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Background. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genomic and subgenomic RNA levels are
frequently used as a correlate of infectiousness. The impact of host factors and SARS-CoV-2 lineage on RNA viral load is unclear.

Methods. Total nucleocapsid (N) and subgenomic N (sgN) RNA levels were measured by quantitative reverse transcription
polymerase chain reaction (RT-qPCR) in specimens from 3204 individuals hospitalized with coronavirus disease 2019 (COVID-
19) at 21 hospitals. RT-qPCR cycle threshold (Ct) values were used to estimate RNA viral load. The impact of time of sampling,
SARS-CoV-2 variant, age, comorbidities, vaccination, and immune status on N and sgN Ct values were evaluated using
multiple linear regression.

Results. Mean Ct values at presentation for N were 24.14 (SD 4.53) for non-variants of concern, 25.15 (SD 4.33) for Alpha,
25.31 (SD 4.50) for Delta, and 26.26 (SD 4.42) for Omicron. N and sgN RNA levels varied with time since symptom onset and
infecting variant but not with age, comorbidity, immune status, or vaccination. When normalized to total N RNA, sgN levels
were similar across all variants.

RNA viral loads were similar among hospitalized adults, irrespective of infecting variant and known risk factors
for severe COVID-19. Total N and subgenomic RNA N viral loads were highly correlated, suggesting that subgenomic RNA
measurements add little information for the purposes of estimating infectivity.

Keywords. SARS-CoV-2; subgenomic RNA; variants of concern; viral load.

Conclusions.

The relationships between severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) viral load and patient infectious-
ness and clinical outcomes have been areas of intense inquiry
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throughout the coronavirus disease 2019 (COVID-19) pan-
demic. Much of our understanding of SARS-CoV-2 viral load
in patients relies on measurement of viral RNA from upper re-
spiratory tract specimens amplified by quantitative reverse
transcription (RT-qPCR).
Although RNA viral load and infectivity (the ability to isolate

replication competent virus from patients) are correlated, viral

polymerase chain reaction

RNA can be detected long after virus can be cultured from na-
sopharyngeal specimens [1, 2]. Because detection of infectious
virus requires time-consuming cell culture techniques in bio-
safety level 3 containment, correlates of infectivity in a clinical

setting are needed.

RNA Viral Load in SARS-CoV-2 VOC « JID 2023:228 (1 August) « 235


https://orcid.org/0000-0002-3952-9230
https://orcid.org/0000-0001-6924-9494
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad061#supplementary-data
mailto:alauring@med.umich.edu
https://doi.org/10.1093/infdis/jiad061

During replication, coronaviruses generate subgenomic
RNA transcripts from the 3’ one-third of the 30-kb positive-
sense genome through a process of discontinuous transcrip-
tion. This process generates transcripts with a common leader
sequence from the 5’ end of the genome attached to an open
reading frame (ORF) located at the 3’ end. This arrangement
allows subgenomic transcripts to be distinguished from geno-
mic transcripts by pairing a primer in the leader with a primer
in a subgenomic ORF. In SARS-CoV-2, subgenomic transcripts
are used for expression of the spike (S), envelope (E), nucleo-
capsid (N), and membrane (M) proteins, as well as nonstruc-
tural accessory proteins. The subgenomic N (sgN) RNA is the
most abundant subgenomic transcript expressed [3]. Because
subgenomic RNA generation only occurs during active replica-
tion, is not packaged into virions, and is found mainly in infect-
ed cells, its detection in clinical specimens may be better
correlated with the presence of infectious virus than genomic
RNA. Some, but not all, studies from early in the pandemic cor-
related subgenomic RNA viral load with duration of culture
positivity [2, 4-6].

Throughout the pandemic, SARS-CoV-2 variants of concern
(VOC) have emerged and are defined by factors such as evi-
dence of increased transmissibility, increased disease severity,
or reduced effectiveness of therapeutics or vaccines [7-10]. In
experimental models, these phenotypes have been attributed
to differences in viral replication, leading to high RNA viral
loads and potentially increased transmission [11, 12].
Omicron lineages have been found to have relatively higher
transmissibility but attenuated replication, lower viral load,
[13-15].
Although most research on variants has focused on S, some

and lower virulence relative to other VOCs

data suggest that mutations in the N gene result in increased
subgenomic transcripts and immune evasion associated with
the Alpha variant [16].

RNA viral load in infected patients is influenced by viral and
host factors. Identification of these determinants has been chal-
lenging due to the dynamics of RNA viral load and the limited
sample size of early studies. While some have suggested that
vaccination may decrease viral load [15, 17, 18], others have
not found this same effect [19]. Even less is known about the
effect of immunosuppression [20, 21]. Some studies have
shown that viral RNA and culturable virus can persist for weeks
in a subset of immunocompromised patients [22-25].

Here, we evaluate the association between RNA viral load, vi-
ral lineage, and patient characteristics in adults hospitalized
with COVID-19 at 21 hospitals across the United States. We
used RT-qPCR cycle threshold (Ct) as a proxy for the amount
of total and subgenomic RNA in clinical specimens. Our
goal was to examine the relationship between total and
subgenomic RNA viral load to understand variables that
might affect expression of these RNA transcripts in infected
patients.

METHODS

Participants and Specimens

This work was determined to be a public health surveillance ac-
tivity by all enrolling sites, Vanderbilt University Medical
Center (the lead site and coordinating center), and the US
Centers for Disease Control and Prevention (CDC; the funder
and government sponsor). Consistent with a public health sur-
veillance activity, written informed consent was not obtained.
The work was conducted in a manner consistent with CDC pol-
icy and applicable US federal law, including: 45 C.F.R. part
46.102(1)(2), 21 C.E.R. part 56; 42 U.S.C. §241(d); 5 U.S.C.
§552a; 44 U.S.C. §3501 et seq. Specimens were obtained from
hospitalized patients enrolled between 11 March 2021 and 25
January 2022 in the COVID-19 surveillance program conduct-
ed by the Investigating Respiratory Viruses in the Acutely Ill
(IVY) Network [26, 27]. Site staff conducted in-hospital screen-
ing of patients >18 years of age through daily review of elec-
tronic medical records (EMR). Hospitalized patients with
COVID-19 had a clinical syndrome consistent with acute
COVID-19 [28-30] and a positive molecular or antigen test
within 10 days of symptom onset. A single nasal swab specimen
was either collected from each patient as soon as possible after
hospital arrival or a residual clinical specimen from hospital ad-
mission was used.

Patient demographics, symptom onset date, COVID-19 vac-
cination status, and comorbid medical conditions were cap-
and EMR
Immunocompromising conditions included: hematologic ma-

tured by structured interview review.
lignancy or solid organ cancer (with diagnosis or treatment
in the last 6 months), human immunodeficiency virus (HIV)
infection, congenital immunodeficiency, prior splenectomy,
prior solid organ transplant, receipt of immunosuppressive
medication, systemic lupus erythematous, rheumatoid arthri-
tis, psoriasis, scleroderma, or inflammatory bowel disease
[31]. Information on vaccination status was collected from in-
terview, EMR, and state registries. For this study, patients
were considered vaccinated if they had received >1 dose of
a COVID-19 vaccine >14 days prior to illness onset. This al-
lowed inclusion of patients who received the Ad26.COV2-S
vaccine.

Nasal swab specimens were tested at Vanderbilt University
Medical Center by RT-qPCR [32]. Specimens with a Ct value
of <32 for either the N1 or N2 target were then shipped to
the University of Michigan for SARS-CoV-2 lineage determi-
nation by whole-genome sequencing and RT-qPCR for total
N and sgN RNA.

Measurement of Total and Subgenomic RNA Viral Load

RNA was extracted from 200 uL of specimen transport media
using the MagMax Viral/Pathogen II Nucleic Acid Isolation
Kit on the KingFisher Flex System and eluted in 50 pL water.
Amplification of Total N RNA for N genes was performed
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outlined in the CDC

2019-Novel Coronavirus EUA protocol [32]. These primers

using amplification conditions

amplify genomic and subgenomic targets; hence, the product
is referred to as total nucleocapsid (N). Total RNA transcripts
were amplified using the CDC N1 primer and probe set as fol-
lows: 2019-nCoV N1 forward primer GACCCCAAAATC
AGCGAAAT; 2019-nCoV_N1 reverse primer TCTGGT
TACTGCCAGTTGAATCTG; 2019-nCoV_N1 probe
ACCCCGCATTACGTTTGGTGGACC. Omicron lineage vi-
ruses have a C—U mutation at position 28 311, which corre-
sponds to the third nucleotide from the 5’ end of the N1
probe sequence. This has been found not to affect assay sensi-
tivity or efficiency [33], and we found a high correlation be-
tween total N and Orflab Ct values on testing of 370 samples
using both primer/probe sets (data not shown). RT-qPCR reac-
tions were performed as previously published [34]. Briefly,
20 uL RT-qPCR reactions included 5pL template,5 uL
Tagpath one-step RT-qPCR master mix, 500 nM of each prim-
er, and 250 nM of each probe. Reactions were run for 40 cycles
on an ABI 7500FAST real-time PCR system. Run thresholds
were set manually. Subgenomic N transcripts were amplified by
substituting subgenomic leader sequence sglLeadSARSCoV2-F:
5'-CGATCTCTTGTAGATCTGTTCTC-3’ [2], which was com-
bined with the N1 gene reverse primer and N1 probe from the
total N1 primer-probe set [32]. Probe sequences were 6-carboxy-
fluorescein (FAM) labeled with Iowa Black quencher. As this
study evaluated relative viral RNA loads, Ct values are presented.
Absolute copy number was not determined.

Viral Sequencing

Specimens were processed for whole-genomic sequencing us-
ing the ARTIC Network protocol on a GridION instrument
as previously described [35, 36]. Lineages were assigned using
PANGO [37] on sequences meeting the following quality crite-
ria: genome coverage >80%, PANGO status = passed_qc, next-
clade_qcoverallstatus = “good” or “mediocre.” VOC were
classified based on World Health Organization assignments:
Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2 and AY), and Omicron (B.1.1.529 or BA).
Sequence outcomes, quality metrics, and GISAID accession
numbers (for samples with >90% genome completeness) are
in Supplementary Table 1.

Statistical Analysis

We summarized participant characteristics using proportions
(frequencies) and means with standard deviations or median
and interquartile range (IQR). Comparisons of demographic
characteristics and vaccination status were performed using
or Wilcoxon/Kruskal-Wallis tests when appropriate. The rela-
tionship between days since symptom onset and Ct value from
collected specimen at enrollment was displayed with a scatter
plot and best fit line using a univariate linear regression model.

The y-axis of the linear regression line was a Ct value-based esti-
mate for RNA viral load at enrollment and the slope was an esti-
mate of the rate of decline in RNA viral load over time. The y-axis
consisted of Ct values in reverse order so that increases on the
y-axis represented greater viral load (lower Ct). To evaluate the re-
lationship between days from symptom onset to specimen collec-
tion and SARS-CoV-2 RNA Ct, we also constructed a
multivariable linear regression model with Ct as the dependent
variable, days of symptoms as the primary independent variable,
and age, sex, number of underlying medical conditions, and vac-
cination status covariates. A restricted cubic spline function was
applied on the primary independent variable (days) with 6 knots
(chosen based on the lowest Aikake information criterion (AIC))
to allow for nonlinear association. To understand differences in
sgN RNA Ct values across variants, we used total N Ct values to
normalize sgN Ct values by subtracting the Ct value of total N
from sgN (ACt value). We repeated comparisons between variants
using normalized sgN Ct values. All analyses were conducted us-
ing R version 4.1.3.

RESULTS

A total of 5728 patients with COVID-19 were enrolled; 3810
(66.5%) patients had nasal specimens positive for
SARS-CoV-2 with an N1 or N2 Ct value <32, which were pro-
cessed for whole-genome sequencing and RT-qPCR of total N
and sgN RNA. Among these 3810 patients, 606 patients were
excluded from the current analyses for the following reasons:
556 with indeterminate SARS-CoV-2 lineage, 33 who had a
negative RT-qPCR reaction on repeat testing for N, 16 with in-
complete clinical data, and 1 with no information on immune
status. This resulted in a final analytical population of 3204 pa-
tients (Supplementary Figure 1): median age was 60 years (IQR,
48-71 years), 1493 (47%) were female, 2582 (81%) had at least 1
underlying medical condition, 1327 (41%) were admitted to the
intensive care unit, and 698 (22%) had an immunocompromis-
ing condition (Table 1); 1987 (62%) patients received remdesi-
vir and 2404 (95%) received dexamethasone near the time of
sample collection (Supplementary Table 2).

Among 3204 patients, 1158 (36%) had received at least 1
dose of a COVID-19 vaccine, 1985 (62%) were unvaccinated,
and 61 (2%) had unknown vaccination status (Table 1). Of vac-
cinated patients, 79% completed the primary series and 12%
had received the primary series and at least 1 booster.
Vaccinated patients, compared with unvaccinated patients,
were older (mean 65.1 [SD 15.6] years vs 55.2 [SD 16.3] years,
P <.001), had more underlying medical conditions (2.71 [SD
1.47] conditions vs 1.5 [SD 1.33] conditions, P <.001), and
had nasal specimens collected earlier after illness onset
(5.22 [SD 3.49] days vs 6.83 [SD 5.29] days, P <.001) (data
not shown). VOCs were identified in most patients, including
Delta in 2246 (70%), Omicron in 481 (15%), Alpha in 295
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Table 1.

Characteristics of Patients With COVID-19—IVY Network, 18 US States, 11 March 2021 to 25 January 2022

Characteristic

Immunocompetent (n = 2506)

Immunocompromised (n = 698)

Overall (n=3204)

Age, y, median (IQR) 59 (46-72) 62 (52-70) 60 (48-71)
Female 1159 (46) 334 (48) 1493 (47)
Race and ethnicity
Non-Hispanic white 1260 (50) 385 (55) 1645 (51)
Non-Hispanic black 571 (23) 161 (23) 732 (23)
Hispanic, any race 484 (19) 116 (17) 600 (19)
Non-Hispanic, other 136 (5) 31 (4) 167 (5)
Unknown 55 (2) 5 (1) 60 (2)
BMI, median (IQR) 31 (26-37) 28 (24-33) 30 (26-36)
Smoking history
Not current smoker 1804 (72) 573 (82) 2377 (74)
Current smoker 244 (10) 61 (9) 305 (10)
Unknown 458 (18) 64 (9) 522 (16)
Hospital admission in last year 666 (29) 337 (51) 1003 (34)
Any underlying medical condition 1884 (75) 698 (100) 2582 (81)
Number of underlying conditions
0 622 (25) 0(0) 622 (19)
1 649 (26) 83 (12) 732 (23)
2 625 (25) 132 (19) 757 (24)
3 610 (24) 483 (69) 1093 (34)
Admission to ICU 1048 (42) 279 (40) 1327 (41)
Vaccination status
>1 dose 731 (29) 427 (61) 11568 (36)
Unvaccinated 1733 (69) 252 (36) 1985 (62)
Unknown 42 (2) 19 (3) 61 (2)
Variant
Alpha 232 (9) 63 (9) 295 (9)
Beta 8(0) 0(0) 8(0)
Delta 1793 (72) 453 (65) 2246 (70)
Gamma 43 (2) 9(1) 52 (2)
Omicron 332 (13) 149 (21) 481 (15)
Non-variant of concern 98 (4) 24 (3) 122 (4)

Data are No. (%) except where indicated.

Table2. Total and Subgenomic N RT-qPCR Cycle Threshold Values in Nasal Swabs Collected at Enrollment—IVY Network, 18 US States, 11 March 2021 to
25 January 2022

Non-VOC Alpha Beta Gamma Delta Omicron Combined P Value®

All patients

No. of patients 122 295 8 52 2246 481 3204

Total RNA Ct 24.14 +4.53 25.15+4.33 23.97 +2.69 25.15+3.93 25.31+4.50 26.26 +4.42 25.39+4.48 <.001

Subgenomic N Ct? 27.46 +£4.74 28.18 +4.63 27.04 +2.49 28.561+4.18 28.62 +4.83 29.67 +5.03 28.69 +4.85 <.001
Vaccinated patients®

No. of patients 34 45 2 10 767 300 1158

Total RNA Ct 23.53 +4.86 25.12+3.54 22.53+3.18 23.74+5.70 24.79 +4.67 26.18 +4.42 25.11 +4.62 <.001

Subgenomic N Ct° 26.71 +5.01 28.28 +3.97 25.35+2.67 26.79+5.82 27.81+4.76 29.07 +4.69 28.10 +4.76 .002
Unvaccinated patients

No. of patients 88 248 6 40 1439 164 1985

Total RNA Ct 24.38 +4.40 25.08 +4.38 24.45 + 2.65 25.39+3.42 25.67 +4.36 26.21+4.42 25.50 +4.36 .022

Subgenomic N Ct? 27.46 +4.29 27.86+4.44 27.61+2.40 28.83+3.70 28.61+4.40 29.22 +4.52 28.62 +4.41 .008

Cycle threshold values are mean + standard deviation. Abbreviations: COVID-19, coronavirus disease 2019; Ct, cycle threshold; N, nucleocapsid; RT-gPCR, quantitative reverse transcription
polymerase chain reaction.

#>1 dose of any COVID-19 vaccine >14 days prior.
Specimens with undetectable RNA were not included.
°Kruskal-Wallis test.
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(9%), Gamma in 52 (2%), and Beta in 8 (< 1%). Non-VOC vi-
ruses were identified in 122 (4%) patients (Table 1).

RNA viral load in samples at hospital presentation was not
significantly different in vaccinated versus unvaccinated pa-
tients for either total N RNA (25.11 [SD 4.62] vs 25.50 [SD
4.36], P=.053; Table 2) or sgN RNA (28.10[SD 4.76] vs
28.52 [SD 4.41], P =.056). Viral load on presentation did differ
by SARS-CoV-2 lineage. Total N viral load was lower (ie, a
higher Ct) in those infected with the Omicron variant (26.26
[SD 4.42]) compared with Alpha (25.15 [SD 4.33]) and Delta
(25.31 [SD 4.50]) (P <.001).

There was a strong correlation between time elapsed since
symptom onset and lower total N and sgN viral load based
on the slope of the best fit linear regression line (Figure 1).
Furthermore, total N and sgN rates of decline were highly cor-
related within each variant. For instance, among immunocom-
petent patients infected with Delta lineages, the slope of decline
for sgN was 0.11 and for total N was 0.12; for the Omicron lin-
eages slope for sgN was 0.23 and total N RNA was 0.23
(Figure 1). Minor differences in the rate of viral RNA decline
were observed by variant. The rates of decline for total N as re-
flected by the slopes of the regressions were similar between

Alpha Delta Omicron Non-VOC
0 0 0 0
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Figure 1.  Total and subgenomic N RNA viral load by SARS-CoV-2 variant and immune status—IVY Network, 18 US states, 11 March 2021 to 25 January 2022. Total (top
two rows) and subgenomic (bottom two rows) N Ct values are plotted relative to days after onset of symptoms for Alpha, Delta, Omicron, and non-VOC variants in unvac-
cinated immunocompetent (first and third rows) and immunocompromised (second and fourth rows) patients. Linear regression was performed with slope and intercept of
each line as indicated. The y-axis is inverted because higher cycle thresholds correspond to lower RNA copy number. The y-axis of the linear regression line estimates viral
load at the onset of symptoms and the slope estimates decline of viral load over time. The shaded areas represent the 95% confidence interval for the regression. Abb-
reviations: Ct, cycle threshold; N, nucleocapsid; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; VOC, variant of concern.
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Alpha and Delta (slope = 0.1 and slope 0.12, respectively) but
faster for Omicron lineage specimens (slope 0.23).

The rate of decline in sgN and total N RNA levels
was greater in immunocompromised relative to immuno-
competent patients infected with all variants in a simple re-
gression (Figure 1). This is particularly apparent for
Omicron, where the slope in immunocompromised patients
was 0.62 for sgN and 0.61 for total N RNA compared to a
slope of 0.23 for both sgN and total N RNA in immunocom-
petent patients.

Compared with unvaccinated immunocompetent patients,
vaccinated immunocompetent patients had faster clearance of
viral RNA (slope of 0.26 vs 0.13 increase in Ct value per day;
Figure 2). We found no difference in the rate of decline for ei-
ther sgN or total N RNA based on vaccination status in immu-
nocompromised patients (Figure 2).

To identify the impact of various host and viral factors on vi-
ral load, we performed multiple linear regression including

SARS-CoV-2 variant, days from symptom onset, age, sex, num-
ber of comorbid conditions, vaccination, and immunosuppres-
sion status. The number of days since onset of symptoms was a
major predictor of total N and sgN Ct value (P <.001) with an
estimated change of 2.52 Ct of total N comparing 14 days after
symptom onset with day 1 after symptom onset controlling
other covariates as constant (Supplementary Table 3). In our
analysis, total N viral load was significantly lower for
Omicron lineages, but not for other lineages, relative to the
Alpha variant (1.95 [SD 0.34] Ct relative to Alpha, P <.001;
Supplementary Table 4). The sgN viral load was significantly
lower for the Omicron lineages (2.01 [SD 0.36] Ct, P <.001)
and the Delta lineages (0.60 [ SD 0.29] Ct, P =.038) compared
to Alpha. In this analysis we identified no significant effect of
immune or vaccination status on Ct value. We also found no
effect of medical comorbidity, sex, or age on Ct values for sub-
genomic or total N RNA in this population (Supplementary
Table 4).
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Figure 2. Total and subgenomic N RNA viral load by COVID-19 vaccination and immune status—IVY Network, 18 US states, 11 March 2021 to 25 January 2022. Total and
subgenomic N Ct values plotted against days after symptom onset in immunocompetent or immunocompromised patients who were either vaccinated or not vaccinated.
Abbreviations: COVID-19, coronavirus disease 2019; Ct, cycle threshold; N, nucleocapsid.

240 « JID 2023:228 (1 August) « Dimcheff et al


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad061#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad061#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad061#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiad061#supplementary-data

Immunocompetent
10 Immunocompromised
z
4
4
[
o
'—
''5 i
2 AN A \ /1\
E E\,/ <BAH> I'H\ \ {
2 ) LA (L) {
[ A \,
gj NI/ / \ /
S
2
o O
=
©
>
-
(8]
a
-5

Alpha Delta Omicron Non-VOC

Figure 3. Relationship of subgenomic N to total N RNA by variant and immune
status—IVY Network, 18 US States, 11 March 2021 to 25 January 2022. The ACt
value was calculated by subtracting Ct value for total N from sgN. The average ACt
was 2.98 for Alpha, 3.21 for Delta, 3.23 for Omicron, and 3.25 for non-VOCs. There
was no significant difference in the ACt between variants. Boxplots show median
(horizontal line), interquartile range (box), and 1.5 times the interquartile range
(whiskers), and outliers (large points). Abbreviations: Ct, cycle threshold; N, nucle-
ocapsid; sgN, subgenomic N; VOC, variant of concern.

To further understand differences in sgN RNA Ct values
across SARS-CoV-2 variants, we normalized sgN Ct values by
subtracting the Ct value of total N from sgN. After normaliza-
tion, we found that there were no statistically significant differ-
ences in sgN among variants (Figure 3).

DISCUSSION

We measured total and subgenomic RNA nucleocapsid viral
loads in adults hospitalized with severe COVID-19 who were
infected with different SARS-CoV-2 VOC:s to evaluate the asso-
ciation of these viral loads with patient and virologic factors.
Using RT-qPCR Ct values from specimens collected at the
time of enrollment, we found small differences in total N and
sgN viral RNA and the rate of viral RNA decline among vari-
ants. When accounting for multiple clinical variables, including
time of specimen collection, we found little difference in RNA
viral load based on immune or vaccine status. When normal-
ized to total N, sgN RNA levels were similar across variants.
We found a strong correlation between subgenomic and total
N, which was seen across variants, suggesting subgenomic N
RNA viral load adds no additional utility in predicting infectiv-
ity compared with RT-PCR against typical genomic RNA
targets.

Early studies postulated that RNA viral load was higher in
some VOCs, contributing to their more rapid spread [38-40].

The Alpha variant was shown to have a 10-fold higher RNA vi-
ral load than non-VOC variants; studies of the Delta variant
suggested that its RNA viral load was 10 to 1000 times higher
when compared to earlier variants. Here we found small, but
statistically significant differences in Ct values at presentation
for total N and sgN across variants. The magnitude of these dif-
ferences between any pair of variants (2- to 4-fold) was not
nearly as great as previous studies and is of unclear significance.
A potential reason for the discrepancy is that, unlike many oth-
er studies, we evaluated RNA viral load based on time since
symptom onset. Our sample size also allowed us to compare
RNA viral load across variants, prospectively, using a common
protocol.

Duration of infectiousness has been a critical issue for public
health guidance. Because total RNA viral load was thought to
differ among VOCs, there was some concern that isolation pre-
cautions may need to change based on the properties of the cir-
culating variant. To the extent that RNA viral load correlates
with infectivity, our results suggest that there are only small dif-
ferences in viral load and little difference in viral RNA decline
across lineages in immunocompetent hosts. Interestingly, the
Omicron variant, which exhibited lower viral loads and a faster
rate of decline, was the variant consistently different in both
linear and multiple regression analysis. This would suggest
that elevated shedding might be a relatively minor contributor
to the spread of Omicron.

The more rapid decline in subgenomic and total N RNA in
unvaccinated immunocompromised patients compared to im-
munocompetent patients was an unexpected finding that likely
reflects the complexities of evaluating RNA viral load in a clin-
ical setting. When we applied a more robust model that evalu-
ated multiple variables, we found that immune status did not
influence RNA viral load or rates of decline. This stands in con-
trast to a number of case series, which suggest that some immu-
nocompromised patients remain persistently infected for
several months [22-24]. We suspect that our results may be in-
fluenced by our broad definition of immunocompromising
conditions, which included a significant number of patients
with nonhematologic malignancies and mild-to-moderate
rheumatologic disease but is similar to the CDC definition
[41]. Further stratification by type of immunocompromising
condition and assessment of infectivity by cell culture would
be helpful in subsequent studies.

There has been significant interest in whether vaccination re-
duces transmission by reducing RNA viral load. In immuno-
competent vaccinated patients, we found a slightly more
rapid decay of RNA viral load over time compared to unvacci-
nated patients but no difference between vaccinated and unvac-
cinated immunocompromised patients. These findings are
subtle and require further investigation, especially given that
the host immune responses may neutralize the shed virus, alter-
ing the relationship between viral RNA and viral infectivity.
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Recent studies have suggested that some SARS-CoV-2 vari-
ants express more subgenomic RNA than others [16, 42-45].
These studies focused on the Alpha variant compared to ances-
tral variants and showed increased expression of several subge-
nomic transcripts as assessed by next-generation sequencing
[16, 44]. We did see small differences in the abundance of
sgN RNA across variants, which was most pronounced for
Omicron. Despite these findings, when sgN RNA was normal-
ized to total N RNA, we found no differences in subgenomic
RNA across variants. Differences in technical approach, such
as RT-qPCR versus sequencing, or normalization method,
might contribute to different conclusions about variant-
dependent patterns in subgenomic RNA. The current study is
consistent with prior work, which has identified a strong corre-
lation between total and subgenomic RNA levels [34, 46], and
expands this finding to VOCs.

Our study has limitations. First, specimens were obtained
only once for each patient instead of serially. This cross-
sectional analysis can only reveal the impact of host and viral
factors on viral load across the study population. We cannot re-
liably infer the trajectories in specific individuals. Second, we
limited this study to Ct values of less than 32 on initial testing
to prioritize specimens that were more likely to be successfully
sequenced. This could bias our analysis toward higher viral
loads and potentially earlier time points. This may have the
most dramatic effect on immunocompromised patients who
could shed virus for longer periods of time. Third, when eval-
uating differences in viral load across variants, we were not able
to control for RNA integrity and swab technique, which could
affect the measured viral load. However, our findings should be
robust to any untoward effects of specimen compromise given
the large number of enrollment sites and sample size. Fourth,
we normalized sgN RNA to total N RNA (which includes
sgN) to avoid issues related to varying primer and probe effi-
ciency in RT-qPCR. The reported ratios may differ when nor-
malized to a purely genomic RNA target. However, an analysis
of a subset of samples with an Orflab target suggest that any
differences would be minor (<1 Ct; Supplementary Figure 2).
Fifth, our definitions of immunocompromising condition
and vaccine status (>1 dose) may be overly broad, and we do
not account for the influence of prior infection, all of which
may obscure important differences. Finally, our findings in
this hospitalized population may not generalize to patients in
other settings.

Overall, total N and subgenomic RNA virus load are similar
across SARS-CoV-2 variants and deviate only modestly by im-
mune and vaccination status. As levels of these 2 types of viral
RNA are highly correlated, sgN RNA offers no clear advantage
over total RNA as a marker of infectious virus in clinical spec-
imens. Future studies in a variety of care settings are needed to
determine which patient-level factors contribute to prolonged
shedding of infectious virus.
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Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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