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Background. The determinants of coronavirus disease 2019 (COVID-19) disease severity and extrapulmonary complications
(EPCs) are poorly understood. We characterized relationships between severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) RNAemia and disease severity, clinical deterioration, and specific EPCs.

Methods. We used quantitative and digital polymerase chain reaction (QPCR and dPCR) to quantify SARS-CoV-2 RNA from
plasma in 191 patients presenting to the emergency department with COVID-19. We recorded patient symptoms, laboratory
markers, and clinical outcomes, with a focus on oxygen requirements over time. We collected longitudinal plasma samples from a
subset of patients. We characterized the role of RNAemia in predicting clinical severity and EPCs using elastic net regression.

Results. Of SARS-CoV-2-positive patients, 23.0% (44 of 191) had viral RNA detected in plasma by dPCR, compared with 1.4%
(2 of 147) by qPCR. Most patients with serial measurements had undetectable RNAemia within 10 days of symptom onset, reached
maximum clinical severity within 16 days, and symptom resolution within 33 days. Initially RNAemic patients were more likely to
manifest severe disease (odds ratio, 6.72 [95% confidence interval, 2.45-19.79]), worsening of disease severity (2.43 [1.07-5.38]), and
EPCs (2.81 [1.26-6.36]). RNA loads were correlated with maximum severity (r = 0.47 [95% confidence interval, .20-.67]).

Conclusions. dPCR is more sensitive than gPCR for the detection of SARS-CoV-2 RNAemia, which is a robust predictor of
eventual COVID-19 severity and oxygen requirements, as well as EPCs. Because many COVID-19 therapies are initiated on the basis
of oxygen requirements, RNAemia on presentation might serve to direct early initiation of appropriate therapies for the patients

most likely to deteriorate.
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As of April 2021, severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) has caused more than 136 million in-
fections and 2.9 million deaths [1]. Wide variation in clinical
trajectories of coronavirus disease 2019 (COVID-19) poses
challenges for clinicians seeking to identify patients at risk
for deterioration. While COVID-19 often manifests as a viral
pneumonia, extrapulmonary complications (EPCs) can pro-
duce more severe and recalcitrant disease [2, 3]. SARS-CoV-2,
typically isolated from nasopharyngeal (NP) samples, has been
detected in lower titers in whole blood [4-6], serum [6-10],
plasma [11-14], and stool [6, 10, 15]. Histopathologic surveys
have identified the virus in myocardial [16, 17], renal [16, 18],
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gastrointestinal [19], and neurologic tissues [16]. Is hematog-
enous spread of the virus or viral components associated with
EPCs? The clinical and pathophysiologic significance of SARS-
CoV-2 RNA in blood remains poorly understood.
SARS-CoV-2 RNAemia, detected with quantitative reverse-
transcriptase real-time polymerase chain reaction (qQPCR), has
been correlated with severity of COVID-19 [12, 14, 20-24].
However, rates of RNAemia detected with qPCR have ranged
from 0% to 41% [6-12, 20-22, 24, 25]. qPCR lacks the precision
to measure low viral loads [26], and its sensitivity to protocol
and threshold decisions hinders comparison across studies.
Digital polymerase chain reaction (dPCR) has superior sensi-
tivity, precision, and reproducibility, allowing absolute quanti-
fication of RNA without standard curves. Given its tolerance
to inhibitors, dPCR facilitates detecting dilute targets in blood
[27]. dPCR studies have accordingly reported higher rates of
RNAemia (42.4% and 74.1%) and have linked RNAemia with
disease severity [13, 14] and dysregulated host response [14].
In this prospective, longitudinal, observational study of patients
with COVID-19 presenting to the emergency department (ED),
we characterized relationships between SARS-CoV-2 RNAemia
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and clinical severity, future deterioration, and specific EPCs. We
used array-based dPCR to maximize reliability and replicability
and to simplify potential clinical adoption of RNAemia testing.

MATERIALS AND METHODS

Patients With COVID-19 and Specimen Collection

Beginning in April 2020, we collected blood and NP swab sam-
ples from patients enrolled in the Stanford University COVID-
19 Biobank. Eligible patients were >18 years old, with a positive
RT-PCR SARS-CoV-2 NP swab sample at initial ED presen-
tation. We repeated blood sample collection on day 3, 7, and/
or 30 in hospitalized patients, and asked discharged patients
to return for repeated blood sampling. We collected blood in
ethylenediaminetetraacetic acid—chelated vacutainers (Becton,
Dickinson) and stored plasma at —80°C after 1200g centrifuga-
tion for 10 minutes at 25°C. We collected NP swabs in 1 mL of
RNA Shield Stabilizing Solution (Zymo Research) and stored
them at —80°C. We processed samples under biosafety level 2+
precautions (Stanford University APB-2551).

SARS-CoV-2 RNA Extraction

We extracted RNA from research NP swabs and plasma samples
using the QIAamp Viral RNA Mini Kit and QIACube Connect
(Qiagen). We extracted from 140 pL of sample solution, and
eluted RNA in 50 pL of elution buffer after manual lysing for
10 minutes.

SARS-CoV-2 RNA Detection and Quantification
Multiplexed qPCR and dPCR reactions included extracted
RNA, the |Q| Triplex Assay (Combinati), and the 4x RT-dPCR
MM assay (Combinati). The |Q| Triplex Assay (Combinati)
included primers and probes targeting N1 and N2 regions of
the nucleoprotein gene, and the human ribonuclease P gene
(RP). We divided the reactions as follows: 10 pL for qPCR using
the QuantStudio 5 (Applied Biosystems by Thermo Fisher
Scientific) and 9 pL for dPCR using the array-based |Q| assay
(Combinati) (Supplementary Materials).

We considered qPCR specimens positive if cycle threshold
(Ct) values for RP, N1, and N2 (all 3 values) were <40. For pos-
itive samples, we used the lesser of N1/N2 Ct for quantitative

analysis. dPCR samples were positive if both N1 and N2 con-
centrations were >0.23 copy/uL, with the greater of the 2 used
for quantitative analysis. We set negative qPCR results to 40,
and negative dPCR results to 0. We repeated dPCR for incon-
clusive (N1 or N2, <0.23 copy/pL) and low results (N1 and N2,
<1 copy/uL), and we used the results from the repeated tests.
We calculated pairwise Pearson correlations between meas-
ures of QPCR Ct and log-transformed RNA concentrations
from dPCR.

Patients with specimens collected after enrollment (day
0) typically had specimens collected on day 3 or 7, not both.
Thus, we combined days 3 and 7 (henceforth “day 3/7”) for lon-
gitudinal analyses. For patients with samples from both days,
we used the greater of the 2 values.

Clinical and Laboratory Measures

For each participant, we recorded disease severity at enrollment and
at every blood sampling, and the maximum severity attributable to
COVID-19 within 30 days of enrollment, using a modified World
Health Organization (WHO) COVID-19 severity scale (Table
1 [28]). We documented dates for each severity score, and each
participant’s diagnoses at discharge. We recorded demographic fea-
tures, comorbid conditions, initial ED vital signs, presence of pneu-
monia at chest radiography or computed tomography, symptoms,
and laboratory values (Supplementary Materials).

We dichotomized (low or high) vital signs as follows: mean
arterial pressure <88 mm Hg (25th percentile for enrolled pa-
tients; no patients had a mean arterial pressure <65 mm Hg at
enrollment) or >140 mm Hg (75th percentile); respiratory rate
<8/min or >20/min; oxygen saturation by pulse oximetry <95%
(25th percentile); and temperature <36°C or >38°C. We di-
chotomized laboratory values (Supplementary Material) based
on our laboratory’s reference ranges. For predictive models,
missing values were imputed nonparametrically for each par-
ticipant with a random forests model, using 100 trees, and 10
iterations (R package missForest; version 1.4).

Defining EPCs
We created binary indicators for development of EPCs
during each patient’s clinical course. Patients had neurologic

Table 1. Maodified World Health Organization COVID-19 Severity Score [28]

WHO Score Severity Description

1 Mild Asymptomatic infection not requiring admission

2 Mild Symptomatic infection not requiring admission

3 Moderate Admitted, not requiring supplemental oxygen

4 Moderate Admitted, requiring oxygen by nasal cannula

B) Severe Admitted, requiring oxygen by high-flow nasal cannula

6 Severe Admitted, requiring mechanical ventilation

7 Severe Admitted, requiring mechanical ventilation plus vasopressors or renal replacement therapy
8 Severe Death from COVID-19 2019-related cause

Abbreviations: COVID-19, coronavirus disease 2019; WHO, World Health Organization.
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involvement if they had a diagnosis of acute stroke, enceph-
alitis, meningitis, neuroinflammatory disease, or delirium.
Cardiovascular involvement included myocardial injury,
acute coronary syndrome, cardiomyopathy, acute cor pul-
monale, arrhythmia, and cardiogenic shock. Renal involve-
ment was defined by acute kidney injury. Transaminitis or
hyperbilirubinemia constituted hepatobiliary involvement.
Hematologic involvement included new anemia, deep vein
thrombosis, pulmonary embolus, myocardial infarction, acute
stroke, acute limb ischemia, mesenteric ischemia, and catheter-
related thrombosis. Finally, patients were considered to have
immunologic involvement if they received a diagnosis of
sepsis, septic shock, multiorgan failure, or secondary bacterial
infection.

Characterizing Associations Between RNAemia and Clinical Severity
We calculated maximum severity scores for initially RNAemic
and non-RNAemic patients, and compared mean scores with a
2-sample t-test. Among RNAemic patients, we calculated cor-
relations between log-transformed RNA concentration and
maximum severity (WHO scores, 1-8). We calculated propor-
tions of RNAemic and non-RNAemic patients who manifested
mild (WHO scores, 1-2), moderate (WHO scores, 3-4), or se-
vere (WHO scores, 5-8) disease, who were hospitalized, who
manifested EPCs, and whose condition worsened after presen-
tation (maximum WHO score higher than score at enrollment),
using x” tests with continuity corrections. We calculated the
odds ratio (OR) for deterioration, by RNAemia on enrollment
(for consistency with logistic regression results), and we calcu-
lated exact 95% confidence intervals (CIs) [29]. We compared
median length of hospitalization in days, and median degree of
clinical worsening (difference between initial and maximum
WHO scores), for RNAemic and non-RNAemic patients, using
the Wilcoxon rank sum test with continuity correction.

Predictive Models for Severe Disease, EPCs, and RNAemia

We developed a predictive model for severe (WHO score, 5-8)
disease, using as potential predictors all data available at ED
presentation: demographic features, comorbid conditions, bi-
nary indicators of abnormal vital signs, pneumonia on chest
imaging, patient-reported symptoms, and abnormal laboratory
values. Because therapies such as remdesivir and dexametha-
sone were generally initiated based on oxygen requirements
(the main component of the severity score), we excluded spe-
cific treatments from our models.

To prevent overfitting due to the large number of potential
predictors, we selected variables via elastic net regularization
(glmnet 4.0 in R software), using logistic models and 10-fold
cross-validation, selecting the regularization parameter A
minimizing mean cross-validated error. We used the selected
variables in a logistic model, and we estimated ORs and 95%
CIs for prediction of severe disease. We calculated mean

Table 2. Patient Characteristics at Enrollment (N = 191)

Value
Characteristic
Female sex, % (no./total) 49.2 (94/191)
Age, median (IQR), y 47 (34-61)
Medical history, % (no./total)
Lung disease 12.6 (24/191)
Cancer 13.6 (26/191)
Diabetes 26.7 (561/191)
Immunosuppression 7.3 (14/191)
Heart disease 11.0 (21/191)
Hypertension 36.6 (70/191)
ACEI/ARB use 18.3 (35/191)
Stroke 4.2 (8/191)
Dementia 4.7 (9/191)
DVT/PE 5.8 (11/191)
Chronic kidney disease 9.9 (19/191)
Smoking 20.9 (40/191)
Symptoms at presentation, % (no./total)
Fever 64.4 (123/191)
Chills 31.4 (60/191)
Cough 675 (129/191)
Sore throat 16.2 (31/191)
Congestion 8.4 (16/191)
Shortness of breath 63.4 (121/191)
Chest pain 34.6 (66/191)
Myalgia 34.6 (66/191)
Nausea, vomiting, or diarrhea 40.8 (78/191)
Loss of taste 38.7 (74/191)
Loss of smell 272 (52/191)
Confusion 2.6 (5/191)
Headache 26.2 (50/191)

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blocker; DVT, deep vein thrombosis; IQR, interquartile range; PE, pulmonary embolus.

cross-validated area under the receiver operating characteristic
curve (AUROC) of the resulting model.

We predicted development of EPCs in analogous fashion, ex-
cluding symptoms and laboratory markers potentially consti-
tutive of EPCs. We again selected variables via cross-validated
elastic net regularization, estimated ORs for the most ro-
bust predictors, and characterized overall predictive accuracy
by AUROC.

We predicted the presence of RNAemia in analogous fashion,
using as potential predictors demographic features, comorbid
conditions, and symptoms, but excluding radiographic and lab-
oratory findings, to approximate the predictability of RNAemia
at initial presentation.

RESULTS

Patient Characteristics

We enrolled 191 COVID-19-positive ED patients and sam-
pled their plasma on the day of enrollment (day 0). Some pa-
tients had additional NP or plasma samples collected at day
3, 7, and/or 30. Of these participants, 49.2% (94 of 191) were
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women. Their median age was 47 years (interquartile range,
34-61 years). Patients had a median (interquartile range) of 1
(0-3) comorbid condition and 4 (2-6) symptoms. Patient char-
acteristics at enrollment are summarized in Table 2.

SARS-CoV-2 RNA Prevalence by Sample Type, Method, and Day of
Collection

dPCR was more sensitive than qPCR, detecting RNAemia in
23.0% of patients (44 of 191) on day 0 (compared with 1.4%
[2 of 147] for qPCR), 13.3% (6 of 45) on day 3 (0 for qPCR),
and 6.8% (3 of 44) on day 7 (0 for qPCR). At day 30, neither
platform detected RNAemia in 32 specimens. We describe
the performance of the dPCR assay in the Supplementary
Materials.

We observed a modest negative correlation (r = —0.30) be-
tween qPCR Ct values and dPCR RNA concentrations from the
same plasma specimens (Supplementary Figure 1). Notably, NP
and plasma dPCR values for 48 paired specimens were weakly
correlated (r = 0.16). Plasma RNA by dPCR on day 0 was mod-
erately correlated with concentrations on day 3/7 (r = 0.42).

Persistence of RNAemia

Of the 44 patients RNAemic by dPCR at enrollment, 27 had
>1 follow-up sample. Of these, 92.6% (25 of 27) had highest
RNA at enrollment, and 7.4% (2 of 27) on day 3/7; 22.2% (6
of 27) had detectable RNAemia at day 3/7. Of 50 COVID-19-
positive patients not RNAemic at enrollment, only 1 was newly
RNAemic on day 3/7.

RNAemia and Severity of Disease

We classified patients’ disease as mild (n =54), moderate
(n = 104), or severe (n = 33) based on maximum WHO severity
score (Figure 1). RNAemic patients had higher mean clinical se-
verity (4.80) than non-RNAemic patients (3.24; difference, 1.56
[95% CI, 1.00-2.11]), and 40.9% of RNAemic patients developed
severe disease, compared with 10.2% of non-RNAemic patients
(difference, 30.7% [95% CI, 13.9%-47.5%]). Conversely, 4.5%
of initially RNAemic patients had mild disease, compared with
35.4% of non-RNAemic patients (difference, 30.8% [95% CI,
19.5%-42.2%]) (Figure 2A). Among the 44 initially RNAemic
patients, those with higher RNA concentrations manifested
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Figure 1.

Distribution of discrete and binned World Health Organization (WHO) severity scores. We classified the maximum severity of 147 severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) presentations using a modified WHO scoring system, with scores defined as follows: 1, asymptomatic infection; 2, symptomatic infection
not requiring admission; 3, admitted without supplemental oxygen; 4, admitted, requiring oxygen by nasal cannula; 5, admitted, requiring oxygen by high-flow nasal cannula;
6, admitted, requiring mechanical ventilation; 7, admitted, requiring mechanical ventilation and vasopressors or renal replacement therapy; and 8, death from coronavirus
disease 2019 (COVID-19)-related cause. A, Distribution of WHO scores. B, Distribution of binned (mild, moderate, and severe) scores.

RNAemia Predicts COVID-19 Trajectories « CID 2022:74 (15 January) « 221


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab394#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab394#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab394#supplementary-data

greater peak severity (r = 0.47 [95% CI, .20-0.67]) (Figure 2B).
Severity trended higher in persistently RNAemic patients, com-
pared with patients not RNAemic at day 3/7 (mean WHO score,
6.5 vs 5.0), but the difference was not significant (95% CI of
difference, —.58 to 3.58).

In all, 90.9% of RNAemic patients (40 of 44) and 70.1% of
non-RNAemic patients (103 of 147) required hospital admis-
sion (difference, 20.8% [95% CI, 8.1%-33.6%]). Among ad-
mitted patients, RNAemic patients had a longer median length
of stay (7.6 vs 5.1 days; P < .01; Wilcoxon rank sum test).

In an elastic net-regularized, cross-validated logistic model of
severe (WHO score, 5-8) disease, the significant predictors of se-
vere disease were tobacco smoking, low oxygen saturation at pre-
sentation, and RNAemia (OR for severe disease, 6.72 [95% CI,
2.45-19.79]). The overall predictive performance of the model was
good, with a mean cross-validated AUROC of 0.82 (Table 3).

Dynamics of Infection Through Course of lliness
Twenty-seven initially RNAemic patients had subsequent
plasma samples. Most (14 of 27) had undetectable plasma RNA
within 10 days of symptom onset, reached maximum severity
within 16 days, and had symptom resolution within 33 days
(Figure 3). In the 27, disease was mild at enrollment in 2, mod-
erate in 20, and severe in 5. Seventeen patients with initially
moderate or severe disease recovered to mild severity, 6 re-
mained in a severe condition, and 3 died in the hospital.
Across all patients, 77.0% (147 of 191) manifested maximum
severity at presentation, while 23.0% (44 of 191) continued to
worsen (Supplementary Figure 2); 36.4% of initially RNAemic
patients (16 of 44) and 19.0% of non-RNAemic patients (28
of 147) had worsening severity after initial presentation (dif-
ference, 17.4% [95% CI, .3%-34.4%]; OR, 2.43 [1.07-5.38]).
Severity in RNAemic patients worsened by a median of 3 points
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Figure 2. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNAemia and clinical severity. A, RNAemic patients had higher mean maximum World Health
Organization (WHO) scores (4.80) than non-RNAemic patients (3.24; difference, 1.56 [95% confidence interval [CI], 1.00-2.11]). Severe disease developed in 40.9% of
RNAemic patients, compared with 10.2% of non-RNAemic patients (difference, 30.7% [95% Cl, 13.9%—-47.5%]). Of initially RNAemic patients, 4.5% had mild disease, com-
pared with 35.4% of non-RNAemic patients (difference, 30.8% [95% Cl, 19.5%—42.2%]). Equivalent proportions of RNAemic (54.5%) and non-RNAemic (54.4%) patients had
disease of moderate severity. B, Among patients with detectable RNAemia at enrollment (n = 44), patients with higher plasma RNA concentrations manifested more severe
disease (r=0.47[95% Cl, .20—.67]). RNA concentrations in RNAemic patients were distributed approximately log normally, so were log scaled for depiction and calculation
of correlation. Dashed blue line shows linear correlation between log-scaled plasma RNA concentration and maximum clinical severity.
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Table 3. Prediction of Severe Disease

Predictor® OR (95% CI)
PMH: DM 1.51 (.51-4.45)
Smoker status 3.13 (1.08-9.38)
ED: MAP low 2.59 (.92-747)
ED: SpO, low 5.36 (2.03-15.07)
ALC low 3.12 (1.00-9.8)
Lactate high 3.90 (.63-22.91)
Glucose high 2.58 (.92-7.30)
RNAemia 6.72 (2.45-19.79)

Abbreviations: ALC, Absolute Lymphocyte Count; Cl, confidence interval; DM, Diabetes
Mellitus; ED, emergency department; MAR mean arterial pressure; OR, odds ratio; PMH,
Past Medical History; SpO,, oxygen saturation.

“Potential predictors of severe disease (World Health Organization score, 5-8) included
demographic features (age >60 or >80 years and sex), past medical history features (lung
disease, cancer, diabetes, immunosuppression, heart disease, hypertension, angiotensin-
converting enzyme inhibitor or angiotensin receptor blocker use, stroke, dementia, deep
venous thrombosis or pulmonary embolus, chronic kidney disease, tobacco smoking, and
obesity), binary indicators of abnormal ED vital signs (low SpO, and low or high MAR, heart
rate, respiratory rate, and temperature), pneumonia on chest radiography or computed to-
mography, patient-reported symptoms (fever, chills, cough, sore throat, congestion, short-
ness of breath, chest pain, myalgias, nausea/vomiting/diarrhea, loss of taste, loss of smell,
confusion, and headache), and binary indicators of abnormal laboratory values (high or low
leukocyte or platelet count; low absolute lymphocyte count; low hemoglobin or fibrinogen
levels; high levels of D-dimer, fibrinogen, C-reactive protein, lactate dehydrogenase, ferritin,
troponin, lactate, serum urea nitrogen, creatinine, bilirubin, aspartate aminotransferase, al-
anine aminotransferase, and alkaline phosphatase; high prothrombin time or partial throm-
boplastin time; and high or low levels of sodium, potassium, chloride, bicarbonate, calcium,
magnesium, and glucose).

To prevent overfitting, predictors were selected via elastic net regression of severe disease
on these features with 10-fold cross-validation, selecting the regularization parameter A
minimizing mean cross-validated error, and yielding the features in the table above. In a
logistic model regressing severe disease on these features, significant predictors of severe
disease included tobacco smoking, SpO,, and RNAemia. RNAemia was associated with 6.7
times the odds of severe disease, adjusting for other features selected by elastic net-pen-
alized regression, an association comparable in magnitude to the association of hypoxia at
initial presentation with eventual severe disease. The mean cross-validated area under the
receiver operating characteristic curve of the model in predicting severe disease was 0.82.
The Akaike Information Criterion (AIC) was 134.74.

on the modified WHO scale, compared with 1 point for non-
RNAemic patients (P = .02; Wilcoxon rank sum test).

RNAemia Predicts EPCs

Of RNAemic patients, 56.8% (25 of 44) developed >1 EPC,
compared with 30.6% (45 of 147) of non-RNAemic patients
(difference in proportions, 26.2% [95% CI, 8.3%-44.1%]).
RNAemic patients tended toward higher rates of all EPC
categories (Figure 4), with significant differences in rates of
hepatobiliary, hematologic, and immunologic complications
(P < .05; X tests for equality of proportions with continuity cor-
rection). Supplementary Table 1 shows specific comorbid con-
ditions, EPCs, SARS-CoV-2 RNA concentrations, and severity
scores for all patients who were RNAemic at enrollment.

In an elastic net-regularized, cross-validated logistic model,
significant predictors for the development of >1 EPCs were
chronic kidney disease, obesity, and RNAemia (OR, 2.81 [95%
CIL, 1.26-6.36]). The overall predictive performance of the model
was fair, with a mean cross-validated AUROC of 0.73 (Table 4).

Prediction of RNAemia on Presentation

We predicted RNAemia on presentation based on patient dem-
ographics, comorbid conditions, symptoms, and ED vital signs.
In an analogous model (Supplementary Table 2), significant

predictors of RNAemia were cough and hypoxia, though pre-
dictive performance was poor (AUROC, 0.66).

DISCUSSION

The pathogenesis of COVID-19, its temporal dynamics, and
the determinants of disease severity and EPCs are incompletely
understood. We explored the performance and clinical utility
of dPCR in quantifying SARS-CoV-2 RNA in the nasopharynx
and plasma, and characterized the relationships between
RNAemia and disease severity, clinical deterioration, and EPCs.
Array-based dPCR was much more sensitive than qPCR for the
detection of SARS-CoV-2 in plasma, where the mean concen-
tration of viral RNA was 3 orders of magnitude less than in the
nasopharynx. RNAemia manifests early in the course of illness,
while clinical manifestations peak later and are more prolonged.
RNAemia at presentation predicts severe disease, ongoing clin-
ical deterioration, and specific EPCs.

We found dPCR to be markedly more sensitive than qPCR,
even with more stringent detection criteria (both N1 and
N2 >0.23 copy/pL) than other studies (eg, N1 or N2 >0.1 copy/
uL) [14]. dPCR was also more consistent in multiplex detec-
tion of both targets (N1 and N2), likely because dPCR’s parti-
tion format reduces preferential amplifications observed in bulk
PCR [30]. Moreover, a microwell array dPCR platform enhances
partition consistency, improves sensitivity by minimizing dead
volume, and has a qPCR-like workflow well suited to clin-
ical adoption. Early in an outbreak, or on emergence of novel
variants, viral RNA standard curves are not widely available,
making dPCR a natural choice for detecting novel pathogens.

RNAemia on presentation was a robust predictor of both
severe disease and EPCs, after accounting for demographics,
comorbid conditions, symptoms, vital signs, and a host of lab-
oratory markers. Moreover, disease in RNAemic patients, com-
pared with non-RNAemic patient, was more likely to worsen
after presentation, and worsened by a greater degree. Previous
studies have associated RNAemia with disease severity and
mortality rates [12, 14, 23, 24], but reported associations with
EPCs are more varied [2, 31, 32]. We included a more compre-
hensive scope of potential confounders than previous studies
[14]. We also use cross-validation not only for model selec-
tion but also to assess the relative predictability of clinical se-
verity (good; AUROC, 0.82), EPCs (fair; AUROC, 0.73), and
RNAemia itself (poor; AUROC, 0.66). The poor predictability
of RNAemia from patient features at presentation, and the weak
correlations between NP and plasma RNA concentrations, sug-
gest that RNAemia is not simply a consequence of sufficient viral
load at the typical site of inoculation (which may also be subject
to greater variation in sample quality) but may instead signal
unique pathophysiologic and prognostic features [10, 33, 34].

The causes of SARS-CoV-2 RNAemia, and the mechanisms
through which it affects disease severity and EPCs, require fur-
ther investigation. RNAemia might arise from spillage from the

RNAemia Predicts COVID-19 Trajectories « CID 2022:74 (15 January) « 223


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab394#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciab394#supplementary-data

(A)

27 A
E O X X
26 1
b B O
25+ [l al
- a O X
24 4 L
1 @ O
234
E O X
224 [ |
k O X X
21 4 [Be s s |
1 ] H O
20 A | |
- 0 X X X
194 ]
E 0O X X
18 S
k O X X
174
b (] X
16 & 5
b O X
0 151 e |
c (] X X
o 144
= A X
© 13 [
o E B XX
124
11- O X X
1 O | X
10 ||
E O X
9 A |
E O X
8- = | |
E = L
7 A e
1 o X
64
- O X
5 4
E O X
44
3- H X X
2- (] X X
1] O X
A T D E T El T
0 20 40 60
Time After Onset of Symptoms, d
RNA copies/uL _ WHO score “
5 10 15 20 123 45678
(B) o
3_‘ F—w 6 8 4 L g »
= 10.0 3 ° s} ° eecoe o
< @ F s ° . o 61 *—o—e
Z 9O 40fgos . 4 Wﬁ?’\
x o F“?k' 02- P e®% o0’ o° . oo
S 0.1+ - 21 : i ——Lie
© 0 10 20 30 ; 0 10 20 30

Time After Onset of Symptoms, d Time After Onset of Symptoms, d

Figure 3. Dynamics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNAemia and clinical severity, by modified World Health Organization (WHO) score.
A, Serial plasma SARS-CoV-2 RNA concentrations and WHO scores for each of the 27 patients with longitudinal samples. Plasma RNA concentration (red gradient) and WHO
scores (blue gradient) are shown with respect to the number of days since the reported onset of symptoms (not date of study enrollment) for each patient. Numbers of patients
who died in the hospital are highlighted in boldface and italic. Specimens with undetectable RNAemia are represented with x's. Fourteen of 27 patients had undetectable
RNAemia by day 10, while the same proportion took 16 days to reach maximum severity, and 33 days for resolution of symptoms. B, Aggregate RNA and clinical dynamics
in the 30 days after onset of symptoms. Loess regression curves represent trends in RNA and clinical dynamics. RNAemia peaked 3 days after symptom onset, while clinical

severity peaked at 14 days.

respiratory tract, or from active viral replication in vascular en-
dothelial [35] or perivascular cells [36]. Whether RNAemia rep-
resents genomic fragments, immunocomplexed or otherwise
neutralized virus, or replication-competent intact virus cannot
be determined from our data, and an attempt to culture SARS-
CoV-2 from serum with low RNA levels was not successful [37].

SARS-CoV-1, however, has been found to replicate in circu-
lating lymphocytes, monocytes, macrophages, and dendritic cells
[38-40]. The RNAemia kinetics we observed follow a typical viral
kinetic pattern, with high peak viral load early in the infection,
followed by rapid decay (likely reflecting the innate immune re-
sponse), before a slower clearance by acquired immunity [41].

224 « CID 2022:74 (15 January) « Ram-Mohan et al



I RNAemic
30 B Non-RNAemic

*

ELL.LL

NeurclJIoglc CIV Relnal HIB Hemaltolog\c
Extrapulmonary Complication at Discharge

Patients, %

L

Immunologic

Figure 4. Presence of extrapulmonary complications (EPCs), by RNAemia. Of pa-
tients RNAemic at enrollment, >1 EPC developed by hospital discharge in 56.8%
(25 of 44), compared with 30.6% of non-RNAemic patients (45 of 147) (differ-
ence, 26.2% [95% confidence interval, 8.3%—44.1%)]). RNAemic patients tended
toward higher rates of EPCs across systems, though only differences in rates of
hepatobiliary (HB), hematologic, and immunologic complications were individually
significant; *P< .05 (XZ test for equality of proportions with continuity correction).
Abbreviation: CV, cardiovascular.

Reduction of RNAemia has been correlated with appearance of
antibodies [42], and worsening RNAemia with critical illness and
death [43]. RNAemia before symptom onset has been anecdotally
reported; more data is needed to better assess presymptomatic
dynamics [37]. Because our findings suggest that RNAemia at
presentation reflects the likelihood of subsequent disease pro-
gression, early testing for RNAemia could guide the initiation and
monitoring of antiviral therapies [41].

We found a stronger association between RNAemia and EPCs (de-
fined conservatively based on new diagnoses at discharge, rather than
surrogate biomarkers) than previous studies [32]. Extrapulmonary
injury could result from direct viral toxicity;, endothelial cell damage
and thromboinflammation, dysregulation of the immune response,
or dysregulation of the renin-angiotensin-aldosterone system [2].
RNA load is associated with increased chemokines, interleukin 6,
C-reactive protein, ferritin, coagulation activation, and tissue damage
[14]. Transaminitis, frequently observed in RNAemic patients, might
result from direct hepatocellular injury by SARS-CoV-2, from cyto-
kine storm and hypoxia-associated metabolic derangement, or from
antiviral drug-induced liver injury. The trend we observed toward
higher incidence of acute kidney injury in RNAemic patients is con-
sistent with prior evidence of renal tropism [16].

We found that SARS-CoV-2 RNAemia at initial ED presenta-
tion is a robust predictor of eventual clinical severity and EPCs.
Despite the limited generalizability of a single-center study, the
substantial predictive value of RNAemia in multiple aspects of
the disease course suggests a role for plasma dPCR in triage
and disposition. Because we use a measure of severity based
primarily on oxygen requirements, and because many COVID-
19 therapies are initiated on the basis of such requirements,
RNAemia at presentation might serve to direct early initiation
of appropriate therapies to the patients whose condition is most
likely to deteriorate.

Table 4. Prediction of Extrapulmonary Complications

Predictor® OR (95% CI)
Age 280 y 2.27 (.49-9.92)
PMH: heart disease 2.13 (.63-7.41)
PMH: HTN 1.74 (.81-3.69)
PMH: dementia 3.60 (.568-25.33)
PMH: CKD 4.56 (1.36-17.27)
Smoker 1.88 (.80-4.42)
Obesity 2.64 (1.23-5.84)
ED: RR high 1.63 (.79-3.35)
ED: SpO, low 1.34 (.60-2.93)
RNAemia 2.81 (1.26-6.36)

Abbreviations: Cl, confidence interval; CKD, chronic kidney disease; ED, emergency de-
partment; HTN, hypertension; OR, odds ratio; PMH, past medical history; RR, respiratory
rate; SpO,, oxygen saturation.

Potential predictors of extrapulmonary complications (EPCs) included demographic fea-
tures (age >60 or >80 years; sex), past medical history features (lung disease, cancer,
diabetes, immunosuppression, heart disease, HTN, angiotensin-converting enzyme inhib-
itor or angiotensin receptor blocker use, stroke, dementia, deep venous thrombosis or
pulmonary embolus, CKD, tobacco smoking, and obesity), binary indicators of abnormal
ED vital signs (low or high mean arterial pressure, heart rate, respiratory rate, and tem-
perature; low SpO,), pneumonia on initial chest radiography or computed tomography, and
patient-reported symptoms at enroliment, excluding those constitutive of extrapulmonary
diagnosis (fever, chills, cough, sore throat, congestion, shortness of breath, chest pain,
and myalgias). Laboratory values were not included, because many were constitutive of
extrapulmonary diagnoses.

To prevent overfitting, predictors were selected via elastic net regression of EPCs (1 if a
patient had >1 EPC; 0 if a patient had none) on these features with 10-fold cross-validation,
selecting the regularization parameter A minimizing mean cross-validated error, and yielding
the features listed in Table 4. In a logistic model regressing EPCs on these features, signif-
icant predictors of EPC included CKD, obesity (body mass index >30 [calculated as weight
in kilograms divided by height in meters squared]), and RNAemia. RNAemia was associ-
ated with 2.8 times the odds of EPC, comparable in magnitude to the association between
obesity and development of EPCs. The mean cross-validated area under the receiver oper
ating characteristic curve of the model in predicting EPC was 0.73. The Akaike Information
Criterion (AIC) was 222.25.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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