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Background. The efficacy of barrier precautions to prevent influenza transmission is unknown.

Methods. Twenty-eight participants were exposed to monodispersed live attenuated influenza vaccine (LAIV)

particles (4.9 lm) in 6 groups: group 1, no precautions; group 2, ocular exposure only; group 3, surgical mask

without eye protection; group 4, surgical mask with eye protection; group 5, fit-tested N95 respirator without eye

protection; and group 6, fit-tested N95 respirator with eye protection. Influenza was detected by reverse-

transcription polymerase chain reaction (RT-PCR) and culture in nasal washes. Exact 95% confidence intervals

(CIs) were calculated.

Results. Influenza was detected in 4 of 4 participants in group 1 (95% CI, 0–.60), 3 of 4 in group

2 (95% CI, .006–.806]), 5 of 5 in group 3 (95% CI, 0–.522), 5 of 5 in group 4, (95% CI, 0–.522), 3 of 5 in group

5 (95% CI, .053–.853), and 1 of 5 in group 6 (95% CI, .05–.72). RT-PCR revealed significant differences between

group 1 and all other groups except group 3.

Conclusions. Transocular transmission of LAIV occured in most participants suggesting the necessity of eye

protection. An N95 respirator provided the best guard further enhanced by eye protection.

Airborne transmission represents a potentially efficient

and poorly understood dissemination mechanism for

pathogens, including viral infections such as the com-

mon cold and influenza. Influenza has caused 3 pan-

demics in the last century alone, with an overall death

toll reaching tens of millions, and continues to cause

annual epidemics of varying severity worldwide [1].

Strategies to prevent and control the often explosive

outbreaks associated with these pathogens are limited to

vaccination and treatment, if available, or isolation and

barrier precautions [2, 3]. The latter include the use of

face masks in the prevention of virus transmission.

However, scientific evidence regarding the efficacy of

personal protective equipment has been solely based on

studies using mannequin head models and, more re-

cently, hospital-population and several household-based

studies [3–14]. The generalizability of mannequin

studies to humans is unclear. On the other hand, both

hospital and household studies are influenced by par-

ticipant adherence to mask use and hand hygiene

practices and by influenza exposures that are not work

related and are uncontrolled.

We have developed a new testing methodology that

allows the accurate, reproducible delivery of defined,

monodispersed concentrations of live viruses to

human participants in a fully controlled environ-

ment [15]. Here we report the first data regarding the

efficacy of commonly used barrier precautions against

influenza.
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METHODS

Participants
In 2008, healthy employees and students at Wake Forest

University were invited to participate in this study. Nineteen

women and 9 men with an average age of 30.5 years agreed to

participate (Table 1). None had received the seasonal influenza

vaccine before enrollment. Informed consent was obtained from

all participants, and participants were reimbursed for their time.

Live Attenuated Influenza Vaccine
The cold-adapted live attenuated influenza vaccine (LAIV) was

purchased from MedImmune (2009/10 seasonal Flumist),

which contains 2 influenza A strains and 1 influenza B strain

(A/South Dakota/6/2007 [H1N1], an A/Brisbane/59/2007-like),

A/Uruguay/716/2007 (H3N2) (an A/Brisbane/10/2007-like),

and B/Brisbane/60/2008 [16]. Virus concentration was de-

termined by standard plaque titration assay using MDCK cells

[17, 18]. Plaque titration assays were performed at 32�C for

these cold-adapted virus strains. All LAIV concentrations are

given in plaque-forming units (PFUs)/mL of Hanks balanced

salt solution (Cambrex BioScience).

Production of Carrier Particles
The particle size was produced by the vibrating-orifice aerosol

generator (VOAG; Model 3450, TSI). In short, a liquid stream

containing viable virus particles is chopped into uniform pieces

(carrier particles) by high-frequency mechanical disruption, for

example, ultrasound. The aerosol was adjusted at 4.9 lm (geo-

metric mean diameter), with a geometric standard deviation of

,1.13 confirming monodispersion. The carrier particle size was

assessed in real time by an aerodynamic particle sizer based on

Table 1. Summary of PCR and Cell Culture Results for LAIV Exposure Groups

Intervention group

Participant

number Age Gender

PCR and cell culture

Preexposure

nasal wash Postexposure nasal wash

1. LAIV transmission 1 27 M Neg. Pos.

2 27 F Neg. Pos.

3 45 F Neg. Pos.

4 29 F Neg. Pos.

2. Transocular transmission 5 31 M Neg. Neg.

6 39 F Neg. Pos.

7 25 F Neg. Pos.

8 21 F Neg. Pos.

3. SM w/o eye protection 9 34 F Neg. Pos.

10 34 M Neg. Pos.

11 24 M Neg. Pos.

12 40 F Neg. Pos.

13 22 M Neg. Pos.a

4. SM with eye protection 14 26 M Neg. Pos.

15 28 F Neg. Pos.

16 32 F Neg. Pols.

17 19 M Neg. Pos.

18 21 F Neg. Pos.a

5. N95 w/o eye protection 19 48 F Neg. Pos.

20 24 F Neg. Neg.

21 20 F Neg. Neg.

22 36 F Neg. Pos.

23 55 M Neg. Pos.

6. N95 with eye protection 24 23 F Neg. Neg.

25 24 F Neg. Neg.

26 31 F Neg. Pos.

27 45 M Neg. Neg.

28 20 F Neg. Neg.

NOTE. Exact confidence intervals (CIs): group 1: 95% exact CI (0–.60), group 2: 95% exact CI (.006–.806), groups 3 and 4: 95% exact CI (0–.522), group 5:

95% exact CI (.053–.853), group 6: 95% exact CI (.05–.72). LAIV, live attenuated influenza vaccine; PCR, polymerase chain reaction; SM, surgical mask.
a Cell culture positive in hemadsorption assay test.
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the inertia of the carriers (Model 3321, TSI). A particle size of

,5 lm was chosen to represent the greatest challenge to the

barrier precautions tested, since smaller particles are more likely

to pass through filter materials or face seal leaks.

The total exposuredosage of the individual participant equaled

the LAIV dosage recommended by the manufacturer (106.5–7.5

fluorescent focus-forming units [FFUs] of each of the 3 strains

per 0.2 mL). The fluid amount dispersed into the air was 2.6 mL

over 20 minutes (liquid feed rate of fluid: 0.15 cm3/min, ultra-

sound frequency: 340 kHz, orifice diameter: 8 lm). To avoid

agglomeration of smaller carrier particles, an electrostatic neu-

tralizing step was introduced before release into room air. The

total exposure amount was determined over 3 runs by a 6-stage

Andersen sampler, revealing an average virus concentration of

1.13 3 106 6 5.43 3 105 copies RNA/m3 (.01 pg RNA/m3).

Test Chamber
An airtight chamber, approximately 3.1 m3 in volume, was built

around the front of a class II biologic safety hood (Purifier,

Labconco Corp), with sufficient room for a volunteer to sit in

front of the workbench. When activated, the air inside the

chamber recirculates through a high-efficiency particulate air

(HEPA) filter to remove any airborne pathogens. This chamber

is equipped with a half-mask respirator with a backpack adaptor

(North Safety Products). This allows a study subject wearing

this gear to breathe clean air from outside the chamber, and to

restrict virus exposure to the ocular route only.

Interventions
Participants were assigned to 1 of 6 groups: group 1, no barrier

precautions (4 participants); group 2, ocular exposure only

(4 participants); group 3, tie-on surgical mask with nose clip

(Tie-On Surgical Mask 1818, 3M) without eye protection (5

participants); group 4, surgical mask with eye protection (non-

vented Z87 Uvex Goggles; 5 participants); group 5, fit-tested N95

respirator with nose clip (3M 1860/1860S Health Care Particu-

late Respirator) without eye protection (5 participants); and

group 6, fit-tested N95 respirator with eye protection (5 par-

ticipants). The nonfiberglass, 3-layer surgical mask met the

bacterial filtration efficiency (BFEO99%) and particle filtration

efficiency (PFE O99% at 0.1 lm) standards according to the

manufacturer. The nonwoven, fluid-resistant N95 respirator was

approved by the National Institute for Occupational Safety and

Health (NIOSH) and the Occupational Safety and Health Ad-

ministration (OSHA), andmeets the Centers for Disease Control

and Prevention (CDC) guidelines for tuberculosis exposure

control (filter efficiency level O95% against particulate aerosols

free of oil, BFEO99%). All participants were exposed only once.

Aerosolization Runs
On the day of exposure, study subjects were checked for con-

traindications to LAIV vaccination. A nasal wash (2.5 mL of

0.9% saline solution in each nostril) was performed in each

participant before exposure to control for active influenza in-

fection. The participants changed into disinfected surgical

scrubs, gowns, gloves, cap, and shoe covers. Barrier precautions

were provided according to group assignment. N95 respirator

fit-testing was performed using the TSI PortaCount Plus [19].

Participants were placed in front of the VOAG while remaining

silent and avoiding any brisk body movements. The distance of

the volunteer to the VOAG was held constant within 1 foot. After

a 2-minute clearance run of the safety hood, the VOAG was

turned on for a total of 20 minute. During the run there was no

air exchange, and the temperature and relative humidity were

held at 22�C and 60%, respectively (433 MHz Cable Free Pro

Temperature and Humidity Monitor, Thermo Fisher Scientific).

After the exposure run, the VOAG was switched off and the

safety hood was activated for a 5-minute clearance run. After

stepping out, the participant was asked to remove the gloves

followed by the mask without touching the face/nose area, and

a nasal wash was performed. Subjects were then asked to undress

and to wash hands and face with an antiviral washing solution.

Participants were guided through the process to minimize the

risk of cross-contamination.

After each exposure session, all surfaces potentially in

contact with LAIV were thoroughly cleaned with antiviral

decontamination solutions to avoid cross-contamination.

Endpoint Measures
Nasal Washes. Nasal washes (2.5 mL of saline solution for

each nostril) were performed on day 1 prior to and imme-

diately after LAIV aerosol exposure to determine the pres-

ence of influenza vaccine strains. Samples were immediately

used for reverse-transcription polymerase chain reaction

(RT-PCR) and viral culture. Successful exposure was defined

as 1 postexposure nasal wash positive for 1 of the challenge

influenza A viruses. The amount of RT-RNA detected by

PCR was used for quantitative comparisons of the inter-

vention groups.

RT-PCR. Extraction was carried out using the Qiagen viral

RNA extraction kit (catalog number 52906). For quantitative

reverse transcription-PCR (qRT-PCR) detection of the influenza

A strains in the aerosolized samples of LAIV, the M gene of the

master donor virus strains ca A/Ann Arbor/6/60 (accession

number M23978) was the amplification target for A strains,

using the following primer set:

d Primer AF: 5# -AAAGCCGAGATCGCACAGAGA CTT -3#

d Primer AR: 5# -GGCACGGTGAGCGTGAATACAAAT -3#

DNA vectors containing the M gene regions for influenza A were

synthesized by GeneArt in a pMA(ampR) vector.

Standard curves (DNA vectors) produced for influenza Awere

used to quantify the amount of viral RNA present in the samples

produced from the aerosolized runs of LAIV (Figure 1) [20]. All

dilutions of standards, master mix assembly, and qRT-PCR
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96-well plate setup were performed with an Eppendorf robot

(epMotion 5070; QuantiTect SYBR Green RT-PCR Kit [catalog

number 204243, Qiagen]). Plates were assayed in an Eppendorf

MasterCycler ep Realplex 2. The thermocycler conditions were

as follows: RT-step at 50�C for 30minute, Taq activation at 95�C
for 15 minute, followed by 40 cycles at 94�C for 15 seconds

(denaturation), 55�C for 30 seconds (primer annealing), 72�C
for 30 seconds (extension), and primer melting curve step,

which allowed for monitoring of the amplification of product

for influenza.

We calculated the average number of RNA copies and the

weight of RNA in picograms per PCR reaction in nasal washes

for the intervention groups and compared them to the total

LAIV exposure dosage dispersed into the air.

Viral Culture. To confirm the viability of LAIV in the

nasopharynx of exposed subjects, a selected sample from subjects

in groups 3–6 was cultured by inoculation of Rhesus Monkey

Kidney cells and incubated at 32�C for 5 days. Viral growth was

detected by qualitative hemadsorption of guinea pig red blood

cells. Hemadsorption assay was performed as follows: Cell media

was replaced with 1 mL of 0.1% guinea pig red blood cells

(BioLink) and incubated for 30 minute at 4�C, and aggregation of
red blood cells was determined by direct light microscopy [21].

Statistical Analysis. Percentage rates for the transmission of

LAIV to the nasopharyngeal mucosa of aerosol-exposed study

participants were calculated for each group. To calculate the 95%

confidence interval (CI) for these transmission rate percentages,

we used the exact binomial distribution computational algo-

rithm (SAS software, version 9.2). To compare the average RNA

copies observed per intervention group, pairwise comparisons

were done using the nonparametric Wilcoxon rank sum test.

RESULTS

Interventions
All study participants in group 1 experienced transmission of

aerosolized LAIV to the nasopharynx (Table). An exact 95% CI

for this binomial outcome, based on our observed rate of 100%

positive responses, would include the interval of (0%–60%); the

interpretation of this interval is that if this experiment were

conducted 100 times, approximately 95% of the times, the ob-

served percentage of patients carrying LAIV in their mucous

membranes would fall within this range. Three of 4 study sub-

jects in group 2 showed transmission of aerosolized LAIV to the

nasopharynx despite exposure being limited to the transocular

route. The efficacy of barrier precautions against LAIV aerosol

transmission was tested in groups 3 to 6, each group with

5 study subjects. All subjects wearing surgical masks without eye

protection (group 3) showed transmission of LAIV to the

nasopharynx. The addition of eye protection did not decrease

transmission.

Two of 5 study subjects wearing fit-tested N95 respirators

showed transmission of LAIV to the nasopharynx. One of

5 study subjects wearing eye protection plus fit-tested N95 res-

pirators showed transmission of LAIV to the nasopharynx.

In the nasal washes, RT-PCR revealed 504 copies, or

5.493 1025 pg RNA in group 1, followed by group 3 (416 copies,

7.953 1025 pg RNA), group 4 (108 copies, 2.473 1025 pg RNA),

group 5 (62 copies, 1.74 3 1025 pg RNA), group 6 (8

copies, 1.38 3 1026 pg RNA), and group 2 (5 copies,

9.20 3 1027 pg RNA) (Figure 2). Significant differences

were detected between group 1 (no mask) and all other groups

(P, .05) except group 3 (surgical mask without eye protection,

P5 .62) (Figure 2). Comparison of the effects of eye protection

within the surgical and the N95 respirator groups revealed no

statistically significant differences.

Safety
None of the 28 participants reported any influenza symptoms

following LAIV exposure.

DISCUSSION

In the past, assessment of mask/respirator efficacy by certifica-

tion entities such as NIOSH has been limited to filter material

testing and mannequin head models [22]. However, the

Figure 1. Standard curves for influenza A real time reverse-transcription
polymerase chain reaction. Data represent results from 4 independent runs.

Figure 2. Quantitative reverse-transcription polymerase chain reaction
results of influenza A in nasal washes by intervention group.
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emergence of new pathogens such as severe acute respiratory

syndrome (SARS) and most recently the H1N1 virus have called

into question the applicability of these findings to real-world

practice [23]. Two recent field studies have attempted to address

this question. Loeb et al enrolled 446 nurses in 8 tertiary care

centers who were randomly assigned to wear a medical mask or

a fit-tested N95 respirator [7]. No differences between the 2

groups could be detected. Similar results were observed by Ang

et al [8] during the 2009 H1N1 pandemic in Singapore. Groups

of persons wearing N95 respirators and surgical masks experi-

enced similar rates of acute respiratory illness. Several problems

are inherent to these field studies. Individual exposure risks of

health-care workers are not limited to patient contacts in the

hospital but are affected by exposures outside the work setting.

These risks may be highly variable and difficult to account for

in field studies. Furthermore, compliance to other infection

control activities such as hand hygiene, isolation/cohorting of

patients, or triage may greatly influence individual exposure

risks. This was demonstrated during the 2002–2004 SARS out-

breaks [24].

We have developed a novel approach to test the efficacy of

face masks and respirators. In it, human subjects were exposed

to live viruses in defined concentrations and particle sizes

challenging the barrier precautions by using small, filter- and

face-leak–penetrating particles. Safety of the participants is as-

sured by using attenuated viral pathogens in the form of Food

and Drug Administration (FDA)–approved vaccine strains, such

as LAIV. This novel setup allows a cost-efficient, timely, and

accurate way to study infection routes and the efficacy of

barrier precautions in controlling airborne and droplet viral

transmission in humans.

The most surprising finding of this study is very high rates of

transocular transmission in subjects exposed to aerosols con-

taining LAIV. Nasal washes from 3 of 4 participants were positive

for LAIV immediately following exposure. This strongly suggests

that LAIV is reaching the nasopharynx by way of the nasolacrimal

duct. It should also be noted that the lag time between exposure

to aerosolized LAIV and detection in nasal washes was less than

30min, indicating a fast transfer rate of virus to the nasopharynx.

Indirect evidence of transocular transmission has previously been

reported for the common cold and respiratory syncytial virus

(RSV). Winther et al showed that virus can be detected in the

nasopharynx after eye inoculation with a rhinovirus suspension

(human rhinovirus [HRV] 39; 300median tissue culture infective

dose; first sample taken 24 hour after inoculation) [25]. Gala et al

found a decrease in RSV infections due to disposable eye-nose

goggles on an infant ward, indicating an effect of eye protection

[26]. However, this is the first study presenting direct evidence of

transocular delivery of influenza viruses in airborne form.

In contrast to our findings using LAIV, we could not detect

a common cold virus (HRV 39) in nasal washes in 10 subjects

after eye exposure [27]. We used the same testing environment

as in the present study, and the only difference was a much lower

exposure dosage for the common cold virus (human infective

dose 100 for HRV without protection: 560 PFU total exposure)

compared with LAIV (106.5–7.5 FFU total exposure). This raises

the question if factors such as specific virus characteristics (en-

veloped vs nonenveloped) or exposure amounts may influence

transocular delivery.

Efficacy testing of the 2 respiratory barrier types against the

mechanically generated aerosol revealed the superiority of a fit-

tested N95 respirator over a surgical mask; the surgical mask did

not provide protection from LAIV transmission whether or not

eye protection was also employed. This is in contrast to the

recent findings from field studies [7, 8]. The addition of eye

protection to the fit-tested N95 respirator increased protection

from LAIV transmission, suggesting a combination of trans-

ocular and direct respiratory transmission. However, due to the

small sample size, this trend remains to be confirmed.

Human exposure studies using viral pathogens raise concerns

regarding the safety of participants. To minimize the risk of

adverse events, we decided to use seasonal LAIV approved by the

FDA for intranasal spray application. None of the study subjects

reported any influenza symptoms or adverse events.

Another risk associated with live virus studies is cross-

contamination of samples. Close monitoring, guidance of the

participants, and thorough cleaning of the testing environment

after the exposure sessions assured compliance with the removal

of contaminated clothing and disinfection steps. In addition,

our previous study with a common cold virus using the

same stringent protocol did not show any evidence of cross-

contamination [27].

In a recent study, Lindsley et al described the overall distri-

bution of airborne influenza virus in an urgent care medical

center [28]. They found that about 42% of influenza A RNA in

particles were %4.1 lm, indicating potential transmission by

aerosols, as opposed to larger droplets. This finding affirms the

importance of studying influenza transmission in aerosols,

as we have done in this study. Interestingly, influenza A was

detected in concentrations ranging from 0.1 pg RNA/m3 to

75.4 pg RNA/m3, confirming the presence of viral RNA in a

patient care setting. In our study, subjects were exposed to

0.01 pg RNA/m3, at least 10-fold lower than concentrations of

viral RNA found by Lindsley et al. Our decision to expose study

subjects to a complete vaccine dosage did not result in influenza

virus exposures higher than those likely encountered in clinical

settings.

Our study has several limitations. Potential differences

between the vaccine strains, wild-type seasonal influenza, and

the pandemic H1N1 strain should be considered. To date,

only 1 case of person-to-person LAIV transmission following

vaccination has been reported, suggesting that this influenza

strain may have different transmission characteristics than

wild-type influenza strains [29]. There are similar concerns
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regarding the contents of bioaerosols. Proteins and other

substances expelled with virus particles may change their

survival and infectivity properties. However, our study de-

tected influenza present in the nasopharynx immediately

following exposure, and we did not measure viral infection or

growth in the nasopharynx of study subjects. Thus, the ap-

plicability of our findings to influenza virus transmission are

not likely influenced by differences in transmission dynamics

or growth kinetics between wild-type strains and the cold-

adapted, attenuated vaccine strains of this study.

Because we primarily used RT-PCR detection methods in our

analysis, we wished to confirm the viability of LAIV vaccine

strains used. Therefore, we performed viral cultures in a selec-

tion of nasal wash specimens, with the caveat that identification

of virus in the samples does not imply infection. We detected

LAIV by culture in 2 of 4 samples. Our findings are consistent

with those of other groups that showed greatly enhanced

influenza detection sensitivity of RT-PCR techniques [30].

Our limited sample size did not allow calculationof P values for

the group count outcomes. However, exact 95% confidence in-

tervals were calculated to establish an estimate of certainty for the

observed results. We also compared the quantitative RT-PCR

results revealing significant differences between no protection,

surgical masks plus eye protection, and N95 respirator groups.

Wearing the surgical mask with or without eye protection did not

reduce virus transmission. We were also limited to 2 brands of

masks and respirators. In particular, surgical masks have shown

filter efficiencies ranging from 10% to 90% in sodium chloride

tests [31]. We tested only 1 N95 respirator, fit-tested to the in-

dividual participant as required by the CDC. The effect of fit-

testing on respirator efficacy may be an important variable to

measure in future studies incorporating larger sample sizes.

During the H1N1 pandemic the efficacy of surgical masks com-

pared with N95 respirators for prevention of aerosol transmission

of influenza was widely debated, resulting in differing recom-

mendations [32, 33]. Recently, the CDC has updated its

recommendations for the 2010/2011 influenza season, requiring

surgical masks for all patient care activities except aerosol-pro-

ducing procedures. The latter require fit-tested N95 respirators

[34]. However, evidence regarding the efficacy of masks or res-

pirators against influenza is only beginning to emerge. Our model

provides a novel approach to evaluate the preventive qualities of

these barrier precautions in a controlled testing environment,

allowing the manipulation of key variables such as viral load,

particle size, temperature, and humidity during human exposure.

According to our results, the eyes could be an entry route for

influenza, allowing viral particles easy and fast access to the

upper respiratory tract. The type of surgical mask tested was

inferior to a fit-tested N95 respirator in preventing aerosol de-

livery; however, none of the tested barrier precautions provided

complete protection, including a CDC-recommended fit-tested

N95 respirator and the addition of eye protection.

The conclusions drawn from this study are influenced by the

current lack of understanding regarding the viral particle load

necessary to infect an individual with influenza, and the dis-

persal pattern of influenza produced by affected patients.

Mechanically produced aerosol represents a high-risk exposure

situation using small aerosol particles, and will need to be

compared with concentrations and size distributions that rep-

resent human-generated aerosols to allow an understanding of

actual risk. However, our study introduces a novel testing ap-

proach and points to the potential need for combining effective

respirator types with eye protection to successfully interrupt

transmission of influenza in aerosol form. These outcomes may

provide at least first insights in the transocular transmission

dynamics of influenza and the efficacy of the barrier precautions

tested.
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