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Purpose: Patients with coronavirus disease 2019 (COVID-19)-related acute respiratory distress syndrome (ARDS) who lack clinical
improvement are frequently treated with high-dose corticosteroids (HDS). Since HDS is used to reduce hyperinflammation in these
patients, levels of (pro-)inflammatory biomarkers after commencing HDS treatment could be useful in predicting mortality. This study
aims to evaluate biomarker levels after commencing HDS over time, along with their capacity to predict mortality.

Patients and Methods: This retrospective cohort study included patients with COVID-19 ARDS treated with HDS in the intensive
care unit (ICU) at an academic hospital in the Netherlands between March 2020-March 2022. Inflammatory biomarkers (ie, C-reactive
protein (CRP), D-dimer, ferritin, leukocyte count, interleukin-6 (IL-6), lactate dehydrogenase (LDH), neutrophil-to-lymphocyte ratio
(NLR), and procalcitonin (PCT)) were assessed daily from start of HDS (ie baseline) until day 7. Associations between biomarker
levels and all-cause-hospital-mortality were evaluated each day using logistic regression, with cut-offs identified by optimizing
sensitivity (Se) and specificity (Sp).

Results: Of the 122 patients included, 53 (43.4%) died during hospitalization. HDS was initiated for a median 7 days (IQR=1-11)
after ICU admission. At baseline, a moderately high predictive capacity for mortality was observed at a ferritin level >1281 pg/L
(Se=62%/Sp=64%), leukocyte count >13.7 x 109/L (Se=42%/Sp=79%), and NLR >12.1 (Se=61%/Sp=77%). During follow-up, CRP
>50 mg/L on day 6 (Se=50%/Sp=75%) and >42 mg/L on day 7 (Se=50%/Sp=75%), ferritin >1082 pg/L on day 6 (Se 63%/Sp=71%)
and >1852 pg/L on day 7 (Se=31%/Sp=79%), IL-6 >67 mg/L on day 7 (Se=56%/Sp=79%) and LDH >396U/L on day 6 (Se=38%/
Sp=83%) and >373 U/L on day 7 (Se=47%/Sp=72%) showed moderate capacity to predict mortality. NLR was consistently associated
with mortality for all days, except day 1 (Se=36—68%/Sp=72-92%).

Conclusion: In COVID-19 ARDS patients receiving HDS, several clinically available inflammatory biomarkers moderately predicted
all-cause-hospital-mortality after the start of HDS, particularly on days 6 and 7. NLR demonstrated the most consistent association
with mortality over time. The use of these markers requires validation in larger cohorts.
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Introduction

Acute Respiratory Distress Syndrome (ARDS) is a life-threatening condition, with mortality rates that persist around
40% despite significant biomedical efforts.' > In late 2019, a novel coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), emerged, which caused Coronavirus disease 2019 (COVID-19). By 2020, SARS-CoV-2
became a pandemic and resulted in significantly increasing numbers of patients with ARDS requiring ICU admission.*
This population of ARDS patients offered a unique opportunity to evaluate treatments and clinical prediction strategies
on a larger scale. ARDS is characterized by the acute onset of inflammatory hypoxemic respiratory failure, where
activation of the immune system and the consequent release of (pro-)inflammatory cytokines play an important role.>
Research before the COVID-19 pandemic has shown that higher plasma levels of inflammatory biomarkers in ARDS are
associated with a higher risk of mortality.”* Studies describing the immunological features of patients with COVID-19
ARDS have reported eclevated levels of peripheral blood inflammatory markers, including procalcitonin (PCT),
C-reactive protein (CRP), interleukin-6 (IL-6), and lactate dehydrogenase (LDH), as well as increased neutrophil-to-
lymphocyte ratios (NLR).” "' Similar to non-COVID-19 ARDS, the excessive release of these cytokines during COVID-
19 ARDS is also strongly associated with the risk of multiple organ failure and mortality.'> The inflammatory
environment in the lungs causes endothelial damage and triggers the release of activated tissue factor from endothelial
cells, macrophages, and neutrophils, thereby enhancing the activation of the coagulation cascade in the pulmonary
microvasculature. This is reflected by elevated levels of markers of endothelial damage and coagulation, such as D-dimer
and ferritin, which are frequently increased in COVID-19 ARDS and are associated with poorer outcomes.'*'*

For decades, corticosteroids have been used in the treatment of patients with non-COVID-19 ARDS because of their
strong anti-inflammatory effects, with current ARDS guidelines recommending 1 mg per kg bodyweight methylpredni-
solone per day.'>™'7 Corticosteroids have also become the first-line immunosuppressive therapeutic agents for patients
with COVID-19, and have clearly demonstrated reduced mortality in those receiving oxygen therapy or invasive
mechanical ventilation.'®'? Various comparative trials have studied the optimal corticosteroid dosage for treatment in
COVID-19%"%* with current guidelines recommending 6 mg of dexamethasone per day for 10 days when oxygen therapy
is required, regardless of the level of inflammation or disease severity.'®

When patients experience progressive clinical deterioration despite standard corticosteroid treatment, clinicians often
resort to HDS following ARDS guidelines in an attempt to mitigate severe hyper-inflammation. Successful therapeutic
responses to HDS would likely involve a reduction in inflammation and consequently lower the risk of mortality. As
such, inflammatory markers could potentially serve as indicators of clinical outcomes not only at baseline before
administration but also in the days following the start of HDS treatment.

This study aims to assess the role of inflammatory markers after commencing HDS treatment in patients with
COVID-19 ARDS. To this end, we first quantified the changes in levels of inflammatory markers over time. We then
evaluated the association between inflammatory marker levels and all-cause mortality each day. Finally, we determined
the capacity of inflammatory markers at baseline and during follow-up to predict mortality after commencing HDS
treatment.

Material and Methods
Study Design
We conducted a retrospective, single-center, longitudinal cohort study. We analyzed data from patients with COVID-19
ARDS who were admitted to the Erasmus University Medical Center (Rotterdam, the Netherlands) between 28 March
2020 and 22 February 2022. Patients were included if they were at least 18 years of age, were admitted to the ICU, had
either a Polymerase Chain Reaction (PCR)-confirmed SARS-CoV-2 infection or high clinical suspicion of COVID-19,
and received HDS at some point during ICU admission. Patients who died or were discharged within 2 days after
admission were excluded from the study.

HDS was defined based on specific dosing thresholds for each corticosteroid used, if prescribed for the indication of
COVID-19 (Supplementary Table 1). At the beginning of the pandemic, the decision to start HDS was made by the
physician following multidisciplinary discussion. From April 7, 2021, this decision was based on protocols established at

2396 https: Journal of Inflammation Research 2025:18


https://www.dovepress.com/get_supplementary_file.php?f=502188.docx

Daenen et al

the Erasmus University Medical Center, which were largely based on existing ARDS guidelines.** The protocol
recommended HDS for patients with moderate COVID-19 (stage IIb), characterized by pulmonary involvement with
hypoxemia, or severe COVID-19 (stage III), characterized by extrapulmonary systemic hyperinflammation. If patients
were diagnosed with moderate or severe COVID-19 within 14 days of symptom onset, the treatment regimen consisted
of 1 to 3 days of 1000 mg methylprednisolone. The distinction between stages was based on respiratory parameters,
imaging findings, and systemic inflammation assessed through inflammatory markers. Patients met the criteria for stage
ITb or III if they had a PaO,/FiO, ratio <300 mmHg or compliance <60 mL/cmH,0.%

The study was approved by the local Medical Ethics Review Committee under protocol number MEC-2017-417 and
conducted according to the principles of the Declaration of Helsinki. Due to the urgency of conducting research in
patients with COVID-19, an exemption for consent was approved by the Medical Research Ethics Committee at the
Erasmus University Medical Center. An opt-out informed consent procedure (MEC-2022-0297) was used and patients
who expressed objections to participation were excluded from the study.

Data Collection

Patient data, including demographics, body mass index (BMI), vital signs, comorbidities, APACHE-IV, SOFA-score, and
laboratory tests, were extracted from the electronic health record upon ICU admission and were collected during follow-
up. The PaO,/FiO, ratios were calculated using the PaO, and FiO, measurements collected closest to 8 AM on the
same day.

We selected markers of inflammation, coagulation, and endothelial injury, each of which has been demonstrated in
previous research to correlate with disease severity and mortality in patients with COVID-19.'° These biomarkers
included the following: C-reactive protein (CRP), D-dimer, ferritin, leukocyte count, interleukin-6 (IL-6), lactate
dehydrogenase (LDH), neutrophil-to-lymphocyte ratio (NLR), and procalcitonin (PCT). Values closest to 8 AM on
each day of follow-up were used in the analysis. Markers were measured using standard laboratory assays during the
follow-up period and were collected at the discretion of the ICU medical staff as part of routine care. Blood samples were
obtained at the ICU and centrifuged (3000 N Relative centrifugal force (Rcf)) at room temperature for 5 minutes. The
serum was analyzed on the routine analyzer of the clinical chemistry laboratory of the Erasmus University Medical
Center (Roche Cobas 8000 system, Roche Diagnostics, Rotterdam, the Netherlands). CRP and D-dimer levels were
measured using a turbidimetric method (C502 Cobas® assay>®) and ferritin, PCT, and IL-6 were measured using Electro-
Chemi Luminescent Immuno Assay (ECLIA) tests (E801 Cobas® assay).”’ Leukocyte counts, neutrophil counts, and
lymphocyte counts were determined using Sysmex automated cell counters, and May-Griinwald/Giemsa staining and
microscopic examination were employed for visual confirmation. LDH levels were quantified through enzymatic
analysis.

Study Outcome

All-cause mortality was the primary outcome of the analysis. Patients were monitored from the time of admission to the
ICU until hospital discharge. Follow-up monitoring of the study outcome did not occur after hospital discharge, and thus
all deaths were in-hospital.

Statistical Analysis

Individual follow-up began at the date of commencing HDS treatment (ie, baseline) and continued until either hospital
discharge or death, whichever occurred first. Variables at baseline were summarized and compared between survivors and
non-survivors using a Kruskal-Wallis test for continuous variables and Pearson’s y* test for categorical variables.

To quantify the changes in biomarkers after commencing HDS treatment, levels were summarized using medians and
interquartile ranges (IQR) at baseline and each day during follow-up until day 7. Changes in biomarker levels over time
were tested using a Kruskal-Wallis test. These analyses were stratified among survivors and non-survivors.

To assess the association between inflammatory biomarker levels and mortality, the probability of death in the ICU
was modeled using separate logistic regression models for each continuous biomarker as a covariate. The odds ratios
(OR) and 95% confidence interval (CI) of the odds of mortality per unit increase in biomarker were then estimated from
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this model. This model was run on data at baseline and each day during follow-up until day 7. Patients with missing data
on the day analyzed were removed from the model.

Using the logistic regression models above, the sensitivity (Se), specificity (Sp), and % correctly classified were
calculated at each level of individual biomarkers using the “roctab” command in STATA. The level of biomarker that
resulted in the highest % of correctly classified patients was selected as the biomarker cut-off. Given that we preferred to
decrease the proportion of false-positive results rather than false-negative ones, we selected cut-offs bearing the same %
of correctly classified patients with the highest specificity. Using these biomarker cut-offs, we calculated the Se, Sp,
positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio, and negative likelihood ratio
for each biomarker as a classifier for mortality. Again, this analysis was run on data at baseline and each day during
follow-up until day 7, and patients with missing data on the day analyzed were removed from the model.

All analyses were performed in STATA (v18.0, College Station, TX). A p-value of <0.05 was considered statistically

significant. Due to the exploratory nature of these analyses, p-values were not corrected for multiple comparisons.®

Results

Description of the Study Population

Between 28 March 2020 and 22 February 2022, a total of 330 patients with COVID-19 ARDS were admitted to the ICU
and screened for inclusion in the study. Of these, 123 received HDS and fulfilled eligibility criteria (Figure 1). One
patient died within two days after ICU admission and commencing HDS treatment and was thus excluded from our study.
In total, 122 patients were included for analysis.

Median age was 65 years (IQR=58-70), median BMI was 28.3 kg/m2 (IQR=25.1-32.4), and 83.6% of the patients
were male (Table 1). HDS treatment was either started on the day of ICU admission (n=14, 11.5%) or a median 7 days
(IQR=1-11) after ICU admission. One hundred and eighteen patients (96.7%) received the standard 3-day HDS regimen,
while 2 (1.6%) and 2 (1.6%) patients were treated with HDS for shorter (ie, <3 days) or longer (ie, >3 days) durations,
respectively. Of all included patients, 97% were treated with three days of 1 gram of methylprednisolone.

Patients were followed a median 23 days (IQR=14-36), totaling 11.2 person-years of observation (PYO). During
follow-up, 53 (43.3%) patients died a median 29 days (IQR=20-43) after hospital admission. The incidence rate of death
was 0.39 per person-months of observation (95% CI=0.29-0.50). Patient characteristics at baseline are compared
between survivors and non-survivors in Table 1. Non-survivors were significantly older (p=0.002) and had a lower

330 patients
with COVID-19 ARDS
admitted to the ICU of EMC

208 patients

no HDS treatment

A 4

123 patients
with COVID-19 ARDS
treated with HDS

1 patient excluded
»| with mortality < 2 days
after ICU admission

A 4

122 patients included
with COVID-19 ARDS
treated with HDS

Figure | Flow chart of patient selection. Flow chart of selecting patients included in analysis. All patients had COVID-19 ARDS and were admitted to the intensive care unit
(ICU) of the Erasmus University Medical Center (EMC) during the study period (March 28, 2020 to February 22, 2022).
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Table | Patient Characteristics at Baseline, Stratified on Survival Status During Follow-up

Patient Characteristics All Patients Survival Status p Value
Survivors Non-Survivors

n=122 n=69 n=53
Age, years 65 [58-70] 62 [57-67] 67 [61-72] 0.002
Male sex at birth 102 (83.6%) 55 (79.7%) 47 (88.7%) 0.22
BMI, kg/m? 28.3 [25.1-32.4] 30.1 [25.4-33.1] 27.7 [25.0-30.4] 0.022
Current smoking 4 (9.5%) 3 (10.7%) 1 (7.1%) 0.99
Comorbidities
Any comorbidity 46 (37.7%) 23 (33.3%) 23 (43.4%) 0.27
Peripheral vascular disease 3 (2.5%) 2 (2.9%) 1 (1.9%) 0.99
Chronic heart failure 3 (2.5%) I (1.5%) 2 (3.8%) 0.58
Myocardial infarct 10 (8.2%) 5 (7.3%) 5 (9.4%) 0.75
Pulmonary disease 8 (8.6%) 3 (5.5%) 5 (13.2%) 0.27
Neurological disease 3 (3.2%) 3 (5.4%) 0 (0%) 0.27
Renal disease 10 (10.5%) 4 (7.1%) 6 (15.4%) 0.31
Diabetes mellitus 23 (24.2%) 10 (17.9%) 13 (33.3%) 0.09
Immunodeficiency 9 (9.7%) 5 (8.9%) 4 (10.8%) 0.99
Malignancy I (11.6%) 5 (8.9%) 6 (15.4%) 0.35
Disease severity
APACHE-IV predicted mortality score at admission 0.229 [0.142-324] 0.226 [0.131-0.324] 0.245 [0.155-0.323] 0.24
SOFA score 7 [5-10] 6 [5-8] 8 [6-12] 0.001
P/F ratio, kPa 19.1 [12.8-25.4] 21.6 [14.8-25.8] 14.2 [11.0-21.7] 0.008
Length of ICU stay, days 23 [14-36] 27 [17-41] 20 [12-32] 0.029

Notes: Baseline was defined as the date of start high-dose corticosteroid treatment and mortality was assessed at hospital discharge. All continuous variables are reported
as median [IQR] and all categorical variables as counts and percentages. Survivors and non-survivors were compared using a Kruskal-Wallis test for continuous variables and
Pearson’s 2 test for categorical variables.

Abbreviations: BMI, body mass index; APACHE, acute physiology, age, and chronic health evaluation; P/F, PaO,/FiO,.

BMI (p=0.022) than survivors. Moreover, SOFA scores were higher (p=0.001) and PaO,/FiO, ratios were lower
(p=0.008) in non-survivors compared to survivors, indicating greater disease severity in non-survivors at the time of
commencing HDS treatment. There were no significant differences in the proportion of patients with various
comorbidities.

Biomarker Levels Over Time After Commencing HDS Treatment

The median (IQR) values of CRP, D-dimer, ferritin, leukocyte count, IL-6, LDH, NLR, and procalcitonin during follow-
up among survivors and non-survivors are shown in Figure 2. Most biomarkers demonstrated an immediate decrease
within the first two days after commencing HDS treatment, with the exception of NLR. Significant decreases were
observed for both survivors and non-survivors in CRP (p=0.0001 and p=0.0001, respectively), IL-6 (p=0.0001 and
p=0.0001, respectively), NLR (p=0.0001 and p=0.028, respectively); while only survivors had significant decreases in
ferritin (p=0.039) and only non-survivors had significant decreases in LDH (p=0.027) and procalcitonin (p=0.012).

Association Between Biomarker Levels and Mortality

The OR and 95% CI comparing the odds of death for a one-unit increase in biomarker levels are presented for each of the
first seven days following the initiation of HDS treatment in Supplementary Table 2 and are visualized in Figure 3. At
baseline, significant associations were observed with ferritin (p=0.019), leukocyte count (p=0.028), and NLR (p<0.0001).
Over time, ferritin (on days 6 and 7) and NLR (on all days except for day 1) remained significantly associated, while

other markers became significantly associated with mortality: CRP on days six and seven (p=0.031 and p=0.045,
respectively); LDH levels on days 6 and 7 (p=0.0080 and p=0.045); and IL-6 on day 7 (p<0.0001). D-dimer and
procalcitonin did not demonstrate significant associations with mortality on any day.
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Figure 2 Changes in median biomarker levels over time high-dose corticosteroid treatment. Biomarker levels in peripheral blood over time after commencing high-dose
corticosteroid treatment in patients with COVID-19 ARDS are shown for survivors (in blue) and non-survivors (in red). The biomarkers measured include, CRP (A),
D-dimer (B), ferritin (C), leukocyte count (D), IL-6 (E), LDH (F), NLR (G), and procalcitonin (H). Dots represent median levels, and shaded areas indicate interquartile
ranges.

Abbreviations: CRP, C-reactive protein; IL-6, interleukin-6; HDS, high-dose corticosteroids; LDH, lactate dehydrogenase; NLR, neutrophil-to-lymphocyte ratio.
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ratio.
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Predictive Capacity of Biomarker Levels on Mortality
Optimal cut-off levels for CRP, D-dimer, ferritin, leukocyte count, IL-6, LDH, NLR, and procalcitonin on each day after
commencing HDS treatment in predicting mortality are shown in the left column of Figure 4. Over time, cut-offs to predict
mortality for CRP, ferritin, and NLR initially increased, followed by a decrease on day 2 for CRP, and on day 3 for ferritin
and NLR. Cut-offs for procalcitonin gradually decreased over the first seven days following commencing HDS treatment,
whereas LDH levels remained stable D-dimer, leukocyte count, and IL-6 cut-offs had substantial fluctuations over time.

The corresponding Se and Sp of markers above the daily optimal cut-offs in predicting mortality are also visualised
over time in the right column of Figure 3. When measured at baseline, ferritin >1281 pg/L had the highest sensitivity
(Se=62%, 95% CI=47.2%-75.3%) and procalcitonin with >0.98 ng/mL had the highest specificity (Sp=79%, 95%
CI=66.5%-87.7%) in predicting mortality during follow-up. There were no consistent changes in Se and Sp of these
cutoffs in predicting mortality during follow-up, ranging from 38% (95% CI=25%-54%)-60%(95% CI=45%-74%) and
61%(95% CI=48%-72%)-80%(95% CI=68%-89%) for CRP, 28%(95% CI=16%-44%)-56%(95% CI=41%—-70%) and
59%(95% CI=46%—71%)-74%(95% CI=61-84%) for D-dimer, 31%(95% CI=18%—47%)-63%(95% CI=46%—78%) and
64%(95% CI=51%—-76%)-84%(95% CI=71%-92%) for ferritin, 33%(95% CI=20%—-50%)-61%(95% CI=46%—74%) and
61%(95% CI=48%—73%)—86%(95% CI=75%-93%) for leukocyte count, 33%(95% CI=19%-49%)-56%(95% CI=38%—
74%) and 65%(95% CI=52%—76%)-86% (95% CI=73%-94%) for IL-6, 28%(95% CI=16%—-48%)-61%(95% CI=51%—
73%) and 56%(95% CI=43%—68%)—-83%(95% CI=71%-91%) for LDH, 36%(95% CI=18%—-58%)-68%(95% CI=49%—
83%) and 72%(95% CI=56%—-85%)-91%(95% CI=78%-97%) for NLR, and 35%(95% CI=21%—52%)-56%(95%
CI=38%—74%), and 69%(95% CI=56%—-80%)—79%(95% CI=67%—-88%) for procalcitonin, respectively.

Exact values of optimal cut-offs are provided in Supplementary Table 3, along with their corresponding Se, Sp, PPV,

NPV, and positive and negative likelihood ratios.

Discussion

In this longitudinal study, we investigated the use of inflammatory biomarkers as outcome indicators in patients with
COVID-19 ARDS receiving HDS treatment. Our analysis revealed significant changes in biomarker levels following the
HDS treatment, with an initial decrease in median levels for all biomarkers, except NLR, among both survivors and non-
survivors. Interestingly, certain inflammatory biomarkers demonstrated a higher predictive capacity for mortality later in
the follow-up period, particularly on days six and seven. NLR consistently showed a strong association with mortality
across all time points, except for day 1, exhibiting higher sensitivity and specificity compared to the other biomarkers.
This study illustrates that inflammatory biomarkers, and especially NLR, could be of clinical value after commencing
HDS treatment when evaluating mortality in this patient population.

Similar to previous studies,”'*!?

we found significant associations between increased levels of NLR, ferritin, and
leukocyte count, measured at baseline, and mortality. After commencing HDS treatment, almost all biomarkers demon-
strated an initial decrease in median biomarker concentrations during a regimen consisting of three days of 1000 mg
methylprednisolone followed by a tapering phase with prednisone. This decrease could be the result of the anti-
inflammatory and cytokine-inhibiting effects of corticosteroids.'®*° The changes in levels of biomarkers may affect
their association with mortality. Indeed, in our study, the mortality associations seen at baseline transiently disappeared
on day 1, but reappeared on day 2 for NLR, and day 6 for ferritin. Additionally, increased levels of CRP and LDH
became significantly associated with mortality on days 6 and 7, and IL-6 on day 7. This observation highlights the added
value of using markers not only at baseline but also during the course of follow-up.

Importantly, the optimal cut-offs to predict mortality also fluctuated over time, albeit with comparable Se and Sp.
These changes should be considered if clinicians wish to predict mortality at different days after commencing HDS. This
longitudinal analysis does, however, have a certain caveat. Patients with missing information on inflammatory markers
during follow-up did not have data because they either died or improved sufficiently enough to be discharged from the
ICU. This type of censoring means that the target population consists of patients who survived until a given day and are
still in ICU, while mortality outcomes reflect those occurring in the time frame after the day of measurement.
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Notwithstanding the potential for survival bias, the results stratified on days after commencing HDS treatment would be
considered generalizable to those specifically remaining in ICU care.

ARDS is characterized by acute respiratory failure presumed to result from a hyperinflammatory state, which is
initiated by proinflammatory macrophages and neutrophils. Consequently, the degree of inflammation, as measured by
the levels of proinflammatory cytokines in the systemic compartment, would increase the risk of respiratory failure and
mortality.’® Previous ARDS research has identified two distinct subphenotypes: hyper-inflammatory and hypo-inflam-
matory, with the former characterized by excessive cytokine release (such as IL-6) and associated with higher mortality
rates.”>' Notably, corticosteroids have primarily shown survival benefits in COVID-19 patients with ARDS exhibiting
this hyperinflammatory subphenotype.*> While our findings also show that increased inflammatory markers, such as IL-6
and CRP, are associated with a higher risk of mortality, it remains unclear what is driving this association between hyper-
inflammation and mortality. Higher levels of inflammation could indicate a lack of treatment efficacy from the steroid
itself or from suboptimal timing or duration of corticosteroid therapy.>>** For example, the increase in NLR on day 2 in
the non-survivor group and its strong association with mortality might suggest persistent, uncontrolled inflammation
despite HDS administration. Alternatively, higher inflammation could be attributed to other causes, such as
superinfections.** ¢ Patients exhibiting increasing NLR, ferritin, CRP, LDH, or IL-6 on days six or seven may require
additional diagnostics to identify potential superinfections or consideration of alternative immunomodulatory treatment
strategies to optimize care. However, the lack of information on specific causes of death in our study prohibits any
inference on these latter causes of inflammation. NLR emerged as the biomarker with the most consistent association
with mortality in our cohort of patients with COVID-19 ARDS. Previous research has also consistently linked NLR to
poorer prognosis in COVID-19."7% In response to physiological stress, such as infections, endogenous cortisol is
released, leading to an increase in neutrophils and a decrease in lymphocytes, irrespective of corticosteroid treatment.*°
The excessive cytokine release that occurs in patients with COVID-19 ARDS, as evidenced by the high levels of
inflammatory markers (eg, IL-6) at baseline in our cohort, contributes to lymphocyte exhaustion.*' Unfortunately, we do
not have data on leukocyte subpopulations to further support these hypotheses. Additionally, exogenous corticosteroids
promote neutrophil survival, accentuating neutrophil-mediated inflammation,** while HDS induce significant lymphocyte
apoptosis.* These processes collectively result in a further elevation of NLR. As NLR shows an association with
mortality throughout the entire study period with the highest sensitivity and specificity, we consider it the best candidate
biomarker to potentially serve as an indicator of poor outcomes during or shortly after HDS administration.

Our study has several limitations. First, the absence of a standardized protocol for HDS during the early part of the
inclusion period means that the target population of those receiving HDS varied over time. Some patients who died early
in their ICU stay could have benefited from earlier HDS, potentially resulting in a survival bias. This limitation is,
however, shared across other studies from this period. Second, roughly one in four patients also received immunomo-
dulatory therapy in the form of the IL-6R inhibitor tocilizumab, which we could not account for in our analyses due to
data limitations. This treatment may have influenced the biomarker kinetics of IL-6 and CRP in these patients. Third,
some patients in our study received HDS during at later phases of ARDS, a stage characterized more by fibrosis than by
cellular inflammation, during which its effectiveness has been shown to be limited or unbeneficial for outcomes.™
Including these patients will likely bias kinetics towards slower rates and cutoffs to predict mortality towards higher
levels. Finally, we do not have data on biomarkers and outcomes after ICU discharge, which would have given us a more
accurate depiction of the predictive capacity of these markers. Despite these limitations, we were able to investigate a
wide range of inflammatory biomarkers in a population of ARDS patients with a uniform etiology.

Our findings demonstrate that certain biomarkers, particularly NLR, can predict all-cause mortality in COVID-19
ARDS patients after commencing HDS treatment. Even at later timepoints, elevated biomarker levels indicate increased
mortality. To determine whether this is caused by suboptimal corticosteroid therapy or other causes, such as super-
infections, additional information on co-infections and cause of death is crucial. Since patients receiving HDS are likely
to have different characteristics and disease severity, which in turn influences their risk of death compared to those not
receiving HDS, our analysis specifically focused on the population receiving HDS. Future studies will be required to
validate these findings in other populations (ie those without HDS). Furthermore, using inflammatory biomarkers as
predictors of severe outcomes may be extended to other COVID-19 treatment modalities that target the immune
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response, such as IL-6 inhibitors or low-dose corticosteroids. In anticipation of future infectious disease outbreaks
leading to ARDS, whether the same biomarkers can predict mortality during HDS in populations with ARDS from other
etiologies needs to be examined.

Conclusion

In COVID-19 ARDS patients treated with HDS, there are significant changes in biomarker levels following the
commencing HDS treatment, with an initial decrease in median levels for CRP, D-dimer, ferritin, leukocyte count, IL-
6, LDH, and procalcitonin among both survivors and non-survivors. At baseline, ferritin, leukocyte count, and NLR
demonstrated moderately high predictive capacity for mortality. Following the commencing HDS treatment, NLR, CRP,
ferritin, IL-6, and LDH exhibited predictive capacity for mortality, particularly on days six and seven. NLR emerged as
the most consistent predictor of mortality across all time points except day 1, demonstrating higher sensitivity and
specificity compared to other biomarkers.
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