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The relative importance of the aerosol transmission route for influenza remains contentious.
To determine the potential for influenza to spread via the aerosol route, we measured the size
distribution of airborne influenza A viruses. We collected size-segregated aerosol samples
during the 2009–2010 flu season in a health centre, a day-care facility and onboard aero-
planes. Filter extracts were analysed using quantitative reverse transcriptase polymerase
chain reaction. Half of the 16 samples were positive, and their total virus concentrations
ranged from 5800 to 37 000 genome copies m23. On average, 64 per cent of the viral genome
copies were associated with fine particles smaller than 2.5 mm, which can remain suspended
for hours. Modelling of virus concentrations indoors suggested a source strength of 1.6+
1.2 � 105 genome copies m23 air h21 and a deposition flux onto surfaces of 13+7 genome
copies m22 h21 by Brownian motion. Over 1 hour, the inhalation dose was estimated to be
30+18 median tissue culture infectious dose (TCID50), adequate to induce infection. These
results provide quantitative support for the idea that the aerosol route could be an important
mode of influenza transmission.
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1. INTRODUCTION

Influenza A viruses (IAVs) are transmitted through
direct contact, indirect contact, large respiratory dro-
plets and droplet nuclei (aerosols) that are left behind
by the evaporation of larger droplets. The relative
importance of each of these routes remains contentious.
The aerosol transmission route has been particularly
controversial since there is scant direct proof of infec-
tion mediated by virus-laden aerosols, partly owing to
the difficulties in studies involving human subjects
and partly owing to the challenges in detecting IAVs
in ambient air [1–3].

Virus-laden aerosols may be released into air when
infected people cough, sneeze, talk or breathe; however,
the aerosols are quickly diluted by ambient air to extre-
mely low concentrations [4]. In addition, the relatively
insensitive culture methods to detect viruses, potential
inactivation during aerosol sampling and inhibition of
detection methods by airborne contaminants present
challenges to the measurement of airborne IAVs [1,5].
Consequently, despite the rapid development of detec-
tion methods for IAVs in clinical and laboratory
settings, there are still very few measurements of them

in the airborne environment. Even fewer studies have
determined the size of influenza virus-laden particles,
which is important because it determines how long parti-
cles will remain suspended in air before being removed by
gravitational settling or Brownian diffusion, and where
they will deposit in the respiratory system.

Quantitative reverse transcriptase–polymerase chain
reaction (qRT–PCR), based on the detection of viral
RNA, affords a sensitive and rapid approach for quanti-
fying low levels of viruses. Chen et al. [6] applied this
method to detect IAVs in a live poultry market, but
their sampling method did not discriminate by particle
size. Using qRT–PCR, Blachere et al. [7] measured
aerosolized influenza viruses in a hospital emergency
department for six days. Eighty-one air samples were
collected with a modified National Institute for Occu-
pational Safety and Health two-stage cyclone sampler
that separated the aerosols into greater than 4, 1–4
and less than 1 mm fractions, and IAV RNA was
detected in 11 of the samples. They found that 46, 49
and 4 per cent of the IAVs were collected in each of
the size ranges, respectively. A more extensive follow-
up study by Lindsley et al. [8] reported that IAVs
were detected on 10 out of 11 days, with 17 per cent
out of 385 samples confirmed to contain IAV RNA.*Author for correspondence (lmarr@vt.edu).
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Of the detected IAV RNA, 42 per cent was associated
with particles 4.1 mm or less.

Public places with a susceptible population and/or a
high population density, such as hospitals, day-care
centres and aeroplanes, may harbour high concentrations
of pathogens. Of 218 surfaces (toys, nappy-changing
areas, toilet seat tops, etc.) tested in 14 different day-
care centres, Boone&Gerba [9] detected influenzaviruses
on 23 and 53 per cent of the samples during autumn and
spring, respectively. Infected individuals on an aeroplane
may spread the influenza virus to other passengers [10].
The Alaska Airlines outbreak [11] has been presented as
proof of airborne influenza transmission: a jet with 54 per-
sons aboard was delayed on the ground for 3 h (during
which the aeroplane ventilation system was inoperative),
and 72 per cent of the passengers who stayed on the aero-
plane were infected by an influenza-contracted passenger
within 72 h.

To evaluate the prevalence of airborne IAVs in high-
risk, public spaces, we collected aerosol samples from a
health centre, a day-care facility and onboard three
commercial passenger aeroplane flights during the
2009–2010 flu season. Particles were divided into five
size fractions, and IAVs in each were analysed using
qRT–PCR. The indoor influenza virus emission
strength, the deposition flux onto the wall surfaces
and risk for airborne infection were then estimated
using our experimental data.

2. MATERIAL AND METHODS

2.1. Reference viruses

Reference strains of influenza Awere from our collection
at the Department of Biomedical Sciences and Patho-
logy, Center for Molecular Medicine and Infectious
Disease at Virginia Tech. Prototype strains used to
develop the qPCR method were A/PR/8/34 (H1N1)
and A/swine/Minnesota/1145/2007 (H3N2). These
two strains were used to construct and test the
qRT–PCR concentration standards.

2.2. Detection of viral genome

2.2.1. Viral genomic RNA extraction. Influenza virus
RNA collected on the filters was extracted using a
Trizol–chloroform-based method modified from a pro-
tocol reported elsewhere [12,13]. Briefly, the filter was
rolled and put into a 2 ml microcentrifuge tube con-
taining 250 ml of phosphate-buffered saline (PBS)
supplemented with 20 mg of glycogen (Ambion, TX,
USA), 15 mg of glycoblue (Ambion) and 50 ng of
human genomic DNA (Cat. no. 636401, Clontech Lab-
oratories, Inc., CA, USA). A volume of 750 ml of Trizol
LS (Invitrogen, CA, USA) was added, and the sample
was vortexed thoroughly and incubated at room temp-
erature for 10 min. The sample was then briefly
centrifuged, and the supernatant was transferred to
a 1.5 ml microcentrifuge tube, to which 230 ml of
chloroform was added (Sigma-Aldrich, MO, USA).
The sample was briefly vortexed, incubated at room
temperature for 5 min and then centrifuged at 2100g
for 5 min. The colourless upper aqueous phase was

carefully transferred to a new 1.5 ml tube containing
600 ml of isopropanol (Sigma-Aldrich) for RNA preci-
pitation for 1 h. Then, the RNA was pelleted by
centrifuging for 12 min at 20 000g and was washed
with 600 ml of 75 per cent ethanol. The RNAwas finally
dissolved in 20 ml of diethylpyrocarbonate-treated
water (Sigma-Aldrich) and immediately converted to
complementary DNA (cDNA) or stored at 2808C
until use.

2.2.2. Reverse transcription. cDNA was generated
with a TaqMan Reverse Transcription Reagents Kit
(N8080234, Applied Biosystems, CA, USA) according
to the manufacturer’s instructions. A 20 ml reaction
mixture was made with a final concentration of 1�
TaqMan RT buffer, 5.5 mM of Mg2þ, 500 mM of each
dNTP, 2.5 mM of RT random hexamer primers,
0.4 U ml21 of RNase inhibitor and 1.25 U ml21 of Multi-
Scribe Reverse Transcriptase, plus 7.7 ml of RNA.
cDNA synthesis was carried out on a thermal cycler
(1000-Series Thermal Cycling Platform, Bio-Rad,
USA) at 258C for 10 min, 488C for 30 min and 958C
for 5 min.

2.2.3. Quantifying standard and standard curve
preparation. The cDNA standard solution was con-
structed by ligation of the targeted gene fragment in a
pCR2.1-TOPO vector according to the instructions of
the TOPO TA Cloning Kit (Invitrogen). Two sets of
IAV primers, one reported by Ward et al. [14] and the
other by van Elden et al. [15], are widely used to
detect the M1 protein gene of IAVs [6,14,16]. The pri-
mers by Ward et al. [14] have proved to be applicable
for the currently circulating A (H3N2), seasonal A
(H1N1) and pandemic A (H1N1) strains [17,18]. The
genomic regions amplified by these two sets of primers
are partially overlapping (table 1). We used the for-
ward primer reported by Ward et al. [14] and the
reverse primer reported by van Elden et al. [15] to
amplify a segment that spans both genomic regions.
The amplicon obtained for cloning was a 262 bp
segment by RT–PCR from stocks of A/swine/
Minnesota/1145/2007 (H3N2). The ligation plasmids
were transformed into competent E. coli cells, and
recombinant bacteria were selected on kanamycin-
containing LB agar. Positive inserts were amplified by
M13 primers embedded within the pCR2.1-TOPO
vector according to the manufacturer’s protocol. The
resulting PCR products were sequenced and confirmed
to be the target IAV gene fragment. The PCR products
were quantified by a Molecular Imager Gel Doc XR
system (Bio-Rad) and were used as the cDNA standard
for qPCR. A standard stock solution was prepared at a
concentration of 1010 genome copies ml21. It was tested
and confirmed to quantify successfully both the H3N2
and the H1N1 influenza virus strains.

The calibration curve was generated using serial
10-fold dilutions of the standard solution from 107 to
10 genome copies ml21 in triplicate. A standard curve
was generated each time that field samples were quanti-
fied, and the amount of IAV genome in field samples
was determined according to the linear regression of
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cycle threshold (Ct) values against the known log
concentrations (C0). Autoclaved ultrapure water
(NANOpure Ultrapure Water System, Barnstead/
Thermolyne, IA, USA) was used as a qPCR negative
control during each run.

2.2.4. Quantitative polymerase chain reaction. The
qPCR assay was performed in 96-well reaction plates
(MicroAmp Optical, Applied Biosystems) on a 7300
Real Time PCR System (Applied Biosystems). Two
sets of primers [14,15] were tested using an SYBR
Green PCR Master Mix Kit (Applied Biosystems).
The qPCR mixture consisted of a final concentration
of 1� SYBR Green Master Mix, 200 nM of each
primer, 5 ml of cDNA and autoclaved ultrapure water
to bring the qPCR reaction volume to 25 ml. Cycling
conditions were one cycle of AmpliTaq Gold enzyme
activation at 958C for 10 min, 40 cycles of denaturation
of DNA at 958C for 15 s and annealing and extension at
608C for 1 min. The amplification was followed by a
melting curve analysis with a dissociation stage from
608C to 958C.

The standard and Ward’s primers were further
tested with a TaqMan One-Step RT–PCR Master
Mix Reagents Kit (Applied Biosystems), and the influ-
enza A probe (6-FAM-50 TTT GTG TTC ACG CTC
ACC GT 30- Black Hole Quencher 1) [14] was used.
One-step RT–PCR was performed in 25 ml consisting
of a final concentration of 1� Master Mix without
UNG, 1� MultiScribe and RNase Inhibitor Mix (0.25
and 0.4 U ml21, respectively), 900 nM of each primer
and 225 nM of the influenza A probe, plus 3 ml
of viral RNA. The reaction mixture was held at 488C
for 30 min for cDNA synthesis, 958C for 10 min for
AmpliTaq Gold enzyme activation and 40 two-step
cycles followed (958C for 15 s for denaturation and
608C for 1 min for primer annealing and extension).
All qPCR assays were run in triplicate.

2.3. Virus spike recovery experiments

Virus spike recovery experiments were conducted to test
the recovery efficiencies of the viral genome from the
filters used to collect ambient particle samples and
the PBS buffer used for RNA extraction. Two poly-
tetrafluoroethylene (PTFE) filters, 25 and 37 mm in
diameter (Cat. no. 225-1708 and 225-1709, SKC Inc.,
PA, USA), were used for sample collection. The H1N1

virus stock was diluted 2 � 1022 with autoclaved ultra-
pure water and used as a spiking solution. Filters were
spiked with 50 ml of virus solution (2.5 ml per droplet,
20 droplets total for the 25 mm filter, and 5 ml per dro-
plet, 10 droplets total for the 37 mm filter). Because the
37 mm filter was especially hydrophobic, the droplet
volume had to be increased to 5 ml for it to be taken
up from a pipette. For the PBS buffer, 50 ml of the
virus solution was spiked into a 2 ml microcentrifuge
tube containing 200 ml of PBS buffer (referred to as
‘PBS control’ hereafter). To test for possible decay of
the virus with time, 50 ml of the virus solution was
added into a 2 ml microcentrifuge tube without PBS
(referred to as ‘decay control’ hereafter). All samples
were placed in a biological safety cabinet for 2 h, allow-
ing the virus solution droplets on the filters to dry out.
The temperature in the cabinet was maintained at
approximately 208C. Aliquots of 50 ml of the same
virus solution used for spiking were stored at 48C for
quantification of the spiked amount. All samples were
supplemented with PBS to a final volume of 250 ml
and subjected to viral RNA extraction as described
above. All tests were conducted in duplicate.

2.4. Field sample collection

2.4.1. Sampling locations. Samples were collected from a
health centre at Virginia Tech, a day-care centre in
Blacksburg, Virginia, and aeroplanes corresponding to
three cross-country flights between Roanoke and
San Francisco. The health centre samples were collected
from a waiting room, which is a semi-open space about
8.5 � 5 m. The mean indoor temperature (+s.d.) was
22.0+ 1.08C, with a mean relative humidity of 34.5+
11.4%. Design room air exchange rates (AERs) were
8–12 air changes h21 (ACH). The day-care centre
samples were collected in two toddlers’ rooms and a
babies’ room. Each of the toddlers’ rooms is about
8 � 4 m and holds 16 children plus four adults, and
the babies’ room is about 8 � 3.5 m and holds 12 chil-
dren and four adults. The mean indoor temperature in
the toddlers’ rooms was 22.8+ 1.78C, with a mean
relative humidity of 40.6+ 5.1%. The mean indoor
temperature in the babies’ room was 25.1+ 1.18C,
with a mean relative humidity of 32.9+ 2.0%. The
mean temperature in the aeroplanes (between Roanoke
and San Francisco with a stopover) was 23.6+ 3.18C,
with a mean relative humidity of 27.1+ 11.9%.

Table 1. Primers and probes of influenza A virus.

primer or probe sequence positiona reference

INFA-1 50GGA CTG CAG CGT AGA CGC TT30 241–260 [15]
INFA-2 50CAT CCT GTT GTA TAT GAG GCC CAT30 406–429
INFA-3 50CAT TCT GTT GTA TAT GAG GCC CAT30 406–429
INFA probe 50CTC AGT TAT TCT GCT GGT GCA CTT GCC A30 373–400

senseA 50AAG ACC AAT CCT GTC ACC TCT GA30 168–190 [14]
antisenseA 50CAA AGC GTC TAC GCT GCA GTC C30 241–262
influenza A probe 50TTT GTG TTC ACG CTC ACC GT30 208–227

aAligned with A/PR/8/34 (H1N1) segment 7 (M gene).
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The ventilation systems were operating properly
during all sampling periods.

2.4.2. Sample collection. A total of 16 samples were
collected between 10 December 2009 and 22 April
2010, of which nine were collected from the health
centre, four from the day-care centre and three from aero-
planes. A cascade impactor (Sioutas Cascade Impactor,
SKC Inc.) and a pump running at 9 l min21 (Leland
Legacy, SKC Inc.) were used to collect the samples over
6–8 h. The impactor consists of four stages that allow
the separation and collection of airborne particles in
five size ranges: greater than 2.5, 1.0–2.5, 0.5–1.0,
0.25–0.5 and less than 0.25 mm. Particles larger than
each cut-point were collected on 25 mm PTFE filters
(Cat. no. 225-1708, SKC Inc.); those smaller than the
0.25 mm cut-point of the last stage were collected on a
37 mm PTFE after-filter (Cat. no. 225-1709, SKC Inc.).

In the health centre, the sampler was placed on a desk
(approx. 0.5 m high) around which patients sit while
waiting; in the day-care centre, the sampler was placed
on a shelf (approx. 1.0 m high); and on aeroplanes, it
was placed near the seat pocket (less than 0.5 m high).
Temperature and relative humidity were recorded every
2 min during sampling (OM-73, Omega Engineering,
Inc., USA). After each sampling period, the impactor
was washed with 10 per cent bleach, cleaned with ultra-
pure water and autoclaved (1218C, 30 min). New filters
were loaded into the impactor, left overnight before
sampling and used as device blank controls. Only those
with results confirmed to have no detectable influenza
virus RNA in the device blank controls were adopted.

3. RESULTS

3.1. Quantitative reverse transcriptase–

polymerase chain reaction

We tested two sets of influenza virus primers that have
been widely cited in the literature [4,6,14–16]. Both sets
of primers proved to be adequate; they were able to
specifically amplify the target gene segments from the
H1N1 and H3N2 strains, as indicated by the dis-
sociation curve (data not shown). We tested the
efficiency of primers to detect a field isolate of the
H3N2 and pandemic H1N1 strains. Ward’s primers
achieved better qPCR efficiency (91 versus 61%) and
a lower detection limit (100 genome copies per reaction
versus 1000 genome copies per reaction) than did
van Elden’s. Hence, we used Ward’s primers in sub-
sequent experiments. TaqMan qRT–PCR showed
that with Ward’s primers, the detection limit was 10
genome copies per reaction, with an efficiency around
100 per cent and R2

. 0.99 for our samples.

3.2. Virus spike recovery experiments

According to qRT–PCR results, each spiked sample
contained approximately 2.4 � 107 genome copies of
the H1N1 virus. The recovery efficiencies were calcu-
lated by dividing the amount of virus detected by the
number spiked into each sample (filter, PBS control
or decay control). Results are reported in table 2. The

viral genome recovery efficiencies were 40.5 per cent
from the 25 mm filter ( p ¼ 0.00011), 62.0 per cent
from the 37 mm filter ( p ¼ 0.0058), 86.6 per cent from
the PBS-control samples (p ¼ 0.077) and 91.2 per
cent from the decay-control samples (p ¼ 0.23). The
control experiments showed that PBS had no signifi-
cant adverse effect on the viral genome, and the
natural decay of virus genome was insignificant within
a 2 h period. By contrast, the recovery efficiencies
from the two filters were significantly less than
100 per cent. During the RNA extraction step, only
800–900 ml of Trizol lysate was retrieved for phase
separation by chloroform, with 100–200 ml of lysate
retained by the filter. This loss accounts for a portion
of the incomplete recovery from the filter.

3.3. Concentrations of airborne influenza A

viruses

Between 10 December 2009 and 22 April 2010, we
collected 16 samples, listed in table 3. Half of the
samples were confirmed to contain aerosolized IAVs:
33 per cent of the health centre samples (three of
nine), 75 per cent of the day-care centre samples
(three of four) and 67 per cent of the aeroplane samples
(two of three). Concentrations in all of the field and
laboratory blanks were below the detection limit. In
the samples containing detectable amounts of IAVs,
the average concentration was 1.6+ 0.9 � 104 genome
copies m23.

3.4. Virus-laden particle size distribution

The cascade impactor separated particles into five size
fractions: greater than 2.5, 1.0–2.5, 0.5–1.0, 0.25–0.5
and less than 0.25 mm. The amounts of virus found in
each fraction, summed over all samples, were 36, 28, 11,
10 and 15 per cent, respectively. As shown in figure 1,
the virus-laden particle size distributions of the eight
positive samples were diverse, and no obvious trend was
observed. In some cases, the virus was relatively evenly
distributed across the different particle sizes, while in
others, it was found predominantly in the smallest and
largest, or just the largest, size fractions.

Table 2. Virus recovery efficiency from PTFE filters and
control solutions (virus solution in PBS and virus solution
only) spiked with 2.4+ 0.1 � 107 genome copies. Samples
were incubated for 2 h and then analysed by qRT–PCR.
Recovery efficiencies were significantly less than 100% with
both filters.

sample

amount of virus
recovered (genome
copies)

recovery
efficiency (%)mean s.d.

25 mm filter 9.6 � 106 2.2 � 106 41a

37 mm filter 1.5 � 107 3.1 � 106 62a

PBS 2.1 � 107 2.4 � 106 87
virus solution only 2.2 � 107 2.6 � 106 91

aRecovery efficiency significantly less than 100%.
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3.5. Indoor influenza virus emission

and deposition flux by modelling

3.5.1. Indoor influenza A virus emission rate. To
estimate the emission source strength of IAVs in
airborne particles, we developed a mass-balance model.
The model assumes that well-mixed, steady-state con-
ditions apply at each sampling site: in a room of volume
V (m3), air flows in and out through the heating, ventilat-
ing and air-conditioning system with a flow rate of Q
(m3 h21). Aerosolized viruses are generated by the occu-
pants with an emission rate of E (genome copies h21),
disperse into ambient air and becomewell mixed immedi-
ately upon release. Assuming that the virus concentration
in the air entering the room is zero, the indoor virus con-
centration is maintained at C (genome copies m23) and
the outlet virus concentration is also C, we establish the
mass balance for the modelled room:

dC

dt
V ¼ QCin � QCout þ E ¼ E � QC ; ð3:1Þ

where C, Cin and Cout are, respectively, the virus concen-
trations in the room, in the inflow and in the outflow
(genome copies m23), and t is time (h).

At steady state,

EV ¼
E

V
¼

Q

V
C ¼ lC ; ð3:2Þ

where EV is the emission rate in genome copies m23 h21

and l is the AER.
Typical AERs are 13 ACH in hospitals, 9 ACH in

schools and 4 ACH in commercial offices [19]. The
AER in commercial aircraft is usually higher with a
typical value of 15 ACH [20]. Therefore, we adopt
an AER of 10+ 5 ACH to estimate the IAV emission
rate in these public places, and for a measured indoor

virus concentration of 1.6+0.9�104 genome copies m23,
the emission rate EV is 1.6+1.2 � 105 genome
copies m23 h21.

3.5.2. Influenza A virus deposition on surfaces by
Brownian motion. Applying the well-mixed model, we
assume the virus-laden particles are evenly distributed
throughout the room, except in a thin boundary layer
alongside each wall surface, across which the virus-
laden particles diffuse by Brownian motion and finally
deposit onto the surface. The deposition flux can be
calculated according to Fick’s law:

Jd ¼ �D
dC

dx
; ð3:3Þ

where Jd is the virus flux to the surface (genome
copies m22 s21), D is the diffusion coefficient (m2 s21)
and x is the distance to the wall (m). The diffusion coeffi-
cient can be calculated by the Einstein–Stokes equation:

D ¼
kTCc

3pmdp
; ð3:4Þ

where k is the Boltzmann constant (1.38 �
10223 m2 kg s22 K21), T is temperature (K), m is the vis-
cosity of air at standard conditions (1.81 �
1025 kg m21 s21), dp is particle diameter (m) and Cc is
the Cunningham slip correction factor [21]. The concen-
tration gradient can be estimated as the ratio of the
concentration in the core of the room to the thickness of
the diffusion boundary layer, given by the modified
Einstein equation:

x2 ¼ 2Dt; ð3:5Þ

where t is the residence time of particles in the room,
or 360 s in this case.

Table 3. Average ambient relative humidity and temperature and total airborne influenza A virus concentration in each of
16 samples. Humidity and temperature were recorded every 2 min, and each sample was collected using a cascade impactor for
6–8 h. IAV RNA was extracted from filters and quantified by qRT–PCR. It was not detected in half of the samples. In the
samples containing detectable amounts of IAV, the average concentration was 1.6+0.9 � 104 genome copies m23.

date location

RH (%) temperature (8C)
total IAV concentration
(genome copies m23)

mean s.d. mean s.d. mean s.d.

10 Dec 2009 health centre 16.98 1.71 21.17 0.25 1.6 � 104 1.2 � 104

17 Dec 2009 day-care 42.93 2.85 20.71 0.36 1.6 � 104 1.0 � 104

30 Dec 2009 aeroplane n.a.a n.a. n.a. n.a. n.d.b n.d.
26 Jan 2010 health centre 21.72 0.89 20.75 0.54 n.d. n.d.
27 Jan 2010 day-care 32.93 2.03 25.12 1.06 3.7 � 104 2.0 � 103

9 Feb 2010 health centre 25.15 0.80 20.86 0.56 5.8 � 103 6.2 � 102

11 Feb 2010 health centre 18.77 1.13 20.51 0.68 n.d. n.d.
22 Mar 2010 aeroplane 29.25 13.86 25.11 3.47 1.4 � 104 1.0 � 103

24 Mar 2010 aeroplane 25.06 8.69 21.85 1.37 1.1 � 104 1.1 � 103

30 Mar 2010 health centre 29.81 4.83 22.16 0.85 n.d. n.d.
31 Mar 2010 day-care 43.61 1.58 21.82 0.85 1.6 � 104 1.1 � 102

6 Apr 2010 health centre 54.66 5.00 23.15 0.75 1.5 � 104 1.7 � 103

8 Apr 2010 health centre 49.33 1.15 22.71 0.37 n.d. n.d.
9 Apr 2010 day-care 52.12 0.82 22.02 1.01 n.d. n.d.
20 Apr 2010 health centre 31.70 1.07 21.84 0.86 n.d. n.d.
22 Apr 2010 health centre 32.53 2.29 21.91 0.75 n.d. n.d.

aNot available owing to a logging error.
bNo detectable influenza A virus genome.
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We sum over all particle sizes and use the midpoint
diameter of each range, assuming a minimum of
0.1 mm for the smallest one and a maximum of 10 mm
for the largest one, to calculate the diffusion coeffi-
cients. Based on our measurements, the total diffusive
flux of viruses to indoor surfaces is 13+ 7 genome
copies m22 h21. This flux is sufficiently small that it
can be neglected in the previous mass–balance model
used to estimate the virus emission rate.

4. DISCUSSION

4.1. Influenza A virus concentrations and size

distributions in indoor facilities

Toourknowledge, therehavebeenonlya few studies on the
presenceof airborne IAVs inahealthcare environment, and

no airborne IAV detection has been reported in day-care
centres or onboard passenger aeroplanes. Blachere et al.
[7] reported airborne IAV concentrations in a health
centre ranging from 460 to 16 278 median tissue culture
infectious dose (TCID50)-equivalent RNA particles for
an entire sample. The sampling time and flow rate were
3–5 h and 3.5 l min21, respectively, and if we assume a
total sample volume of 840 l of air (4 h at 3.5 l min21),
then the corresponding concentrations were 5.5 � 102

to 1.9� 104 TCID50-equivalent RNA particles m23.
Their PCR was calibrated in TCID50 by using serial
dilutions of a live-attenuated influenza virus quantified
in TCID50 ml21. Lindsley et al. [8], in a more detailed
study in the same clinic, detected 1.2+4.4 pg RNA m23

in examination rooms, 1.1+3.0 pg RNA m23 in procedure
rooms and 0.3+4.3 pg RNA m23 in a waiting room.
These values can be converted to 5.0+18.5 TCID50 m
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Figure 1. Airborne IAV particle size distributions in each positive sample (date and location shown at top). Aerosol samples were
collected over 6–8 h in each location using a cascade impactor with cut-point diameters of 0.25, 0.5, 1.0 and 2.5 mm. The y-axis
indicates the percentage of total virus genome copies found in each size range. In seven of the eight cases, the majority of viruses
were associated with fine particles smaller than 2.5 mm, which can remain suspended for hours, but there were no obvious trends
in size distributions across different samples.
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4.6+12.6 TCID50 m
23 and 1.3+18.1 TCID50 m

23, res-
pectively, using the ratio of approximately 4.2 TCID50

FluMist vaccine pg21 RNA reported in the study.
The ratio of viral particles to TCID50 can vary

greatly depending on types of viruses (even for strains
of the same type), culture methods and conditions
(e.g. culturing cells, media and harvest time). For influ-
enza viruses, this ratio has been reported to be in the
range of hundreds to thousands: Fabian et al. [12] estab-
lished a ratio of 300 copies TCID�1

50 ; Ward et al. [14]
determined that 1000 genome copies ml21 corresponded
to 1 TCID50 ml21; and Poon et al. [22] estimated that
1 TCID50 of A/California/04/2009 (H1N1) contained
approximately 5000 copies of the M gene. In our
experiment, 1 PFU of A/PR/8/34 (H1N1) stock was
equivalent to 3 � 103 genome copies, or approximately
2.1 � 103 genome copies per TCID50 according to the
relationship between TCID50 and PFU [23], and the
ratio for the pandemic A/California/04/2009 (H1N1)
strain was determined to be 452+ 84 copies/TCID2150 .
Based on this ratio (i.e. 452), our results from the
health centre correspond to airborne IAV concen-
trations of 12.8–81.9 TCID50 m

23, one to two orders
of magnitude lower than those observed by Blachere
et al. [7] but slightly higher than those reported by
Lindsley et al. [8]. With respect to size distributions, we
found a larger fraction of total genome copies to
be associated with fine particles: 80 per cent with par-
ticles smaller than 2.5 mm versus 53 per cent [7] and
42 per cent [8] with particles smaller than 4.1 mm.

For the three positive samples from the day-care
centre, the total concentrations ranged from 1.6 � 104

to 3.7 � 104 genome copies m23, half of which were
associated with particles greater than 2.5 mm and the
other half with smaller particles. The average concen-
tration in the day-care centre was nearly two times
higher than that in the health centre. Considering
that children are the primary susceptible population
of influenza, the difference is not surprising. In addition,
the IAV size distributions in the day-care centre differed
from those in the health centre: a larger portion of
genome copies was found in particles greater than
2.5 mm (50 versus 20%). This discrepancy could orig-
inate from the ways that viruses were released (from
coughing, sneezing, talking or breathing) and/or differ-
ences in the droplet size distribution of different age
groups [24]. Viruses were probably released from
latent subjects in the day-care centre (children are
sent home as soon as symptoms are apparent), whereas
those released in the health centre are assumed to come
from symptomatic patients. Whether there are any
differences between virus-laden particles released at
different stages of infection and between hosts of differ-
ent age warrants further investigation.

Virus concentrations of the two positive aeroplane
samples were very similar (1.4 � 104 and 1.1 � 104

genome copies m23), and virus-laden particles were
relatively evenly distributed across each size fraction
(figure 1e,f ). It is possible that the diverse ages of
aeroplane passengers evened out the difference observed
in particular groups such as college students in the
university health centre and children in the day-care
centre.

Although this discussion has focused on the positive
results, half of the samples were negative for IAVs.
These negative results could be attributable to inhibitors
to qRT–PCR, as observed by Chen et al. [6]. However,
since the RNA extraction method adopted in this study
has the potential to eliminate such inhibitions [4], it is
more likely that in these instances, there were no infected
individuals in the sampling locations or that concen-
trations were below the detection limit. The fact that
the total virus concentration in the measurable samples
ranged over a factor of only six, rather than orders of
magnitude, seems surprising but could possibly be
explained by the presence of only one or two infected
individuals and similar AERs in each setting.

While the qPCR method is a powerful tool for deter-
mining the presence of viral genomic material, it does
not indicate whether the virus is viable or not. There-
fore, the results presented here are an upper limit on
the concentration of viable viruses. On the other
hand, the recovery efficiency of viruses spiked onto fil-
ters was roughly 50 per cent across the two types of
filters used in this study, so the reported concentration
of genome copies may be underrepresented by a factor
of approximately 2. However, the true recovery effi-
ciency is unknown because sample collection by
impacting particles onto filters is not equivalent to spik-
ing them onto filters from solution. Additionally, viral
RNAmay be subject to decay during extended sampling
times. One important question to address in the future
that could not be answered by qPCR is, ‘Are the viruses
found across different sizes of particles equally viable, or
are those in one size fraction more so?’.

4.2. Risk of airborne influenza A virus infection

Assuming a uniform airborne IAV concentration of 1.6+
0.9 � 104 copies m23 air (corresponding to 35.4+
21.0 TCID50 m

23 air) and a adult breathing rate of
20 m3 d21 [25], we estimate the inhalation doses during
exposures of 1 h (for example, the duration of a clinical
visit), 8 h (a workday) and 24 h to be 30+18, 236+
140 and 708+419 TCID50, respectively. Compared
with thehuman infectious dose 50percent (ID50) byaero-
sols of 0.6–3 TCID50 [26], these doses are adequate to
induce infection. Inmost instances, themeasured concen-
tration of airborne IAVs could be either over- or
underestimated based on the sensitivity of the qRT–
PCR assay. However, it is not our intent to imply that
all the estimated amounts of airborne viral particles are
infectious. Our results allow an accurate estimate of
exposure to viral particles in air.

While illustrative, this calculation is subject to sev-
eral limitations. First, the conversion from genome
copies to TCID50 is based on the ratio determined
with the laboratory strain A/California/04/2009
(H1N1) rather than with samples from the field,
where infectivity may decay owing to environmental
factors such as temperature, humidity and UV radi-
ation. Therefore, a more sensitive method that can
determine the infectivity of IAVs is needed to assess
the exposure risk more accurately.

Second, the exposure doses calculated above are
cumulative over 1–24 h, while the ID50 measured by
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Alford et al. [26] is based on inoculations completed
within 1 min. In reality, viruses depositing within the
respiratory tract will be cleared by mucociliary action
instead of simply accumulating at the deposition sites
[27]. Therefore, the exposure doses calculated in this
study provide only the simplest estimation of the
amount inhaled. Models taking into account particle
deposition efficiency within the respiratory tract as
well as host defence mechanisms are needed to estimate
the infection risk more accurately. The deposition effi-
ciency of particles can range from less than 1 per cent
to nearly 100 per cent, depending on particle size, den-
sity, airway geometry and the individual’s breathing
pattern [21].

Third, the assumption of uniform concentrations
throughout a room is complicated when accounting
for true dispersion patterns from a point source and
the existence of non-homogeneous ventilation. Finally,
only IAVs were measured in this study, so it did not
account for infection risk owing to the influenza B
virus (IBV). However, according to the nationwide
Weekly Influenza Surveillance by the US World
Health Organization and National Respiratory and
Enteric Virus Surveillance System [28], the IBV
accounted for only 0–3.3% of samples that tested posi-
tive for influenza viruses during the period 4 October
2009 to 10 April 2010. Therefore, underestimation
owing to exclusion of IBVs may be negligible.

On the other hand, the virus deposition flux to surfaces
was estimated to be only 13+7 genome copies m22 h21.
Over an 8 h workday, 106+60 genome copies m22

could accumulate on surfaces. This analysis suggests
that all surfaces, not just those that come into direct con-
tact with an infected host, can harbour influenza viruses,
although they are not expected to survive beyond 2–3
days [29]. However, the amount deposited on surfaces
via Brownian motion seems unlikely to produce infectious
doses, as the surface–hand–nasal mucosa route requires
transferring at least 104 TCID50 from the surface [29].
This estimation does not account for deposition owing to
gravitational settling, which is important for larger
particles and can result in higher deposition fluxes in the
vicinity of emission.

5. CONCLUSIONS

The concentrations and size distributions of airborne
influenza viruses were measured in a health centre,
a day-care facility and aeroplanes by qRT–PCR. During
the 2009–2010 flu season, 50 per cent of the samples
collected (8/16) contained IAVs with concentrations ran-
ging from 5800 to 37 000 genome copies m23. On average,
64 per cent of virus-laden particles were found to be associ-
atedwith particles smaller than 2.5 mm,which can remain
airborne for hours. Modelling of virus concentrations
indoors suggests a source strength of 1.6+1.2 � 105

genome copies m3 h21 and a deposition flux onto surfaces
of 13+7 genome copies m22 h21. Doses of 30+18,
236+140 and 708+419 TCID50 were estimated for 1, 8
and 24 h exposures, respectively. As a whole, these results
provide quantitative support for the possibilityof airborne
transmission of influenza.

This material is based in part upon work supported by the
National Science Foundation under Grant Number CBET-
0547107. We thank A. Pruden for sharing laboratory
space and equipment, J. Petruska for much assistance,
K. Charoensiri of the university health centre and a day-care
centre in Blacksburg for allowing sampling in their facilities.
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