiratory infection is cleared, might
represent long-term viral reservoirs contributing to long COVID. A potential bacteriophage-
like behavior of SARS-CoV-2 might also offer a way to explain the intestinal /fecal long-term
presence of SARS-CoV-2. While the pathogenesis of long COVID is still under intense
investigation, on the four current leading hypotheses [63], it is interestingly to note that two
involve the gut: (i) gut dysbiosis [177,178] and (ii) viral reservoir with residual SARS-CoV-2
viral antigens [179] and persistent SARS-CoV-2 nucleic acids [76,177] reported in GI tissues
in patients months after diagnosis and proposed to drive chronic inflammation. However,
the concept that viral antigen persistence instigates immune perturbation and post-acute
COVID-19 still requires validation in controlled clinical trials [176]. Towards that end, the
RECOVER initiative (https://recovercovid.org/about) aims to bring together patients,
caregivers, clinicians and scientists to understand, prevent and treat Long COVID, notably
by collecting biopsies from the lower intestines of some participants [180]. Continuing
the unprecedented degree of scientific collaboration, such unified interdisciplinary actions
to collect and characterize sufficient PASC cases will enable to identify which factors af-
fects long COVID. In addition, animal models such as humanized mice [181] or Syrian
hamsters [182] will help to highlight molecular mechanism of long COVID and to explore
future therapeutics.

Finally, currently the definition of long COVID differs depending of the health or-
ganizations [183,184]. There is a need for either a universal definition or to stop treating
long COVID as a single entity as this umbrella term might represent multiple conditions
(203 symptoms reported in 10 organs systems) [185]. Defining long COVID (categories)
will help deciphering underlying mechanisms to ultimately improve disease prevention,
management and treatment.
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6. Conclusions

There are multiple outstanding questions regarding SARS-CoV-2 interaction with the
human gut. First, it is not firmly established whether SARS-CoV-2 can actively replicate
in human intestine. Evidence from multiple in vitro and in vivo animal studies points
towards a direct viral tropism of intestinal cells and a productive enteric infection by SARS-
CoV-2, however species, dose, virus preparations and route of inoculum are important
factors to consider that can influence the occurrence of productive intestinal infection in
animal studies. In addition, it is possible that specific conditions increase susceptibility
to SARS-CoV-2 replication in the gut. Further studies are clearly needed to determine the
experimental and clinical conditions under the gut represents an alternative entry route
for the virus into the body. Such conditions encompass comorbidities, age, medication,
inflammatory status, dysbiosis, fasted-fed status or ingestion with food. Secondly, based on
the current evidence, it remains unclear whether GI symptoms, and particularly diarrhea,
are caused by direct infection of the GI tract by SARS-CoV-2 or whether they are a conse-
quence of a local and systemic immune activation. The wide range in reported rates of
diarrhea in clinical studies of SARS-CoV-2 positive patients (from as low as 2% up to 50%)
calls for more clinical studies and meta-analysis to elucidate the percentage of COVID-19
patients who develop GI symptoms, and particularly diarrhea, and whether GI disorders
depend on active SARS-CoV-2 enteric infection and /or on factors such as those cited above.
Answering those questions will be important for deciding the course of medical treatment.
Thirdly, at this time, there is a moderate level of evidence to support the idea that the GI
tract serves as an alternative route of virus dissemination. Finally, the potential implication
of the gut on long COVID possibly by acting as viral reservoir or due to alteration of gut
microbiota requires and deserves significant further investment in research, treatment
and care of the PACS patients. In conclusion, in addition to calling for further research
and large-scale studies, the potential impacts of SARS-CoV-2 productive enteric infection
recommends applying appropriate precautions and potential preventive actions.
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