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Summary 
Background The contribution of the virus to the pathogenesis of severe COVID-19 is still unclear. We aimed to evaluate 
associations between viral RNA load in plasma and host response, complications, and deaths in critically ill patients 
with COVID-19.

Methods We did a prospective cohort study across 23 hospitals in Spain. We included patients aged 18 years or older 
with laboratory-confirmed SARS-CoV-2 infection who were admitted to an intensive care unit between March 16, 2020, 
and Feb 27, 2021. RNA of the SARS-CoV-2 nucleocapsid region 1 (N1) was quantified in plasma samples collected 
from patients in the first 48 h following admission, using digital PCR. Patients were grouped on the basis of N1 
quantity: VIR-N1-Zero (<1 N1 copies per mL), VIR-N1-Low (1–2747 N1 copies per mL), and VIR-N1-Storm (>2747 N1 
copies per mL). The primary outcome was all-cause death within 90 days after admission. We evaluated odds ratios 
(ORs) for the primary outcome between groups using a logistic regression analysis.

Findings 1068 patients met the inclusion criteria, of whom 117 had insufficient plasma samples and 115 had key 
information missing. 836 patients were included in the analysis, of whom 403 (48%) were in the VIR-N1-Low group, 
283 (34%) were in the VIR-N1-Storm group, and 150 (18%) were in the VIR-N1-Zero group. Overall, patients in the 
VIR-N1-Storm group had the most severe disease: 266 (94%) of 283 patients received invasive mechanical ventilation 
(IMV), 116 (41%) developed acute kidney injury, 180 (65%) had secondary infections, and 148 (52%) died within 
90 days. Patients in the VIR-N1-Zero group had the least severe disease: 81 (54%) of 150 received IMV, 34 (23%) 
developed acute kidney injury, 47 (32%) had secondary infections, and 26 (17%) died within 90 days (OR for death 0·30, 
95% CI 0·16–0·55; p<0·0001, compared with the VIR-N1-Storm group). 106 (26%) of 403 patients in the VIR-N1-Low 
group died within 90 days (OR for death 0·39, 95% CI 0·26–0·57; p<0·0001, compared with the VIR-N1-Storm 
group).

Interpretation The presence of a so-called viral storm is associated with increased all-cause death in patients admitted 
to the intensive care unit with severe COVID-19. Preventing this viral storm could help to reduce poor outcomes. 
Viral storm could be an enrichment marker for treatment with antivirals or purification devices to remove viral 
components from the blood.
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Introduction 
The pathophysiological processes of severe COVID-19 
are currently unclear. The predominant hypothesis 
during the pandemic has been that severe respiratory 
failure caused by SARS-CoV-2 infection can be explained 
by an exacerbated inflammatory response following the 
resolution of viral replication.1 This model was aligned 
with the so-called cytokine storm theory, which proposes 
that severe COVID-19 is caused by a massive release of 
cytokines to the blood, leading to the induction of a life-
threatening systemic inflammatory syndrome.2 Although 

patients who are critically ill with COVID-19 do show 
elevated concentrations of cytokines and inflammatory 
mediators in the blood, these concentrations are 
nonetheless substantially lower than those observed in 
patients with bacterial sepsis, chimeric antigen receptor 
T-cell-induced cytokine release syndrome, or acute 
respiratory distress syndrome unrelated to COVID-19.3,4 
As proposed by Leisman and colleagues,3 alternative 
mechanisms other than a cytokine storm should be 
considered to explain the organ dysfunction induced by 
SARS-CoV-2 infection.
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The involvement of the virus in the pathophysiology of 
severe COVID-19 has remained unclear during the 
pandemic,5 potentially because it is difficult to study. 
Obtaining samples from the lower respiratory tract for 
investigation in virological studies is challenging. Such 
samples can only be collected from patients receiving 
invasive mechanical ventilation with a clinical indication.6 
As a consequence, studies using samples from the lower 
respiratory tract tend to involve a small number of 
patients. Plasma can represent an alternative to 
investigate the role of the virus in critical COVID-19 
illness. The presence of SARS-CoV-2 RNA in plasma 
(RNAemia) is thought to be a consequence of the leakage 
of viral RNA or virions from the lung to the blood 
through a damaged alveolar–vascular barrier.7,8 Evidence 
from previous studies suggests that the concentration of 
SARS-CoV-2 RNA in plasma or serum is a surrogate of 
the degree of viral replication in the lower respiratory 
tract.9,10 By contrast with samples from the lower 
respiratory tract, plasma constitutes a matrix with a more 

homogeneous composition that can be easily collected 
from patients with or without invasive mechanical 
ventilation, contributing to building a more comprehen
sive picture of the participation of the virus in the critical 
illness induced by COVID-19. Moreover, viral RNA load 
profiled in plasma seems to be a better predictor of 
outcome than that profiled in samples from the lower 
respiratory tract.11

There are only a few studies quantifying viral RNA in 
plasma or serum from critically ill patients with 
COVID-19. These studies have involved small numbers of 
patients and mostly used standard real-time quantitative 
PCR (qPCR).9,11–14 qPCR quantification provides a 
semiquantitative evaluation of the viral RNA load in 
plasma based on the cycle threshold of amplification 
curves, requiring a standard curve to provide absolute 
quantification.15 This process affects reproducibility and 
makes it difficult to compare the results obtained from 
different studies. Furthermore, performance of qPCR is 
poor in samples with low concentrations of viral RNA.16 
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Research in context

Evidence before this study
The pathophysiological process of severe COVID-19 is currently 
unclear. While the cytokine storm theory has been extensively 
discussed in the literature, it has been challenged by evidence 
from previous studies. The role of SARS-CoV-2 in the 
pathogenesis of the organ failure caused by COVID-19 has not 
been sufficiently studied. A potential reason is that obtaining 
samples from the lower respiratory tract for investigation in 
virological studies is challenging. Evidence suggests that 
profiling viral RNA in plasma is a surrogate of the degree of viral 
replication in the lower respiratory tract.

We searched PubMed on Aug 10, 2022, for relevant articles 
published in English from March 11, 2020, to Aug 10, 2022, 
using the terms “SARS-CoV-2”, “viremia”, “RNAemia”, “viral 
load”, “plasma”, “serum”, “blood”, “critical”, and “ICU”. We found 
only six studies quantifying SARS-CoV-2 RNA in plasma from 
critically ill patients with COVID-19. These studies had small 
cohorts (usually fewer than 100 patients) and used standard 
quantitative PCR (qPCR), a technology that is less precise in 
providing absolute quantification than digital PCR (dPCR). Only 
two pilot studies used dPCR, a next-generation PCR technology 
that outperforms qPCR to detect and quantify SARS-CoV-2 
RNA.

Added value of this study
To our knowledge, this is the largest study to date to evaluate in 
parallel viral RNA load in plasma and host responses in critically 
ill patients with COVID-19. The study included 
836 unvaccinated patients across 23 hospitals in Spain. Using 
dPCR, we identified a group of patients who were admitted to 
the intensive care unit with a very high viral RNA load in plasma 
(>2747 SARS-CoV-2 nucleocapsid region [N1] copies per mL 
[VIR-N1-Storm]), who had a high rate of death (about half of 

these patients died in the first 90 days following admission). 
This group represented about one-third of the patients in our 
cohort, and had more frequent pulmonary and extrapulmonary 
complications than patients with lower viral load. Most of the 
patients in the VIR-N1-Storm group also had N-antigenaemia, 
and they had low concentrations of SARS-CoV-2 anti-S 
antibodies and biomarker signatures indicating a deep 
dysregulation of the host response to the infection, involving 
activation of inflammation, chemotaxis, neutrophil 
degranulation, antiviral response, immunosuppression, 
endothelial dysfunction, and tissue damage.

Implications of all the available evidence
This study shows that a noteworthy proportion of patients 
with severe COVID-19 develop a so-called viral storm, 
characterised by a massive release of viral components to the 
blood, which is associated with biological responses similar to 
those observed in sepsis, the development of frequent 
complications, and high mortality. Patients who showed no 
signs of this viral storm at intensive care unit admission had a 
significantly lower risk of death than patients in the VIR-N1-
Storm group, which supports that the early control of viral 
replication is a key factor to increase survival in COVID-19. Our 
results encourage the use of strategies aimed to prevent 
uncontrolled viral replication in patients at high risk of severe 
COVID-19 (eg, up-to-date vaccination, prophylaxis with anti-S 
monoclonal antibodies with neutralising activity, and early 
administration of antivirals during COVID-19). Our findings 
suggest that evaluating the presence of a viral storm at 
intensive care unit admission could serve as a predictive 
enrichment tool for trials testing antiviral therapies or blood 
purification devices to remove viral components in critically ill 
patients with COVID-19.
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Digital PCR (dPCR) is a disruptive technology due to its 
enhanced sensitivity17 and its ability to provide absolute 
quantification.15 Several reports have shown that this 
technology outperforms qPCR to detect and quantify 
SARS-CoV-2 RNA.18–20

To better understand the contribution of the virus to 
the pathogenesis of severe COVID-19, we aimed to 
evaluate associations between viral RNA load in plasma 
and host response, complications, and deaths in critically 
ill patients with COVID-19.

Methods 
Study design and participants 
We did a prospective cohort study (a sub-study of 
CIBERESUCICOVID; NCT04457505) across 23 hospitals 
in Spain (appendix 2 p 3). We included critically ill 
patients aged 18 years or older with laboratory-confirmed 
SARS-CoV-2 who were admitted to an intensive care unit 
(ICU) between March 16, 2020, and Feb 27, 2021, and 
had a plasma EDTA (edetic acid) sample collected in the 
first 48 h following admission. Patients were recruited 
during the first three epidemic periods of the COVID-19 
pandemic as defined by the Spanish National Centre of 
Epidemiology.21

Exclusion criteria were unconfirmed SARS-CoV-2 
infection, missing data at baseline or hospital discharge, 
insufficient volume in the plasma samples, and ICU 
admission due to other reasons. None of the patients had 
received any dose of an anti-SARS-CoV-2 vaccine at 
recruitment. The study received approval by the 
Institution’s Internal Review Board (Comité Ètic 
d’Investigació Clínica, HCB/2020/0370). Individual 
hospitals obtained the respective local ethics committee 
approval. The study was performed in full compliance 
with the Declaration of Helsinki and national and 
international laws on data protection. Written informed 
consent was obtained from each participant or their legal 
representative.

Procedures 
We recorded data on demographics, comorbidities, and 
previous treatment. The variable of sex corresponded to 
the sex assigned at birth. Standard laboratory and clinical 
data were collected at ICU admission. The pharmacological 
treatments administered and interventions performed 
during the hospital admission were also collected. Main 
complications during hospital stay were reported, 
including pulmonary complications, hyperglycaemia 
(plasma glucose concentrations >126 mg/dL), secondary 
infections, gastrointestinal bleeding, acute kidney injury 
(an increase in serum creatinine by ≥0·3 mg/dL within 
48 h, an increase in serum creatinine to ≥1·5 times 
baseline, or a urine volume of <0·5 mL/kg per h for 6 h, or 
a combination thereof), acute hepatic failure (clinical 
jaundice, hyperbilirubinaemia [ie, blood total bilirubin 
concentration of twice the upper limit of the normal range 
(>2·4 mg/dL)], or an increase in alanine aminotransferase 

or aspartate aminotransferase to twice the upper limit of 
the normal range [>80 U/L], or a combination thereof), 
and anaemia (haemoglobin concentrations <13 g/dL in 
male patients or <12 g/dL in female patients). All data 
were pseudonymised and stored in a REDCap database 
hosted in the Centro de Investigación Biomédica en Red 
(CIBER), Madrid, Spain. Blood donors recruited from the 
Centro de Hemoterapia y Hemodonación de Castilla y 
León (Valladolid, Spain) were included as healthy controls. 
Further details on the study methodology have been 
published elsewhere.22

Blood samples were collected in EDTA tubes and 
immediately centrifuged to separate plasma. Plasma was 
stored at –80°C at the participant sites. Frozen plasma 
samples were sent to the Biosepsis laboratory in Valladolid, 
Spain, for viral load quantification and biomarker 
profiling. A sample was sent to the National Center of 
Microbiology (Majadahonda, Spain) for antibody 
quantification.

SARS-CoV-2 RNA was extracted from 140 µL of plasma 
using the QIAamp Viral RNA Mini Kit (Qiagen, Venlo, 
Netherlands), according to manufacturer instructions. 
Quantification of the SARS-COV-2 nucleocapsid region 1 
(N1) and RNAse P RNA was done with 5 μL of 
the eluted solution using the SARS-CoV-2 droplet 
dPCR kit (Bio-Rad, Hercules, CA, USA) according to 
manufacturer’s specifications on a QX-200 droplet dPCR 
platform from the same provider. RNAse P is a ubiquitous 
human intracellular marker that is detectable in circula
tion when tissues and cells are damaged.23

N-antigenaemia was defined as a positive result for the 
presence of N-antigen of SARS-CoV-2 in plasma using 
the Panbio COVID-19 Ag Rapid Test (Abbott, Chicago, IL, 
USA), as previously described.24

A specific immunoassay was developed to quantify 
anti-SARS-CoV-2 S IgG and IgM antibodies in plasma, as 
well as the activity of plasma samples to inhibit the 
binding between the S protein and the angiotensin-
converting enzyme 2 (ACE2) receptor (appendix 2 
pp 5–6).

We quantified 40 biomarkers in plasma using the Ella-
SimplePlex system (Bio-Techne, Minneapolis, MN, USA) 
as per manufacturer instructions: lipocalin-2, 
myeloperoxidase, pentraxin 3 (PTX-3), triggering receptor 
expressed on myeloid cells (TREM-1), granulocyte colony-
stimulating factor (G-CSF), granulocyte macrophage 
colony-stimulating factor (GM-CSF; granulocyte biology), 
intercellular adhesion molecule 1 (ICAM-1), vascular cell 
adhesion molecule 1 (VCAM-1), E-selectin, endothelin-1, 
angiopoietin 2 (endothelial dysfunction), D-dimer, 
u-Plasminogen activator (UPA; coagulation), interleukin 
(IL)-1β, IL-6, IL-17A, IL-12p70, IL-2, IL-15, tumour necrosis 
factor alpha (TNF α; inflammation), C-X-C motif 
chemokine ligand 10 (CXCL10), C-C motif chemokine 
ligand 2 (CCL2), IL-8, regulated on activation, normal T 
cell expressed and secreted protein (RANTES; 
chemotaxis), interferon (IFN)-α, IFN-β, IFN-γ (interferon 
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response), IL-10, IL-1ra, programmed death-ligand 1 
(B7-H1 or PD-L1), cytotoxic T-lymphocyte antigen 4 
(CTLA-4; immunosuppression), IL-4 (T helper 2 response), 
IL-7, granzyme A, granzyme B, cluster differentiation 27 
molecule (CD27; T-cell biology), FAS (apoptosis), 
surfactant protein D, epithelial growth factor (EGF), and 
ferritin (acute phase reactant).

Outcomes 
The primary outcome was all-cause death within 
90 days after admission to the ICU. The primary 
outcome was known for all the patients included in the 
study. Main predictors evaluated were viral N1 load in 
plasma (as a continuous or categorical variable) and the 
presence of N-antigenaemia. We also compared 
the complications (invasive mechanical ventilation, 
hyperglycaemia, secondary infections, anaemia, acute 
kidney injury, acute liver failure, renal replacement 
therapy, pulmonary thromboembolism, hypoglycaemia, 
and bleeding), time outside ICU, time outside hospital, 
biomarkers, and antibody concentrations in plasma 
between the groups.

Statistical analysis 
A multivariable logistic regression analysis model was 
built to evaluate the association of viral N1 load with 
90-day mortality, adjusted by the most relevant clinical 
variables. Because this initial analysis supported that 
viral N1 load was an important factor influencing 
mortality, we next divided the cohort into three groups on 
the basis of viral N1 load to compare their biological and 
clinical characteristics. We avoided using arbitrary 
thresholds of viral RNA load to build the three groups. 
Accordingly, we used two objective thresholds: absence 
of viral N1 RNA in plasma for the lower threshold, and 
the best value of viral RNA load to predict mortality as 
the upper threshold. Therefore, patients with less than 
1 viral N1 RNA copy per mL of plasma were included in 
the VIR-N1-Zero group. The remaining patients were 
distributed into one of two further groups based on the 
threshold of viral N1 RNA predicting 90-day mortality 
more accurately in the receiver operating characteristic 
curve, as indicated by the Youden index (2747 N1 copies 
per mL; appendix 2 p 7). Patients with 1–2747 N1 copies 
per mL were included in the VIR-N1-Low group, and 
patients with more than 2747 N1 copies per mL were 
included in the VIR-N1-Storm group. The resulting 
categorical variable was tested by the multivariable 
analysis for its association with mortality, as was 
N-antigenaemia. Missing values were not imputed, 
because only 2·3% of patients were excluded from the 
multivariable analysis due to missing values. Differences 
between groups were assessed using the χ² test for 
categorical variables and the Kruskal–Wallis test for 
continuous variables. The level of significance was set 
at 0·05. Statistical analysis was done using IBM SPSS 
Statistics (version 25.0).

Role of the funding source 
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results 
1068 patients met the inclusion criteria, of whom 117 had 
insufficient plasma samples and 115 had key information 
missing. 836 patients were included in the analysis, of 
whom 403 (48%) were in the VIR-N1-Low group, 
283 (34%) were in the VIR-N1-Storm group, and 
150 (18%) were in the VIR-N1-Zero group (table 1). Most 
patients were male. Patients in the VIR-N1-Storm group 
were on average older than patients in the other groups. 
Hypertension, diabetes of any type, obesity, chronic 
cardiac disease, and chronic pulmonary disease were the 
most common comorbidities, and prevalence of diabetes 
was highest in the VIR-N1-Storm group. Patients in the 
VIR-N1-Storm group had the worst respiratory function 
on admission to the ICU, as assessed by the ratio of 
arterial oxygen partial pressure to fractional inspired 
oxygen. Patients in the VIR-N1-Zero group were on 
average admitted to the ICU later after the onset of 
symptoms than patients in the other groups, and were 
less frequently treated with hydroxychloroquine, 
lopinavir or ritonavir, or interferon beta. By contrast, 
patients in the VIR-N1-Storm group received remdesivir 
less frequently than patients in the VIR-N1-Low group, 
but no other differences were found regarding remdesivir 
treatment between the three groups of patients. Most 
patients in our cohort received corticosteroids 
(n=807 [97%]) and one-fifth received tocilizumab 
(n=187 [22%]), with a similar proportion of patients 
receiving these drugs in each of the three groups. Neither 
the viral N1 load nor the prevalence of N-antigenaemia 
were different in patients who received remdesivir, 
lopinavir or ritonavir, tocilizumab, hydroxychloroquine, 
or interferon beta compared with those who did not 
receive these drugs (all p values >0·05, data not shown).

Before admission to the ICU, lopinavir or ritonavir was 
initiated in two patients (<1%), remdesivir was initiated 
in 16 (2%), interferon beta was initiated in four (<1%), 
hydroxychloroquine was initiated in two (<1%), tocili
zumab was initiated in 20 (2%), and corticosteroids were 
initiated in 62 (7%), with no significant differences 
between the three groups. Viral RNA load in plasma for 
the three groups is shown in figure 1. A progressive 
increase in the prevalence of N-antigenaemia was 
observed in the groups, from lowest in the VIR-N1-Zero 
group (23 [15%] of 150 patients) to highest in the VIR-N1-
Storm group (187 [66%] of 283; figure 1). Viral N1 load in 
plasma yielded an area under the curve of 0·74 to detect 
N-antigenaemia (appendix 2 p 8).

Patients in the VIR-N1-Zero group less frequently 
received mechanical ventilation during their ICU 
admission than patients in the other groups (figure 2). By 
contrast, patients in the VIR-N1-Storm group received 
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VIR-N1-Zero group 
(n=150)

VIR-N1-Low group 
(n=403)

VIR-N1-Storm group 
(n=283)

p value for 
VIR-N1-Zero vs 
VIR-N1-Low

p value for 
VIR-N1-Zero vs 
VIR-N1-Storm

p value for 
VIR-N1-Low vs 
VIR-N1-Storm

Characteristics

Age, years 60 (51–71) 64 (56–71) 68 (60–75) 0·22 <0·0001 <0·0001

Sex

Female 53 (35%) 121 (30%) 86 (30%) ·· ·· ··

Male 97 (65%) 282 (70%) 197 (70%) 0·23 0·29 0·92

Time from symptoms onset to ICU admission, days 11 (8–15) 10 (7–12) 9 (7–12) 0·0074 0·0001 0·31

SOFA score 4 (3–6) 5 (4–7) 5 (4–7) 0·015 <0·0001 0·014

PaO2:FiO2 ratio 118·84 (91·22–160·42) 109·00 (80·00–143·06) 97·71 (70·00–128·89) 0·041 <0·0001 0·015

Mean arterial pressure, mm Hg 87·73 (74·08–100·00) 88·80 (76·67–100·00) 88·80 (76·67–97·67) ·· ·· ··

Haemoglobin concentration, g/dL 13·40 (11·78–14·53) 13·40 (12·23–14·50) 13·20 (11·90–14·60) ·· ·· ··

Comorbidities

Hypertension 70 (47%) 209 (52%) 162 (57%) 0·28 0·036 0·16

Obesity 62 (41%) 145 (36%) 92 (33%) 0·25 0·068 0·35

Diabetes 32 (21%) 98 (24%) 89 (31%) 0·46 0·026 0·039

Chronic pulmonary disease 11 (7%) 48 (12%) 46 (16%) 0·12 0·0090 0·10

Chronic cardiac disease 13 (9%) 51 (13%) 38 (13%) 0·19 0·14 0·77

Immunosuppression 12 (8%) 35 (9%) 34 (12%) 0·80 0·19 0·15

Gastrointestinal or pancreatic comorbidity 12 (8%) 34 (8%) 24 (9%) 0·87 0·86 0·98

Chronic neurological disease 9 (6%) 24 (6%) 27 (10%) 0·98 0·20 0·078

Chronic kidney disease 7 (5%) 27 (7%) 25 (9%) 0·38 0·12 0·30

Current smoker 11 (7%) 30 (7%) 18 (6%) 0·97 0·70 0·58

Asthma 8 (5%) 24 (6%) 16 (6%) 0·78 0·89 0·87

Genitourinary disease 4 (3%) 18 (5%) 22 (8%) 0·34 0·033 0·069

Alcoholism* 10 (7%) 19 (5%) 9 (3%) 0·36 0·092 0·32

Mild chronic liver disease 5 (3%) 13 (3%) 15 (5%) 0·95 0·35 0·18

Treatment during hospital admission

Corticosteroids 143 (97%) 389 (97%) 275 (98%) 0·66 0·70 0·31

Tocilizumab 29 (20%) 88 (22%) 70 (25%) 0·56 0·22 0·37

Remdesivir 29 (20%) 87 (22%) 39 (14%) 0·60 0·12 0·0095

Lopinavir or ritonavir 4 (3%) 53 (13%) 29 (10%) 0·0003 0·0050 0·25

Hydroxychloroquine 1 (1%) 45 (11%) 24 (9%) <0·0001  0·0010 0·25

Interferon beta 0 24 (6%) 15 (5%) 0·0024 0·0043 0·72

Complications

Invasive mechanical ventilation 81 (54%) 318 (79%) 266 (94%) <0·0001 <0·0001 <0·0001

Hyperglycaemia 86 (59%) 282 (70%) 205 (73%) 0·011 0·0023 0·40

Secondary infection 47 (32%) 208 (52%) 180 (65%) <0·0001 <0·0001 0·0009

Anaemia 57 (39%) 199 (49%) 182 (65%) 0·027 <0·0001 <0·0001

Acute kidney injury 34 (23%) 126 (31%) 116 (41%) 0·063 0·0002 0·0078

Acute liver failure 33 (22%) 85 (21%) 78 (28%) 0·73 0·23 0·044

Renal replacement therapy 6 (4%) 32 (8%) 37 (13%) 0·11 0·0030 0·029

Pulmonary thromboembolism 14 (10%) 20 (5%) 21 (8%) 0·062 0·51 0·18

Hypoglycaemia 6 (4%) 27 (7%) 23 (8%) 0·25 0·11 0·47

Bleeding 7 (5%) 25 (6%) 18 (6%) 0·52 0·50 0·92

Outcomes by 90 days after ICU admission

Deaths 26 (17%) 106 (26%) 148 (52%) 0·028 <0·0001 <0·0001

Time outside ICU among survivors, days 82 (77–85) 77 (64–82) 64 (43–76) <0·0001 <0·0001 <0·0001

Time outside hospital among survivors, days 72 (60–78) 65 (47–73) 48 (19–64) <0·0001 <0·0001 <0·0001

Data are median (IQR) or n (%) unless otherwise stated. p values were calculated using the Kruskal–Wallis test with Bonferroni post-hoc test adjustment for continuous variables, and χ² test for categorical 
variables. Data were missing for haemoglobin (n=36), hydroxychloroquine (n=4), lopinavir or ritonavir (n=4), remdesivir (n=4), corticosteroids (n=5), tocilizumab (n=4), interferon beta (n=4), invasive 
mechanical ventilation (n=1), renal replacement therapy (n=3), pulmonary thromboembolism (n=35), acute liver failure (n=5), acute kidney injury (n=4), secondary infection (n=14), hyperglycaemia (n=5), 
hypoglycaemia (n=4), bleeding (n=4), and anaemia (n=4). N1=SARS-CoV-2 nucleocapsid region. ICU=intensive care unit. SOFA=Sequential Organ Failure Assessment. PaO2=arterial oxygen partial pressure. 
FiO2=fractional inspired oxygen. *Alcoholism was defined as a mantained excessive alcohol consumption (>4 drinks per day for women or >5 drinks per day for men) in the 6 months before COVID-19 symptoms.

Table 1: Participant characteristics and outcomes 
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mechanical ventilation more frequently than patients in 
the other groups. Patients in the VIR-N1-Storm group 
also more frequently had acute kidney injury and 
secondary infections during the ICU admission than 
patients in the other groups (secondary infections are 
detailed in appendix 2 [p 9]). Although haemoglobin 
concentrations at ICU admission did not differ 
significantly between groups with different viral load, 
anaemia as a complication was more frequent in the 
VIR-N1-Storm group than in the other groups (figure 2). 
Patients in the VIR-N1-Zero group less frequently had 
hyperglycaemia than those in the other groups.

The multivariable analysis showed that viral N1 load (as 
a continuous variable) was a predictor of 90-day all-cause 
mortality, independently of age, sex, COVID-19 severity 
at admission, duration of disease evolution, epidemic 
period, number of comorbidities, antecedent of immuno
suppression, type of treatment, and complications 
(table 2). When viral N1 load was introduced in the model 
as a categorical variable, this analysis showed that 
patients in the VIR-N1-Zero group had the lowest odds of 
death within 90 days after admission as compared with 
patients in the VIR-N1-Storm group, followed by those in 
the VIR-N1-Low group (table 2). By 90 days after 
admission, 26 (17%) of 150 patients in the VIR-N1-Zero 
group, 106 (26%) of 403 in the VIR-N1-Low group, and 

Figure 1: Virological and antibody profiles
(A) Viral RNA load in plasma (copies of N1 mRNA per mL of plasma). (B) Prevalence of N-antigenaemia in each group. (C) Anti-SARS-CoV-2 S IgG concentrations in 
plasma. (D) Anti-SARS-CoV-2 S IgM concentrations in plasma. (E) Percentage of plasma binding inhibition of SARS-CoV-2 S protein to ACE2 receptor. Patients were 
distributed in two categories in each group (those with an inhibitory activity of 50% or greater and those with an inhibitory activity of less than 50%). N1=SARS-
CoV-2 nucleocapsid region. AUC=area under the curve. ACE2=angiotensin-converting enzyme 2.
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148 (52%) of 283 in the VIR-N1-Storm group had died 
(table 1, figure 2; appendix 2 p 10). Patients who survived 
in the VIR-N1-Zero group had a greater number of days 
out of the ICU and out of hospital in the first 90 days 
after admission to the ICU than those in the other groups 
(table 1). The multivariable analysis showed that the 
presence of N-antigenaemia was associated with 
increased mortality, using the same adjusting variables 
(table 2).

Patients in the VIR-N1-Zero group had the lowest 
concentrations of C-reactive protein in plasma, while 
patients in the VIR-N1-Storm group had the highest 
(appendix 2 p 11). By contrast, patients in the VIR-N1-
Zero group had the highest monocyte counts. Patients 
in the VIR-N1-Storm group had the highest plasma 
glucose concentrations upon admission to the ICU.

Patients in the VIR-N1-Zero group had the highest 
concentrations of anti-SARS-CoV-2 S IgG antibodies in 
plasma at ICU admission (figure 1; appendix 2 p 11). By 
contrast, patients in the VIR-N1-Storm group had the 
lowest concentrations of both anti-SARS-CoV-2 S IgG and 

IgM antibodies. In parallel, plasma from patients in the 
VIR-N1-Zero group showed the strongest inhibitory 
activity of the interaction between the SARS-CoV-2 
S protein and the ACE2 receptor, and plasma from 
patients in the VIR-N1-Storm group showed the lowest 
inhibitory activity (figure 1).

Patients in the VIR-N1-Zero group had the lowest 
plasma concentrations of RNAse P mRNA (appendix 2 
pp 11–12). By contrast, concentrations of this marker 
were raised markedly in patients in the VIR-N1-Storm 
group. Concentrations of this marker were highest in 
patients who received invasive mechanical ventilation 
and in those who died (median RNAse P mRNA 
concentration 90  817 copies per mL [IQR 44  257–170  161] 
in patients who received invasive mechanical ventilation 
vs 45  278 copies per mL [20  867–81  532] in patients not 
requiring invasive mechanical ventilation, p<0·0001; 
median RNAse P mRNA concentration 95  604 copies 
per mL [IQR 52  148–201  275] in patients who died vs 
70  023 copies per mL [32  010–128  565] in patients who 
remained alive, p<0·0001).

Model 1 Model 2 Model 3

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

Viral RNA load in plasma, copies per mL 1·15 (1·08–1·22) <0·0001 ·· ·· ·· ··

Viral RNA load category

VIR-N1-Storm ·· ·· 1 (ref) ·· ·· ··

VIR-N1-Zero ·· ·· 0·30 (0·16–0·55) <0·0001 ·· ··

VIR-N1-Low ·· ·· 0·39 (0·26–0·57) <0·0001 ·· ··

N-antigenaemia (yes vs no) ·· ·· ·· ·· 1·57 (1·09–2·26) 0·015

Age, years 1·07 (1·05–1·09) <0·0001 1·07 (1·05–1·09) <0·0001 1·08 (1·06–1·10) <0·0001

Sex (male) 1·04 (0·71–1·53) 0·84 1·02 (0·69–1·51) 0·92 1·02 (0·70–1·50) 0·91

SOFA score 1·13 (1·04–1·23) 0·0050 1·14 (1·04–1·24) 0·0040 1·13 (1·04–1·23) 0·0050

Time since symptoms onset, days 1·03 (0·99–1·08) 0·14 1·03 (0·99–1·07) 0·19 1·02 (0·98–1·07) 0·28

Epidemic period

Period 1 1 (ref) ·· 1 (ref) ·· 1 (ref) ··

Period 2 0·33 (0·17–0·64) 0·0010 0·36 (0·19–0·69) 0·0020 0·35 (0·19–0·67) 0·0010

Period 3 0·55 (0·28–1·09) 0·089 0·58 (0·29–1·16) 0·12 0·62 (0·32–1·20) 0·15

Multimorbidity 0·96 (0·85–1·09) 0·53 0·96 (0·84–1·09) 0·48 0·96 (0·85–1·09) 0·54

Immunosuppression 2·36 (1·32–4·22) 0·0040 2·32 (1·29–4·18) 0·0050 2·52 (1·41–4·49) 0·0020

Remdesivir 0·92 (0·57–1·48) 0·72 0·97 (0·60–1·57) 0·90 0·88 (0·55–1·41) 0·60

Tocilizumab 0·83 (0·54–1·28) 0·41 0·82 (0·53–1·27) 0·38 0·92 (0·60–1·42) 0·71

Invasive mechanical ventilation 3·29 (1·62–6·67) 0·0010 3·37 (1·66–6·84) 0·0010 4·11 (2·06–8·20) <0·0001

Acute kidney injury 2·17 (1·48–3·20) <0·0001 2·21 (1·50–3·26) <0·0001 2·10 (1·44–3·07) <0·0001

Acute liver failure 1·38 (0·91–2·10) 0·13 1·38 (0·90–2·10) 0·14 1·42 (0·94–2·14) 0·096

Secondary infection 1·01 (0·69–1·50) 0·95 0·99 (0·67–1·47) 0·97 1·02 (0·70–1·50) 0·91

Hyperglycaemia 1·64 (1·06–2·54) 0·026 1·68 (1·08–2·60) 0·021 1·65 (1·07–2·54) 0·023

Anaemia 1·25 (0·84–1·87) 0·27 1·23 (0·82–1·84) 0·31 1·27 (0·85–1·87) 0·24

Model 1 evaluated viral N1 load as a continuous variable, model 2 evaluated viral N1 load as a categorical variable, and model 3 evaluated N-antigenaemia. Each of the 
models included 817 patients. Copies per mL of viral RNA were transformed to Napierian log values to reach a normal distribution. Epidemic period 1 was from March 16 to 
June 21, 2020; epidemic period 2 was from June 22 to Dec 6, 2020; and epidemic period 3 was from Dec 7, 2020, to Feb 27, 2021. Multimorbidity was a composed variable 
obtained from the summation of hypertension, diabetes, obesity, chronic cardiac disease, chronic neurological disease, chronic kidney disease, chronic pulmonary disease, 
gastrointestinal or pancreatic comorbidity, asthma, genitourinary disease, and mild chronic liver disease. N1=SARS-CoV-2 nucleocapsid region. OR=odds ratio. 
SOFA=Sequential Organ Failure Assessment.

Table 2: Multivariable logistic regression analysis for odds of 90-day mortality
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As with RNAse P mRNA, and by contrast to what was 
observed for antibodies, there was a progressive increase 
in the concentrations of several biomarkers involved in 
innate immunity, endothelial dysfunction, and immuno
suppression across the three compared groups, with 

patients in the VIR-N1-Zero group showing the lowest 
concentrations and patients in the VIR-N1-Storm group 
showing the highest (figure 3; appendix 2 pp 13–14). These 
biomarkers were T helper 1 or interferon pro-inflammatory 
mediators (TNF-α, IL-15, IFN-α, IFN-γ), molecules with 
chemotactic activity for monocytes (CCL2), granulocytes 
(IL-8 and G-CSF) and T cells (CXCL10 or IP-10), a potent 
vasoconstrictor peptide produced by vascular endothelial 
cells (ET-1), an immunomodulatory cytokine (IL-10), a 
checkpoint inhibitor of T-cell function (PD-L1), and a 
serin-protease mediating apoptosis of infected cells by 
T-CD8 cells and natural killer cells (granzyme B). An 
activator of the complement pathway (PTX-3), together 
with a T helper 2 or T helper 17 cytokine (IL-6), were 
among the mediators that showed the greatest increases 
from the VIR-N1-Zero group to the VIR-N1-Storm group. 
Patients in the VIR-N1-Storm group showed the highest 
concentrations of a marker of neutrophil degranulation 
(MPO), of the immunomodulatory mediator IL-1ra, the 
inflammatory marker TREM-1, and finally of another 
marker of endothelial dysfunction, VCAM-1. The three 
groups of patients did not show induced secretion of 
IFN-β and IL-1 β, IL-12p70, UPA, IL-17A, and lipocalin-2, 
had low concentrations of the adaptive immunity 
stimulator IL-2, and had below average concentrations of 
granzyme A (a T-cell effector molecule) and IL-4 (a 
T helper 2 cytokine). Figure 4 summarises the biological 
responses and clinical outcomes in the three groups.

Figure 3: Heat map showing biomarker concentrations by viral RNA N1 load 
group
Results are provided as log 2 (median in each group divided by median in 
healthy controls). Differences in the concentrations of the biomarkers shown 
here were significant (p<0·05) for all the comparisons between the three groups 
(VIR-N1-Zero, VIR-N1-Low, and VIR-N1-Storm). N1=SARS-CoV-2 nucleocapsid 
region. IFN=interferon. GZB=granzyme B. TNF=tumour necrosis factor. 
ET=endothelin. CCL=C-C motif chemokine ligand. IL=interleukin. 
PD-L=programmed death-ligand. G-CSF=granulocyte colony-stimulating factor. 
CXCL=C-X-C motif chemokine ligand. PTX=pentraxin.

Figure 4: Biological responses and clinical outcomes in patients in the VIR-N1-Zero, VIR-N1-Low, and VIR-N1-Storm viral load groups
N1=SARS-CoV-2 nucleocapsid region. PTX=pentraxin. Th1=T helper 1 cytokines. IFN=interferon. Ch=chemokines. IL=interleukin. PD-L=programmed death-ligand.
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Discussion 
By using dPCR, a robust next-generation PCR method, 
we found that the viral RNA load in plasma measured in 
the first 48 h following ICU admission was directly 
associated with 90-day all-cause mortality in a large 
cohort of critically ill patients with COVID-19. We 
identified a specific group of patients (the VIR-N1-Storm 
group), who were admitted to the ICU with a high 
concentration of viral RNA in plasma (>2747 copies 
per mL of N1), who had a particularly high mortality 
(about half of these patients died in the first 90 days 
after ICU admission, a mortality rate similar to that of 
septic shock or acute respiratory distress syndrome). 
Patients in this group represented about one-third of 
the cohort included in this study, and more frequently 
received invasive mechanical ventilation and had 
disease complications (acute kidney injury requiring 
renal replacement therapy, secondary infections, and 
anaemia) compared with patients in the other groups. 
Most of the patients (187 [66%] of 283) in the VIR-N1-
Storm group had presence of the viral protein N in 
plasma (N-antigenaemia), which was also an 
independent predictor of mortality in our study. Patients 
in the VIR-N1-Storm group had low concentrations of 
SARS-CoV-2 S antibodies, and their profile of 
biomarkers denoted the existence of a wide dysregulation 
of the host response to the infection, involving activation 
of inflammation, chemotaxis, neutrophil degranu
lation and antiviral response, immunosuppression, 
endothelial dysfunction, and tissue damage. These 
findings are in line with previous results that 
have shown links between viral RNAemia and 
hypercytokinaemia in critically ill patients.25 Patients in 
the VIR-N1-Storm group were older and more frequently 
had diabetes, which was likely to contribute to mounting 
impaired or less effective immunological responses 
against SARS-CoV-2.26,27 Alternatively, anti-S antibodies 
could be being removed from circulation due to their 
consumption during the antiviral response (eg, via Fc 
receptor clearance).

dPCR helped us to identify a subgroup of patients with 
undetectable concentrations of viral N1 RNA in plasma 
(150 [18%] of 836 patients in the cohort), and this group 
had the lowest frequency of complications and the lowest 
mortality rate (four in every five patients in this group 
were still alive 3 months after ICU admission). Only a 
minority of patients in this group had N-antigenaemia 
(n=23 [15%]). At the time of ICU admission, these patients 
had already developed a robust response of SARS-CoV-2 S 
antibodies, and showed milder alterations in their host 
response than patients in the other groups. The 
remaining patients in our cohort, those with detectable 
but low concentrations of viral RNA in plasma, showed 
intermediate severity, frequency of complications, 
magnitude of the dysregulated response, and 90-day 
mortality (n=106 [26%]) compared with patients in the 
other groups.

Although the existence of a potential cytokine storm as 
a major causal event in the pathogenesis of severe 
COVID-19 has been extensively discussed in the 
literature, the available evidence seems to challenge this 
theory.3,4 By contrast, our findings show that a substantial 
proportion of patients admitted to the ICU with 
COVID-19 show a viral storm, characterised by the 
massive release of viral material to the blood from the 
lungs or other tissues, which probably reflects the 
inability of these patients to control viral replication. 
This viral storm is accompanied by biological alterations 
similar to those observed in sepsis,28 which suggests that 
it is probably the initial driver of organ failure in these 
patients. Our results suggest that ICU admission 
without signs of this viral storm translates into a milder 
impact of the disease and a lower risk of mortality.

This study has some limitations. First, we could not 
elucidate why some patients with undetectable concen
trations of viral N1 RNA in plasma showed 
N-antigenaemia. Because the N protein is likely to be less 
prone to degradation than RNA, it could persist in 
plasma even in the absence of ongoing viral replication.29 
Second, we did not culture SARS-CoV-2 in plasma or 
blood, so we could not confirm or exclude the potential 
contribution of live virus to the viral storm. Nonetheless, 
the presence of SARS-CoV-2 RNA or proteins in plasma 
could induce direct harmful effects through activation of 
innate immune pathways.30 Third, we did not profile 
cellular immunity. Finally, our study was developed 
during the first year of the COVID-19 pandemic, so the 
effect of the omicron (B.1.1.529) variant and vaccination 
on our results is unknown.

Despite these limitations, this study has a major 
strength. Identifying biological differences between 
subgroups of critically ill patients with severe COVID-19 
requires a sufficient sample size, otherwise these 
differences could be missed.9 To our knowledge, this is 
the largest study to date to profile in parallel viral and 
immunological signatures in critically ill patients with 
COVID-19, providing important clues to understand the 
pathophysiology of the most severe forms of the disease 
caused by SARS-CoV-2 infection. Our results encourage 
strategies to prevent uncontrolled viral replication in 
patients at high risk of severe disease, to decrease 
morbidity and mortality (eg, up-to-date vaccination, 
prophylaxis with anti-S monoclonal antibodies with 
neutralising activity in uninfected patients, or early 
administration of antivirals in patients with COVID-19). 
Our findings also suggest that the presence of a viral 
storm could serve as a predictive enrichment tool for 
trials evaluating antivirals or blood purification devices to 
remove viral components from the blood in critically ill 
patients with COVID-19.
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