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Abstract

Airborne transmission is an important transmission route for the spread of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Epidemiological data
indicate that certain SARS-CoV-2 variants, like the omicron variant, are associated
with higher transmissibility. We compared virus detection in air samples between
hospitalized patients infected with different SARS-CoV-2 variants or influenza virus.
The study was performed during three separate time periods in which subsequently
the alpha, delta, and omicron SARS-CoV-2 variants were predominant. In total, 79
patients with coronavirus disease 2019 (COVID-19) and 22 patients with influenza A
virus infection were included. Collected air samples were positive in 55% of patients
infected with the omicron variant in comparison to 15% of those infected with the
delta variant (p <0.01). In multivariable analysis, the SARS-CoV-2 omicron BA.1/
BA.2 variant (as compared to the delta variant) and the viral load in nasopharynx
were both independently associated with air sample positivity, but the alpha variant
and COVID-19 vaccination were not. The proportion of positive air samples patients
infected with the influenza A virus was 18%. In conclusion, the higher air sample
positivity rate of the omicron variant compared to previous SARS-CoV-2 variants

may partially explain the higher transmission rates seen in epidemiological trends.
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a period when the SARS-CoV-2 D614G and alpha variant were
predominant.2®

Airborne transmission is an important transmission route for the
spread of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2).! Previously, we compared the presence of airborne SARS-
CoV-2 RNA in air samples among recently infected individuals at
home, and different groups of hospitalized patients with coronavirus
disease 2019 (COVID-19) on various oxygen delivery systems during

Epidemiological data indicate that SARS-CoV-2 variants vary in
their transmissibility potential with estimated secondary attack rates
of 43% for omicron, 36% for alpha, 30% for delta, and 19% during the
early phase of the pandemic according to a meta-analysis.*
Secondary attack rates for the SARS-CoV-2 omicron variant were

higher in comparison to the delta variant in household settings.’ Virus
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transmissibility is multifactorial, which includes the infectivity of the
pathogen, the contagiousness of the infected individual, the
susceptibility of the exposed individual, the contact patterns between
the infected individual and the exposed individual, and environmental
determinants (e.g., temperature and humidity).®

Because airborne virus shedding is one of the mechanisms
contributing to higher transmissibility rates, we addressed the
question whether the SARS-CoV-2 omicron variant is independently
associated with more airborne virus shedding in comparison to
previous variants. In this prospective observational study, we
compared the extent of air sample positivity, as measure of airborne
virus shedding between patients infected with different SARS-CoV-2
variants of concern in hospitalized patients. In addition, we explored
whether airborne shedding of the influenza virus can also be

detected with our air sampling methodology.

2 | METHODS

We included hospitalized patients with COVID-19 between August
16, 2021 and September 29, 2021 (period with delta variant
predominance), and between January 9, 2022 and April 19, 2022
(period with omicron variant predominance), who received 2-6 L/min
oxygen support by nasal cannula and had positive quantitative
reverse transcription polymerase chain reaction (RT-qPCR) results on
SARS-CoV-2 RNA in their nasopharyngeal swabs. Data were also
compared to patients from an earlier studied cohort with similar
inclusion criteria, who were included between February 22, 2021 and
April 17, 2021 (period with alpha variant predominance).> We also
included patients who were infected with influenza A or B virus
between March 30, 2022 and May 12, 2022. The Institutional
Review Board (IRB) approved the study protocol (IRB protocol
number 2021-134) and declared that this study does not fall within
the scope of the Dutch Medical Research Involving Human Subjects
Act, since no specific instructions or other behavior requirements
were given to patients and only environmental air samples were
collected. Patients were informed about the study and were asked
oral consent. The study was performed in accordance with the
Helsinki Declaration as revised in 2013.

Previously, we developed a vacuum cleaner-based air sampling
method combined with RT-qPCR detection of viral RNA.2 Air
sampling was performed within 48 h after diagnostic testing with
nasopharyngeal swab, which was usually obtained at hospital
admission. The SARS-CoV-2 variant in the diagnostic samples were
confirmed by multiplex variant RT-PCR using melting curve analyses,
which was implemented in the routine practice of our hospital.”

The collection of clinical data and detailed methodology of air
sampling and harvesting viral RNA from the sample filters was
performed as previously described.?® In short, an IIR type surgical
face mask (Romed Holland, type MASK-L) was used as a sample filter
placed on the hose inlet of a vacuum cleaner (Nilfisk household
vacuum cleaner, with high-efficiency particulate air filter). Air was

sampled for 2.5min at two separate locations sequentially: 50 cm

behind and 30 cm above the patient's head (i.e., dorsal sample) and
50cm in front and 30cm below (i.e., ventral sample). RNA was
extracted from the sample filters using the Roche MagNa Pure large
volume total nucleic acid extraction kit. Sample filters were analyzed
on our validated in-house RT-qPCR assay on the presence of viral
RNA. In the last part of our study during the omicron predominance
and influenza virus season, we adapted our RNA extraction method
to decrease workload and time of analysis. The manual vortex action
with the MagNA Lyser (Roche Diagnostics) benchtop device was
replaced by prefilling the samples tubes with glass beads and tissue
lysis buffer (Buffer ATL; Qiagen) before rotation to disrupt and
extract the RNA from the sample filters. To assess comparability
between the two extraction methods, we analyzed a series of random
air samples with both methods simultaneously. Finally, 500 pL of the
extraction was used for RNA extraction using the MagNA Pure Total
Nucleic Acid Isolating Large Volume Kit (Roche). Demographic,
clinical, laboratory, and RT-gPCR data were recorded as previously
described.®

All data were analyzed using Microsoft Excel, R version 3.3.2 (R
Foundation for Statistical Computing), and GraphPad Prism v9
(GraphPad Software). Proportions were compared by using x? test
or Fisher's exact test as appropriate. Multivariable analysis with
adjustment for cycle threshold (Cy value in positive diagnostic
nasopharyngeal swab and COVID-19 vaccination status was per-
formed to assess the associations between the SARS-CoV-2 variant
and air sample positivity. The C; value reflects the viral load in the
nasopharynx, which is assumed to be an important determinant of
virus shedding, although the C; value is also affected by other factors
such as the execution of the nasopharyngeal sampling procedure.
Moreover, we included vaccination status due to its possible
association with decreased viral shedding. As a sensitivity analysis,
we built a second multivariable model which included all variables
with p < 0.20 according to univariable comparison between airborne
positive and negative samples. For all analyses, values of p that were
<0.05 were considered to be statistically significant.

3 | RESULTS

In total, 79 patients with COVID-19 were included for analyses, of
whom 38 and 26 patients infected with the omicron and delta
variant, respectively, and 15 patients of the previous cohort infected
with the alpha variant that fulfilled the inclusion criteria. Thirty (38%)
of those patients had at least one positive air sample. Collected air
samples were more frequently positive in patients infected with the
omicron variant in comparison to those infected with the delta
variant: 55% versus 15%, respectively (p < 0.01; Table 1). In contrast,
no significant differences were detected between the omicron and
the alpha variant (55% vs. 33%; p = 0.26), and between the alpha and
the delta variant (33% vs. 15%; p = 0.34).

In univariable analysis SARS-CoV-2 positive air samples were
associated with higher age, higher 4C mortality score and higher
cough severity (Table 2).2° The median Ci-value of diagnostic
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TABL.E 1 F?05|t|ve ‘alr samples X Positive air sample Positive air
accc.)ljdlng to virus variant and sampling in ventral and/or Positive air sample sample in dorsal
position. dorsal position in ventral position position
SARS-CoV-2 omicron (n = 38) 21 (55) 18 (47) 17 (45)
SARS-CoV-2 delta (n = 26) 4 (15) 4 (15) 2 (8)
SARS-CoV-2 alpha (n=15) 5(33) 3 (20) 4 (27)
Influenza A virus (n = 22) 4 (18) 3 (14) 3 (14)
Note: Data are reported as absolute number (percentage). Data from the 15 patients with the alpha
variant were derived from our previous cohort study.’
Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
TABLE 2 Characteristics of patients - . o n
ith o g . Positive air Negative air
V\{It SARS-CoV-2 positive and negative sample (n = 30) sample (n = 49) p Value
air samples.
Age 73 (63-80) 64 (49-71) <0.01
Gender (male) 20 (67) 29 (59) 0.67
Hypertension 15 (50) 22 (45) 0.83
Diabetes mellitus 11 (37) 15 (31) 0.19
Asthma 4 (13) 4 (8) 0.72
COPD 8 (27) 8 (16) 0.41
Body mass index 28 (23-34) 29 (25-34) 0.67
CRP (mg/L) 63 (34-129) 77 (41-146) 0.27
4C mortality score 12 (9-14) 7 (5-12) 0.01
Fisman cough severity score 1 (0-2) 0 (0-1) 0.05
during sampling
COVID-19 vaccination 15 (50) 13 (27) 0.06
Symptom duration until day 6 (4-10) 8 (5-13) 0.73
of sampling (days)
C; value of diagnostic PCR 21 (16-24) 24 (21-28) <0.01

Note: Continuous data are presented as median (interquartile range). Categorical variables are reported
as absolute number (percentage).

Abbreviations: COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019;
CRP, C-reactive protein; C;, cycle threshold; PCR, polymerase chain reaction; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2.

RT-qPCR was lower (i.e., higher viral load) in patients with positive air
samples compared to those with negative air samples (median 21
[interquartile range [IQR]: 16-24] vs. 25 [IQR: 22-29]; p <0.01).
Patients with positive air samples were sampled earlier after onset of
symptoms than those with negative air samples: median 6 (IQR:
3.5-9.5) versus 9 days (IQR: 6-13) (p = 0.03), respectively. Moreover,
there was a significant correlation between symptom duration at the
time of sampling and the viral load in the nasopharynx (Supporting
Information: Figure S1).

Compared to the delta variant, patients infected with the
omicron variant were older, had higher 4C mortality score, were
more frequently vaccinated and their diagnostic RT-qPCR results had
lower C; values (Table 3). In contrast, patients' characteristics were

not significantly different between those infected with the alpha
variant versus those infected with the delta variant.

In  multivariable analysis, the SARS-CoV-2 omicron variant
(compared to the delta variant) and the viral load in nasopharynx
were both independently associated with air sample positivity, but
the alpha variant (compared to the delta variant) and previous
COVID-19 vaccination were not significantly associated (Table 4). In
the sensitivity analysis, which included SARS-CoV-2 variant type,
vaccination status, Ci-value of the nasopharyngeal swab, age,
diabetes mellitus, 4C mortality score, and Fisman cough severity as
variables, the SARS-CoV-2 omicron variant type and the viral load in
nasopharynx were the only independent variables associated with air

sample positivity (Supporting Information: Table S1).
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TABLE 3 Characteristics of patients according to SARS-CoV-2 variant.
Omicron SARS-CoV- Delta SARS-CoV- p Value (omicron Alpha SARS-CoV- p Value (alpha
2 (n=38) 2 (n=26) vs. delta) 2 (n=15) vs. delta)
Age 72 (67-80) 58 (45-67) <0.01 63 (51-68) 0.39
Gender (male) 24 (63) 16 (62) 1.00 9 (60) 1.00
Hypertension 22 (58) 10 (39) 0.20 5 (33) 1.00
Diabetes mellitus 15 (40) 5(19) 0.15 6 (40) 0.28
Asthma 3(8) 4 (15) 0.59 1(7) 0.74
COPD 11 (29) 3(12) 0.18 2 (13) 1.00
Body mass index 28 (23-33) 30 (26-35) 0.30 29 (27-31) 0.77
CRP 74 (34-228) 90 (58-247) 0.20 74 (41-140) 0.80
4C mortality score 13 (9-14) 7 (5-11) <0.01 6 (5-11) 0.98
Fisman cough severity score 1 (0-2) 0 (0-1) 0.13 0 (0-1) 0.83
during sampling
COVID-19 vaccination 24 (63) 4 (15) <0.01 0 (0) 0.29
Symptom duration until day of 6 (3-11) 9 (6-11) 0.08 10 (6-13) 0.60
sampling (days)
C; value of diagnostic PCR 22 (18-25) 25 (21-27) 0.05 22 (20-27) 0.29

Note: Continuous data are presented as median (interquartile range). Categorical variables are reported as absolute number (percentage).

Data from the 15 patients with the alpha variant were derived from our previous cohort study.®

Abbreviations: COPD, chronic obstructive pulmonary disease; COVID-19, coronavirus disease 2019; CRP, C-reactive protein; C;, cycle threshold; PCR,
polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

TABLE 4 Association between SARS-CoV-2 variant and air sample positivity.

Univariable

Multivariable

Variables Unadjusted odds ratio
SARS-CoV-2 variant (ref = delta)

Omicron 6.79 (1.9-24.1)
Alpha 2.75 (0.6-12.9)

C; value of diagnostic PCR 0.87 (0.78-0.96)

Vaccination status 2.77 (1.04-7.35)

p Value Adjusted odds ratio p Value

<0.01 5.73 (1.40-23.39) 0.01
0.19 2.39 (0.5-12.0) 0.28

<0.01 0.88 (0.8-0.99) 0.03
0.04 0.98 (0.3-3.6) 0.97

Note: Data from the 15 patients with the alpha variant were derived from our previous cohort study.>

Abbreviations: PCR, polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Forty air samples were analyzed according to both the manual
vortex method and the MagNA Lyser method: 10 (25%) and 10 (25%)
samples were positive for SARS-CoV-2 RNA, respectively (p = 1.00).

Additionally, 22 patients infected with influenza A virus were
sampled. No patients infected with influenza B virus were detected.
Patient's characteristics such as age, gender, and comorbidities were
similar to those infected with SARS-CoV-2 (Supporting Information:
Table S2). However, the patients with influenza A virus were sampled
earlier after the onset of symptoms than those with SARS-CoV-2 (i.e.,
median 4 vs. 8 days, respectively) and had a lower body mass index
(i.e., with a median of 25 vs. 29, respectively). The proportion of
positive air samples among those infected with influenza A virus was
18% versus 38% for SARS-CoV-2 (p=0.14). The proportion of

positive air samples was significantly higher among those infected
with the omicron variant in comparison to the influenza A
virus (p =0.01).

4 | DISCUSSION

This prospective observational study shows that in recently admitted
patients the omicron variant is associated with more frequent SARS-
CoV-2 RNA in air samples in comparison to the delta variant
after adjustment for viral load in the nasopharyngeal sample and
COVID-19 vaccination status. More exhalation of the airborne virus
by individuals infected with the omicron variant compared to the
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delta variant or variants not associated with increased transmissibility
was also observed in two observational studies which studied viral
shedding in eight omicron- and five delta-infected hospitalized

10 and mildly symptomatic individuals of whom 29 were

patients,
infected with omicron and 57 were infected with variants not
associated with increased transmissibility, respectively.!?

In this study, low C; values (i.e., high viral loads) in diagnostic
nasopharyngeal samples were associated with shorter durations
between symptom onset and time of sampling, and positive air
samples, which is in line with previous findings.>® Also, in our
multivariable analysis, the nasopharyngeal viral load was indepen-
dently associated with positive air samples after adjustment for other
variables.

Although we did not find a significant difference in airborne
SARS-CoV-2 RNA positivity between vaccinated and unvaccinated
patients, we cannot exclude that other factors may have confounded
this comparison. In our study, omicron-infected individuals were
older, more often vaccinated and had a higher viral load detected in
the nasopharynx in comparison to those infected with the delta
variant. Nevertheless, COVID-19 vaccination was also not associated
with air sample positivity in our multivariable sensitivity analysis
including age, viral load in the nasopharynx, and other factors. Yet,
selection bias may have contributed to the selection of a distinct
group of omicron-infected individuals requiring hospitalization
despite previous vaccinations. Previous studies suggested that fully
vaccinated individuals shed viable virus during shorter durations and
were associated with lower secondary attack rates as compared to
unvaccinated individuals, while the initial viral load was similar
between groups.?*®

Detection of airborne influenza virus RNA in exhaled breath has
been reported in up to 76% of symptomatic influenza-infected
nonhospitalized individuals early after symptom onset.}**° In our
study the proportion of positive influenza A virus air samples (18%)
was lower, which might be partially explained by late sampling after a
median of 4 days after symptom onset (i.e., upon hospital admission
instead during onset at home) and differences in sampling methodol-
ogy (i.e., type of sampler and duration of sampling). Indeed, influenza
A virus shedding peaked on the first 2 days of clinical illness and
decreased gradually to undetectable levels after 6 days in a
community-based observational study.'® It remains to be investi-
gated whether this air sampling method is able to detect other
respiratory viruses, and how it compares head-to-head with more
labor-intensive air samplers.

To our knowledge, this is the largest air sampling study that
compared multiple different SARS-CoV-2 variants of concern.
Moreover, we included only patients on low-flow oxygenation
modality, because air sample positivity was more frequent in these
patients as compared to patients on high-flow nasal cannula oxygen
therapy.® The current results are in line with previous findings that
were derived using the same air sampling method and consistently
showing the frequent detection of SARS-CoV-2 RNA in air samples
that were taken in repetition or from different locations for every

individual participant.?® This study also has important limitations to

consider. First, the observed Ci-value of the positive air sample
filters was high (median: 36.1, IQR: 34.8-36.9). Detection of very
low viral loads in air is challenging due to the detection limit of RT-
gPCR and could lead to variability in diagnostic sensitivity.
However, at this moment molecular detection methods remain
more sensitive than viral culture-based air sampling methods.
Second, the timing of air sampling was after hospital admission,
which is considered to be a less contagious phase. Indeed, we
previously showed higher proportions of SARS-CoV-2 positive air
samples taken near recently infected individuals at home in
comparison to hospitalized patients.? As most virus transmission
occurs during the first days after symptom onset, it is possible that
differences in airborne shedding between SARS-CoV-2 variants are
even more pronounced during the early phase of infection. Third, in
the study period omicron BA.1 and BA.2 infections were included
but not BA.5 and newer omicron subvariants. Fourth, the
statistically nonsignificant difference in air sample positivity
between the omicron and alpha variant could be related to the
low number of alpha variant-infected included individuals, who
originated from the previous study and fulfilled the current study
inclusion criteria. Fifth, higher omicron infection rates do not have
to be the result of only higher airborne infectivity or higher viral
loads present in the nasopharynx, because virus transmissibility is

multifactorial and not all possible factors were assessed.

5 | CONCLUSION

The higher air sample positivity rate for patients infected with the
omicron variant compared to those infected with previous variants
may explain, at least partially, the differences in transmission rates
between SARS-CoV-2 variants as observed in epidemiological data.
Furthermore, we showed that our vacuum cleaner-based air sampling

method is able to detect influenza virus RNA in the air.
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