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ABSTRACT

BACKGROUND: Procalcitonin (PCT) is recognized as an inflammatory biomarker, often elevated in COVID-19 pneumonia alongside other
biomarkers. Understanding its association with severe outcomes and comparing its predictive ability with other biomarkers is crucial for clini-
cal management.

OBJECTIVES: This retrospective multicenter observational study aimed to investigate the association between PCT levels and adverse out-
comes in hospitalized COVID-19 patients. Additionally, it sought to compare the predictive performance of various biomarkers.

DESIGN: The study analyzed data from the Society of Critical Care Medicine (SCCM) Viral Infection and Respiratory Iliness Universal Study
(VIRUS) registry, comprising COVID-19 patients hospitalized across multiple Mayo Clinic sites between March 2020 and June 2022.

METHODS: A total of 7851 adult COVID-19 patients were included. Patients were categorized into 6 groups based on the worst WHO ordi-
nal scale. Multivariate models were constructed using peak biomarker levels within 72hours of admission, adjusted for confounders.

RESULTS: Elevated PCT levels were independently associated with increased odds of adverse outcomes, including ICU admission
(adjusted odds ratio [aOR] 1.32, 95%Cl 1.27-1.38), IMV requirement (aOR 1.35, 95%ClI: 1.28-1.42), and in-hospital mortality (aOR 1.30,
95%Cl: 1.22-1.37). A 3.48-fold increase in IMV requirement and 3.55 times increase in in-hospital mortality were noted with peak
PCT = 0.25ng/ml. Similar associations were observed with other biomarkers like NLR (AUC 0.730), CRP, IL.-6, LDH (AUC 0.800), and D-dimer
(AUC 0.719). Models incorporating NLR, LDH, D-dimer, and PCT demonstrated the highest predictive accuracy, with a combined model
exhibiting an area under the curve (AUC) of 0.826 (95%CI 0.803-0.849).

CONCLUSIONS: Higher PCT levels were significantly linked to worse outcomes in COVID-19 patients, emphasizing its potential as a prog-
nostic marker. Biomarker-based predictive models, particularly those including PCT, showed promising utility for risk assessment and clini-
cal decision-making. Further prospective studies are warranted to validate these findings on a larger scale.
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Biomarker Insights

Introduction

Severe Acute Respiratory Distress Syndrome—related corona-
virus (SARS-CoV-2) affects the upper and lower bronchial
epithelium, which triggers regional inflammatory cascades that
entail neutrophil recruitment, T lymphocyte trafficking and
activation of innate monocytes.! The clinical manifestations of
such inflammatory process vary from mild symptoms such as
tever, dry cough, dyspnea, myalgia, sore throat, and headache,
etc., to severe and emergent manifestations, including confu-
sion, chest pain, hypoxemia, pneumonia, and other complica-
tions requiring intensive care unit (ICU) admission and
invasive mechanical ventilation (MV).2* COVID-19 infection
often leads to a hyperinflammatory state, leading to the release
of TNF-alpha, interleukin-1, interleukin-6, and other proin-
flammatory cytokines in extremely high quantities, considera-
bly enhancing the creation of reactive oxygen species, leading
to tissue injury and vascular damage.’ Patients typically affected
by such hyperinflammatory responses demonstrate increased
disease severity and worse clinical outcomes.® In order to
improve patient outcomes by potentially curbing this inflam-
matory response, several treatment options have been included
in clinical management, such as systemic corticosteroids, anti-
virals (such as remdesivir), immunomodulators (such as barici-
tinib and tocilizumab) which have shown significant benefit in
improving patient outcomes.”2

Given the wide range of severity and possible precipitous
worsening of COVID-19 symptoms, there is always a need for
prompt diagnosis of early danger signs, risk stratification, and
appropriate treatment. Challenged by an initial strain on
healthcare resources worldwide during the early pandemic,
extensive work has been done to create various COVID-19
severity scales, and treatment strategies have evolved over sev-
eral waves of the COVID-19 pandemic. With an initial focus
on pre-existing comorbid factors, studies have explored the
prognostic utility of different biomarkers on COVID-19
patients, including C-reactive protein (CRP), Lactate dehy-
drogenase (LDH), D-dimer, neutrophil-lymphocyte ratio
(NLR), etc.13-1> However, with non-uniform institutional prac-
tices, availability issues, varying sample sizes, there remains a
need for further research and head-to-head comparison
between these biomarkers.

Procalcitonin (PCT), on the other hand, is a biomarker that
is elevated in bacterial infection and is often used to differenti-
ate bacterial infection from viral infection.1®” The use of PCT
in identifying superimposed bacterial coinfection in COVID-
19 disease is controversial and is shown to be a non-specific
marker in various studies.!$20 Instead, an elevation in PCT
level has been linked with COVID-19 disease severity, with
multiple studies exploring its association with mortality, the
need for invasive ventilation, ICU admission, and other patient-
centric outcomes.!3?! Similar to other biomarkers, there is a
growing need for further research to fully understand the
implications of using PCT as a predictor of severe outcomes in

the COVID-19 population. While individual inflammatory
biomarkers have been linked to poor outcomes in COVID-19,
research on combining them into a single predictive model is
limited. This study also attempts to address this gap by devel-
oping a multimodal model to predict invasive mechanical ven-
tilation or in-hospital mortality and evaluate biomarker trends
across different pandemic waves to inform risk stratification
and resource allocation.

Materials and Methods

Ethics: Ethics approval for this study was issued by the Mayo
Clinic Institutional Review Board under the exempt category.
Access to the multicenter Mayo Clinic data was granted
through “Viral Infection and Respiratory Illness Universal
Study [ VIRUS]: COVID-19 Registry and Validation of C2D2
(Critical Care Data Dictionary)” under IRB ID 20-002610.
The need for informed consent was waived by the IRB due to
its retrospective design, data anonymity, and non-interven-
tional nature.

Patient population

We screened 8098 COVID-19 patients hospitalized across dif-
terent Mayo Clinic sites (Florida, Rochester, Arizona, Mankato,
and Eu Claire) between March 2020 and June 2022, of which
7851 were included in the final analysis. Patients were excluded
if they were less than 18 years of age at admission or had miss-
ing demographic/ outcome variables. The study cohort was
stratified into 6 groups based on the highest WHO ordinal
scale score during hospital stay (WHO Scale 3: Hospitalized,
no oxygen therapy; WHO Scale 4: hospitalized, oxygen mask
or nasal prongs; WHO Scale 5: hospitalized, noninvasive
mechanical ventilation [NIMV] or high-flow nasal cannula
[HFNC], WHO Scale 6: hospitalized, intubation and invasive
mechanical ventilation [IMV], WHO Scale 7: hospitalized,
IMYV and with additional support such as pressors or extracor-
poreal membranous oxygenation [ECMO], WHO Scale 8:

deceased).?2

Data collection

Patients’ information about the demographics, comorbidities,
immunological, hematological, and laboratory parameters and
outcomes were collected via the Society of Critical Care
Medicine (SCCM) Viral Infection and Respiratory Illness
Universal Study (VIRUS) registry (IRB ID 20-0022610).23-26
The VIRUS registry is an observational registry collecting
cross-sectional data of all eligible patients admitted with
COVID-19 at the participating sites. The VIRUS registry
contains demographics, comorbidities, patient outcomes, and
serial observation data such as daily labs, vital parameters, and
therapeutics. We used the worst (highest values) of different
inflammatory biomarkers within 72 hours of admission to esti-
mate our primary and secondary outcome models. The primary
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composite outcome was in-hospital mortality rate or invasive
mechanical ventilation. The secondary outcomes were hospital
length of stay, ICU requirement, invasive ventilation, vent-free

days, ECMO requirement, and in-hospital mortality.

Statistical analysis

Statistical analysis was performed using R Statistical Software
(version 4.1.2; R Foundation for Statistical Computing,
Vienna, Austria). Continuous variables were summarized as
median (Q1, Q3), while ordinal and categorical variables were
reported as frequency (percentage). P-values were derived from
a Kruskal-Wallis test for continuous and ordinal variables or a
Fisher’s exact test for categorical variables. Logistic regression
models were used for binary outcomes, and linear regression
models were used for continuous outcomes. Multivariable
models were adjusted for age, sex, race, ethnicity, hypertension,
diabetes, chronic lung disease, chronic kidney disease/dialysis,
and congestive heart failure. Multivariable analysis was not
performed for ECMO requirement outcome, given its rare
nature. P-values <.006 are considered statistically significant
after applying a Bonferroni correction for multiple testing.

A categorical version of PCT was modeled to predict sec-
ondary outcomes of interest. This categorical predictor was
determined by the optimal cut-point value (0.25ng/ml) for
PCT and corresponds to the most significant difference in-
hospital mortality rates. Multivariable models were adjusted
for age, sex, race, ethnicity, hypertension, diabetes, chronic lung
disease, chronic kidney disease/dialysis, and congestive heart
failure.

We adopted multivariate logistic regression models to
explore the utility of various biomarkers in COVID-19 prog-
nostication. Due to distributional skewness, biomarker meas-
urements were considered on the square root or base-2
logarithm scale (Supplemental Table 1). Our outcome variable
for these models was a composite of invasive mechanical venti-
lation or in-hospital mortality. Separate base models were built
for individual biomarkers due to differences in sample size.
Base model predictors included age, sex, race, ethnicity, hyper-
tension, diabetes, chronic lung disease, chronic kidney disease,
and congestive heart failure. Individual biomarker models were
built on combining base models with biomarkers of interest.

In an attempt to explore the difference in serial PCT trends
across our primary outcome of interest, we plotted the median
PCT value over the hospitalization course up to day 10 of hos-
pitalization, beyond which there was a significant drop in
sample size. A graphical representation of the biomarker utili-
zation trend was created based on the percentage of patients
undergoing testing for each type of biomarker during the
respective quarter of the year. The timeline was broken down
into 3 waves of COVID-19 (Pre-Delta, Delta, and Omicron)
based on a recent publication using a similar methodology.?’
We also performed additional exploratory analyses to identify

any differences in patient characteristics or outcomes across 3
different COVID strain predominant waves.

Results

From March 2020 to June 2022, 8098 COVID-19 patients
were admitted to the Mayo Clinic. Of these, 7851 patients met
the inclusion criteria. The overall cohort was stratified into 6
groups based on the worst WHO ordinal scale: WHO Scale 3
(n=1584), WHO Scale 4 (n=3203), WHO Scale 5 (n=1885),
WHO Scale 6 (n=89), WHO Scale 7 (n=502) and WHO
Scale 8 (n=588) based on the severity of COVID-19 infection
(WHO ordinal scale). The baseline demographics, laboratory
parameters, and outcomes are described in Supplemental
Tables 2, and 3, respectively. We noted a significant difference
in the age distribution across the worst WHO scale categories,
with WHO group 8 having the highest median age. Similarly,
we noted significant differences across the groups in terms of
gender, race, ethnicity, BMI, and prevalence of comorbidities.
There were incremental changes in the COVID-19 vaccina-
tion rate across the WHO scale groups, with WHO scale 8
having the lowest (14.5%) and scale 3 having the highest rate
(55.7%). We also noted an increasing trend in Dexamethasone
use across the WHO groups, with WHO scale 8 and WHO
scale 5 having the highest use of dexamethasone (76.7% and
76.3%, respectively; Supplemental Table 2). A graded decrease
in the lowest PaO2/FiO2 ratio and an increase in the highest
sequential organ failure assessment (SOFA) score during hos-
pitalization was noted with a higher WHO scale score. The
worst level of each biomarker within 72 hours of admission was
also compared across various WHO groups. There was a con-
sistent increase in the median level of each inflammatory
marker with a worsening WHO scale score (Supplemental
Table 3). Supplemental Table 3 also summarizes the differ-
ences in patient outcomes across WHO groups.

Upon exploring the association between the procalcitonin
level of individual outcomes of interest, we noted that with
each unit increase in the log of highest PCT, there was 1.32
times increase in ICU admission risk (aOR 1.32, 95% 1.27-
1.38), 1.35 times increase in IMV requirement (aOR 1.35,
95CI: 1.28-1.42), and 1.30 times increase of in-hospital mor-
tality (aOR 1.30, 95%CI: 1.22-1.37; Table 1). Table 1 also
demonstrates the comparison of patient outcomes across an
optimum cutoff of 0.25 ng/ml. We noted a 3.48-fold increase
in IMV requirement and 3.55 times increase in in-hospital
mortality with peak PCT = 0.25 ng/ml. Figure 1 illustrates the
serial PCT trends over the period of hospitalization. The
median PCT value for patients who required IMV or had in-
hospital mortality was consistently higher over the hospitaliza-
tion days compared to patients who did not have the composite
outcome.

While evaluating the association of PCT and other bio-
markers with the risk of intubation or in-hospital mortality, we
performed multivariate analyses, adjusting for confounders like
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Table 1. Association of peak Procalcitonin level (highest level within 72 hours of admission) with patient outcomes.

PROCALCITONIN ASSOCIATION WITH PATIENT OUTCOMES- CONTINUOUS PREDICTOR

MEDIAN (MIN,
MAX) OR NO. (%)

OUTCOME TOTAL (N=3491) ASSOCIATION

MEASURE

IMV requirement 410 (11.7%) Odds ratio
Hospital mortality 257 (7.4%) Odds ratio
ICU admission 888 (25.4%) Odds ratio
Hospital length of stay (days) 5.8 (0.2, 209.0) Regression
coefficient
ECMO requirement 52 (1.5%) Odds ratio

UNADJUSTED ANALYSIS MULTIVARIABLE ANALYSIS

ESTIMATE
(95%Cl)

P-VALUE ESTIMATE

(95%Cl)

P-VALUE

1.33(1.27,1.39)  — o1 1.35(1.28,1.42)  — o1
129 (1.22,1.36)  — o1 1.30 (1.22,1.37)  ~ 001
1.32(1.27,1.37) <001 1.32(1.27,1.38)  — o1
015(0.13,017)  ~0o1 015 (0.13,017)  ~go1
1.26 (113,1.40)  — o1 N/A N/A

PROCALCITONIN ASSOCIATION WITH PATIENT OUTCOMES- CATEGORICAL PREDICTOR

OUTCOME

PCT <0.25NG/ML

(N=2212) (N=1279)

IMV requirement 152 (6.9%) 258 (20.2%)

Hospital mortality 89 (4.0%) 168 (13.1%)

ICU admission 403 (18.2%) 485 (37.9%)

Hospital length of stay (days) 5.0 (0.7, 194.6) 7.3 (0.2, 209.0)

ECMO requirement 15 (0.7%) 37 (2.9%)

Abbreviation: Cl, confidence interval.

PCT=0.25NG/ML

ESTIMATE P-VALUE ESTIMATE P-VALUE
(95%Cl) (95%Cl)

342 (277,4.25)  — 001 348 (279,4.35)  — 001
3.61 (2.77,4.73) <.001 3.55 (2.70, 4.69) <.001
2.74 (2.35, 3.21) <.001 2.74 (2.33, 3.22) <.001
0.58 (0.51, 0.66) <.001 0.57 (0.49, 0.65) <.001
4.36 (2.43, 8.23) <.001 N/A N/A

Logistic regression models were used for binary outcomes (IMV requirement, hospital mortality, ICU admission, and ECMO requirement). Hospital length of stay was
evaluated using linear regression models. Due to distributional skewness, procalcitonin and hospital length of stay were considered on the base-2 logarithm scale.
Multivariable models were adjusted for age, sex, race, ethnicity, hypertension, diabetes, chronic lung disease, chronic kidney disease/dialysis, and congestive heart
failure. Multivariable analysis was not performed for ECMO requirement outcome, given its rare nature.

The optimal cutpoint was calculated using the hospital mortality outcome. The cut-off value of 0.25ng/ml corresponds to the most significant difference in-hospital

mortality.
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Figure 1. Comparison of PCT trends during hospital stay by composite
outcome groups.

age, gender, race, ethnicity, and comorbidities. We observed
that with every 1-unit increase in the log of the highest PCT
value, the odds of having a composite outcome increased by
1.36 times (adjusted OR 1.36, 95%CI 1.30-1.42, P<.001;
Table 2). The correlation with worse hospital outcomes was
noticed with most other biomarkers, such as CRP (Adjusted

OR 1.16, 95%CI 1.14-1.18), IL-6 (Adjusted OR 1.36, 95%
1.28-1.45), LDH (Adjusted OR 5.99, 95%CI 5.03-7.17),
Ferritin (Adjusted OR 1.43, 95%CI 1.37-1.51), D-dimer
(Adjusted OR 1.43,95%CI 1.37-1.51),but not with Fibrinogen
(Adjusted OR 1.00, 95%CI .98-1.02; Table 2). We also evalu-
ated the performance of various predictive models built using
individual biomarkers combined with a base model (demo-
graphics and comorbidities). There was significant improve-
ment in model performance with the addition of each
biomarker except for fibrinogen. The biomarker models that
showed the highest AUROC were: NLR-model (AUROC
0.730), PCT-model (AUROC 0.710), LDH-model (AUROC
0.800), and D-dimer model (AUROC 0.719). A combined
model utilizing NLR, PCT, LDH, and D-dimer was built that
showed an AUROC of 0.826 (Table 2).

Finally, a graphical representation of biomarker testing and
utilization trends over the 3 waves of COVID-19 (Pre-Delta,
Delta, and Omicron) is in Figure 2. A stable trend was noted
with the utilization of traditional inflammatory markers such
as NLR and CRP over the 3 waves. However, an initial rise
followed by a declining trend was noted with ferritin, PCT,
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Table 2. Associations between COVID-19 biomarkers and risk of IMV or in-hospital mortality.

BIOMARKER

UNADJUSTED ANALYSIS

OR (95%Cl)

P-VALUE

OR (95%Cl)

MULTIVARIABLE ANALYSIS

P-VALUE

AUC (95%Cl)

BASE MODEL

BIOMARKER MODEL

NLR

7325

1.81 (1.71, 1.92) <001 1.82(1.72,1.93)  ~ o1 0.587 (0.568, 0.606)  0.730 (0.714, 0.745)
CRP 6960 117 (1.15, 1.19) - 001 116 (1.14,118)  — o1 0.594 (0.575,0.614)  0.693 (0.677, 0.709)
IL-6 2028 1.35 (1.27, 1.43) <001 1.36 (1.28,1.45)  — o1 0.605 (0.572,0.638)  0.689 (0.657, 0.720)
Procalcitonin 3491 1.35 (1.29, 1.41) 001 1.36 (1.30,1.42) o1 0.597 (0.570, 0.623)  0.710 (0.686, 0.732)
LDH 3858  5.42(4.60,642)  — o1 5.99 (5.03,717) <001 0.588 (0.561, 0.615)  0.800 (0.780, 0.821)
Ferritin 6096 1.44 (1.37, 1.50) - 001 143 (1.37,151)  — o1 0.597 (0.576,0.616)  0.678 (0.659, 0.697)
Fibrinogen 2727 1.01 (0.99, 1.04) 22 1.00 (0.98, 1.02) 91 0.617 (0.592, 0.642)  0.617 (0.592, 0.643)
D-dimer 6765 1.52 (1.47, 1.58) <.001 153 (1.47,159)  ~ 001 0.593 (0.574, 0.612)  0.719 (0.702, 0.736)

Combination biomarker model (NLR + PCT + LDH + D-dimer) (N=2750)

Abbreviations: Cl, confidence interval; OR, odds ratio.
ORs, 95%Cls, and P-values result from logistic regression models. Due to distributional skewness, biomarker measurements were considered on the square root or
base-2 logarithm scale. Multivariable models were adjusted for age, sex, race, ethnicity, hypertension, diabetes, chronic lung disease, chronic kidney disease/dialysis,

and congestive heart failure. P-values <.006 are considered as statistically significant after applying a Bonferroni correction for multiple testing.

0.594 (0.564, 0.623)

0.826 (0.803, 0.849)

Base model predictors: age + sex + race + ethnicity + hypertension + diabetes + chronic lung disease + chronic kidney disease/dialysis + congestive heart failure.

Biomarker model predictors: Base model predictors + biomarker(s) of interest.

Due to distributional skewness, biomarker measurements were considered on the square root or base-2 logarithm scale.
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Figure 2. Comparison of biomarker testing during COVID waves.

LDH, D-dimer, and Fibrinogen. IL-6 utilization level fluctu-
ated over the 3 waves, with an initial drop, followed by a rise
during the Delta wave and a further drop during the Omicron
wave. There was a gradual decline in using all biomarkers
toward the end of the study period (Omicron wave).

In our exploratory analysis, where we compared patient
characteristics or outcomes across 3 different COVID strain
predominant waves, we noted patients in the Delta-
predominant wave were more likely to be young, Caucasian,
and unvaccinated compared to pre-Delta or Omicron
waves.However, patients in the pre-Delta wave were more
likely to have pre-existing hypertension or diabetes mellitus
compared to Delta and Omicron waves. On the other hand,
patients in the Omicron wave were more likely to be obese and

had a higher median BMI (Supplemental Table 4). Median

levels for most inflammatory markers (NLR, IL-6, LDH,
Ferritin, and Fibrinogen) were higher during the Delta wave
except for CRP and D-dimer, which were higher during the
Omicron wave. Interestingly, the median procalcitonin level
did not vary across the 3 waves (Supplemental Table 5). The
incidence of steroid (dexamethasone) administration was
higher during the Delta-predominant wave, with relatively
more patients being treated with high-dose dexamethasone
during this wave (Supplemental Table 4). Upon comparing the
hospitalization outcomes across the 3 waves, we noted worse
outcomes during the Delta-predominant wave (higher ICU
requirement, longer length of stay in the hospital and ICU,
higher invasive/non-invasive ventilation usage, ECMO sup-
port, and in-hospital mortality rates). Outcomes during the
Omicron waves were generally better than pre-delta and delta
waves (Supplemental Table 5).

Supplemental Tables 6 and 7 describe the difference in
baseline patient characteristics, laboratory parameters, and out-
comes across primary outcomes of interest (IMV or mortality).
In general, patients who underwent IMV support or died dur-
ing hospitalization were more likely to be males, obese, and had
pre-existing hypertension or diabetes mellitus but were less
likely to be vaccinated. These patients also had higher levels of
inflammatory markers and higher incidence of dexamethasone
administration, although suffering from worse hospitalization
outcomes.

Discussion
In our retrospective study, we observed that the PCT levels
increased with the severity of the disease. After adjusting for



Biomarker Insights

confounders, we have observed that the rise in the PCT levels
is associated with the increased rate of ICU admission, IMV
requirement, hospital LOS, and mortality, indicating that PCT
can be used as a potential biomarker to predict the outcomes in
the COVID-19 pneumonia patients. A similar trend was noted
with other inflammatory biomarkers like NLR, CRP, IL-9,
LDH, D-dimer, and ferritin, but not with fibrinogen. A predic-
tive model comprising baseline comorbidities and 4 -different
biomarkers (NLR, PCT, LDH, and D-dimer) demonstrated
high accuracy in predicting composite outcome (IMV or mor-
tality) with an AUROC of 0.826. Upon exploring the utiliza-
tion rates of different biomarkers during the pandemic, we
noted a fluctuating trend for most biomarkers with a gradual
decline through the omicron wave. Such findings corroborate
several past studies yet offer some novel perspectives.

In a retrospective study on 27154 COVID-19-positive US
veterans with post-infection PCT, laboratory test data demon-
strated that an elevated serum PCT level (>0.20 ng/ml) was
linked with mechanical ventilation (MV) progression and
severity (adjusted HR, 1.80, 95%CI: 1.67-1.94) and in-hospi-
tal death (adjusted HR, 1.76, 95%CI: 1.66-1.87).28 Our study
results align well with their findings and some other prior
works on this topic.?8-32 We also explored the association of
PCT level with a composite outcome of invasive ventilation or
mortality, as they are both particularly important from a
resource allocation perspective. Procalcitonin (PCT) synthesis
is enhanced by various cytokines, including interleukin-6 (IL-
6) and tumor necrosis factor-alpha (TNF-alpha).3® Since
hyperinflammation plays a crucial role in the progression of
COVID-19 infections, the dysregulated immune response may
also stimulate PCT production and explain such association
with worse outcomes.’® On the other hand, immunomodula-
tory treatments like systemic corticosteroids, antivirals, and
IL-6 antagonists (eg, tocilizumab), which have shown signifi-
cant mortality and morbidity benefits in COVID-19, have also
been found to decrease the level of PCT and other inflamma-
tory biomarkers in some prior’12343¢ studies. This demon-
strates the interplay of biomarkers with COVID-19 outcomes
and may also affect the predictive performance of such bio-
markers in the presence of immunomodulatory therapy.

COVID-19 disease not only predisposes the affected
patients to hyperinflammatory response but there is also
always a tendency toward weakened immunity and risk of
superimposed bacterial or fungal infections.3”-3 PCT has pre-
viously been established as a marker of bacterial infection in
studies based on critically ill non-COVID and COVID
patients, including its role in antibiotic stewardship.16:17:40
However, based on extensive work done subsequently on the
role of PCT in bacterial co-infection among COVID-19
patients, conflicting pieces of evidence have come up, with the
majority reporting a poor correlation of elevated PCT with
bacterial co-infection.29:41:42 With the advent of immunomod-
ulatory therapy in COVID-19 management, such poor asso-
ciation was considerably noted, even after the cessation of

immunosuppressive therapy.®® Our prior work based on data
from the same cohort demonstrated that procalcitonin has
limited sensitivity and specificity for bacterial coinfections in
COVID-19 pneumonia, a PCT cutoff of 0.25 ng/ml showed
47.9% sensitivity, 59.8% specificity, positive predictive value of
21.5%, and negative predictive value of 83.3% in predicting
culture-proven bacterial infection.? Our prior work also dem-
onstrated no difference in the incidence of culture-proven
bacterial infection across a PCT cutoff of 0.25 ng/ml. Studies
have also shown that initial PCT value may not always be a
valid prognostic sign as preexisting comorbidities like CKD
and congestive heart failure may have an impact on PCT read-
ings, causing baseline values to be high.*® Our study demon-
strates that PCT can serve as a reliable biomarker in predicting
the disease severity in COVID-19 pneumonia patients, even
after adjusting for the comorbidities.

In prior studies in COVID-19 hospitalized patients, unfa-
vorable outcomes have been linked with alteration in the levels
of inflammatory biomarkers, such as CRP, CK, PCT, D-dimer,
LDH, ALT, AST, etc.2! In our multivariate biomarker models,
we noted similar findings, with the most predictive biomarkers
being NLR, PCT, LDH, and D-dimer. Both neutrophilia and
lymphopenia have been shown to carry poor prognostic impli-
cations in COVID-19 disease, with a dose-response increase in
neutrophil level being observed with non-severe to severe pro-
gression of COVID-19 disease.*»* Therefore, an elevation of
NLR, as found in our work, has been linked with COVID-19
disease severity in prior studies.*** LDH is known to be a
marker of cardiac injury, which is often elevated during infec-
tive processes in response to cytokine-mediated injury to the
tissues.’® COVID-19-related inflammatory response induces
injury to lung tissues as well as end-organ systems. Elevated
LDH levels have, therefore, been shown to be associated with
worse clinical outcomes in a large number of studies.’->
D-dimer, on the other hand, is thought to be an indicator of
the thromboembolic process, another common finding in the
COVID-19 disease process. An increased level of D-dimer can
be an indicator of venous or pulmonary thrombosis, while a
steady increase in its level is shown to be associated with
COVID-19 disease progression and mortality.>>~7

Although there are multiple studies exploring individual
biomarker performance in COVID-19 prognostication, there
is a dearth of literature focusing on the comparison and com-
bination of those different biomarkers. Among the existing
studies that presented combination models, a relatively lower
sample size is one of the limiting factors.’®>® Nguyen et al
employed a machine learning-based model to predict the like-
lihood of worsening the severe COVID-19 disease. They
identified 2 different sets of biomarkers (D-dimer, IL-6, and
ferritin; and CRP, D-dimer, and IL-6) for the assessment of
disease severity and prognosis but did not incorporate PCT in
their analysis. In this study, we present a combination bio-
marker model based on the highest individual AUC compris-
ing 4 biomarkers (NLR, PCT, LDH, and D-dimer) along
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with baseline demographic and comorbidities (age, sex, race,
ethnicity, hypertension, diabetes, chronic lung disease, chronic
kidney disease, and congestive heart failure) which was found
to have a very high predictive value (AUC 0.826, 95%ClI:
0.803-0.849).

Biomarkers serve as a valuable tool for diagnosing and mon-
itoring disease severity by non-invasive means. Considering
the variable presentation of COVID-19 pneumonia symptoms,
incorporating PCT early in the evaluation can guide physicians
in monitoring disease progression and providing appropriate
treatment promptly to prevent adverse outcomes. In resource-
limited setups where invasive life support systems are limited,
it can also help in early anticipation of resource scarcity, patient
triaging, and strategic planning. This multicentric retrospective
study provides further evidence of the need to adopt a multi-
modal approach toward any future pandemic-like situation.

In our study, we note the trend in utilization rates of various
biomarkers in hospitalized COVID-19 patients. With the
onset of the COVID-19 pandemic, extensive research efforts
were going on all over the world, leading to the publication of
newer evidence over time in an attempt to understand the dis-
ease process fully.’> Moreover, changes were noted in the path-
ogenicity, infectivity, and outcomes of various COVID-19
strains across the different waves of COVID-19, which war-
ranted re-exploration of existing evidence. Therefore, the fluc-
tuation in the trends of various biomarker utilization over
different COVID-19 waves could be a reflection of this.
Although the management guidelines for hospitalized
COVID-19 patients changed parallelly, the recommendations
regarding the incorporation of biomarkers in clinical decision-
making were often variable across institutions or clinical pref-
erences. The differences were even more apparent when global
trends were considered. A more inclusive approach with a com-
bination of pre-existing and newer biomarkers to develop risk
scores could be helpful in the future. In our future work, we
intend to validate our current four-biomarker model in a dif-
ferent cohort and explore the possibility of developing a sim-
plified scoring system that could add to the growing evidence.

Our study is a large, multicenter retrospective study of hos-
pitalized COVID-19 pneumonia patients. With one of the
largest sample sizes to date, we aim to provide significant con-
tributions to the existing literature while improving the gener-
alizability, rigor, and external validity of our findings. Unlike
many previous studies that focused on specific waves or subsets
of COVID-19 patients, our research encompasses data from all
waves of the pandemic. This comprehensive approach ensures
that we can observe potential changes in the behavior of the
virus and patient outcomes over time. While the prognostic
significance of individual inflammatory biomarkers in
COVID-19 has been extensively studied, there is limited
research on integrating multiple biomarkers into a single pre-
dictive model that can reliably forecast clinical outcomes. Such
an approach is crucial for enhancing risk stratification and
guiding treatment decisions in a rapidly evolving pandemic

scenario. This study aims to address this gap by evaluating a
multimodal biomarker model, incorporating neutrophil-to-
lymphocyte ratio (NLR), procalcitonin (PCT), lactate dehy-
(LDH), and D-dimer,
comorbidities, to predict adverse outcomes in hospitalized
COVID-19 patients. By facilitating early identification of

high-risk patients, our model could enable more efficient allo-

drogenase alongside  baseline

cation of limited resources, such as ICU beds or mechanical
ventilation, which remains a global concern. We also explore
the impact of evolving viral variants and treatment strategies
on their clinical utility by examining biomarker trends across
different pandemic waves.This comprehensive analysis not
only adds to existing knowledge but also provides a practical
tool for early identification of high-risk patients, optimizing
clinical management, and resource allocation in diverse health-
care settings.

There are several potential limitations to our study. First,
the retrospective nature of the study prevents us from establish-
ing causality and avoiding unexplored confounders, such as a
difference in care at the provider level. Most of our data is
derived from tertiary care centers, where the overall patient
population and level of care might be different from the gen-
eral population. Thirdly, missing data due to the retrospective
nature of the study may have reduced statistical power.
However, further large and prospective studies are necessary to
validate our findings and explore the possibility of utilizing a
procalcitonin-based biomarker model in the clinical decision-
making process.

Conclusions

Our study indicates that elevated PCT levels are correlated
with unfavorable outcomes in patients with COVID-19 pneu-
monia. A procalcitonin-based biomarker model can be useful
as a prognostic tool for guiding patient care. Further large-scale
and prospective studies are needed to fully explore its utility.
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