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ABSTRACT 

 
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) transmission lead to the 

recommendation of mask wearing during the pandemic COVID-19. Bacterial filtration efficiency 
(BFE) measurements are used to measure the efficiency of medical face masks in preventing the 
spread of bioaerosols. Even though these measurements are simple, BFE testing still raise several 
scientific questions. This paper presents an inter-laboratory comparison between Bacterial 
Filtration Efficiency (BFE) and Particle Filtration Efficiency (PFE), in order to better understand 
and establish an overview of both ways for testing surgical masks. Filtration efficiency of six 
commercial surgical masks have been measured using such experimental methods, i.e., the BFE 
and the PFE using 3 µm particles initially developed for community face covering testing. The 
fractional filtration efficiencies have been measured and compared in order to explain the 
differences. Recommendations for improving associated EN14683:2019+AC standard are also 
proposed according to the results. 
 
Keywords: Filtration efficiency, Inert aerosol, Biologic aerosol, Medical face masks 
 

1 INTRODUCTION 
 

Since 2019 and the appearance of the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), the World Health Organization (WHO) has officially declared the global outbreak of 
coronavirus disease 2019 (COVID-19) as a pandemic (WHO, 2020). This virus has infected more than 
460 million people worldwide and may have caused more than 6,340,000 deaths (Worldometer, 
2022). Such respiratory viruses are potentially transmitted by three routes simultaneously, 
namely airborne, contact and droplet (Galbadage et al., 2020; Hobday and Dancer, 2013; Jones 
and Brosseau, 2015; Tellier et al., 2019). Airborne transmissions include aerosol and droplet 
emissions during sneezing, coughing, breathing or talking. These activities can generate both sub- 
and supermicron particles (Nicas et al., 2005). 

The role and spatial extent of these three modes of transmission is still a matter of uncertainty 
in certain respiratory diseases, including COVID-19 (Asadi et al., 2020a; Bourouiba, 2020; Dancer 
et al., 2020; Peters et al., 2020). Bahl et al. (2020) highlighted the evidence for the horizontal 
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distance that droplets travel in their review: eight studies showed that droplets with a size of 10–
100 µm travel more than 2 meters, with an exhalation/cough velocity between 10 and 50 m s–1, 
and in some cases up to 8 meters due to evaporation of the smaller droplets. Large droplets with 
a diameter and initial velocity of more than 500 µm and 5 m s–1, respectively, can also travel more 
than 2 metres (Wang et al., 2020). Ng et al. (2021) have shown that respiratory droplets (with a 
diameter of several tens of micrometres) can move further away in cold and humid weather due 
to the protection provided by the supersaturated vapour field. 

In order to separate droplets from aerosols in terms of their physical behaviour, a size 
threshold of 100 µm was set. Nevertheless, droplets released during expiration are initially 
assumed to have an effective average diameter of 5 µm. This diameter rapidly shrinks in ambient 
air to aerosol particles with a diameter of 1 µm (Cheng et al., 2020b; Johnson et al., 2011). The 
fact that the droplet diameter usually remains smaller than 5 µm actually seems to be subject to 
consensus (Asadi et al., 2020b; Johnson et al., 2011). Viruses have been shown to be associated 
with droplets of 2.5 µm and smaller, and they can remain airborne for more than 2 hours (Liu et 
al., 2020). In other studies, SARS-CoV-2 has been detected in aerosols in the size range of 1–4 
micrometres (Birgand et al., 2020; Chia et al., 2020). 

Assuming that both droplet and aerosol transmission contribute to different proportions of 
SARS-CoV-2 transmission, reduction of droplets at the source is required to prevent transmission 
(Eiche and Kuster, 2020). In addition, some studies found viral RNA in air sampling (Chia et al., 
2020; Guo et al., 2020; Santarpia et al., 2020) whereas others did not (Cheng et al., 2020a; Cheng 
et al., 2020b; Chia et al., 2020; Wong et al., 2020; Faridi et al., 2020; Ong et al., 2020). Consequently, 
the wearing of face masks has been suggested as a means of containing disease transmission, 
particularly in healthcare settings. In this context, surgical masks were instrumental in the COVID-19 
pandemic. 

The mask shortage in the early phase of pandemic showed that it was necessary to increase 
both the production and the availability of face masks and also increase the number of specialist 
centres able to conduct regulatory tests to assess mask performance. A medical face mask (MFM) 
is a medical device. It is manufactured according to a standard (EN14683+ACl, CEN, 2019b; 
ASTMF2100-19, ASTM International, 2019) and is designed to protect the environment from the 
spreading of droplets by the wearer. Indeed, surgical masks have been shown to reduce the 
spread of viruses delivered by an infected wearer by up to ~67–75% and, in the case of seasonal 
coronavirus, by as much as 100% (Milton et al., 2013; Leung et al., 2020). When an infectious 
person wears a face mask, the size of the exhaled plume is also reduced, which helps to reduce 
the risk of inhalation exposure. It can also protect the wearer from droplets coming from a person 
who stands directly in front. Nevertheless, it does not always protect against inhalation of very 
small airborne particles that can potentially carry the virus. Among other characteristics of MFMs, 
the EN14683:2019+AC standard describes the performance requirements and test methods for 
MFMs in order to limit the transmission of infectious agents from staff to patients in surgical 
procedures (and other similar medical facilities). In Europe, a disposable MFM must be labelled 
with a reference to this standard and the type of mask it is intended to be. Four performance 
criteria are intended to confirm the quality of the MFM: Breathability, splash protection, microbial 
purity and bacterial filtration efficiency (BFE). BFE is a crucial parameter for determining MFM 
performance. There are three types of surgical masks defined in the standard: (i) Type I: BFE ≥ 
95%, (ii) Type II: BFE ≥ 98% and (iii) Type IIR: BFE ≥ 98% and splash-proof. Type I MFMs are used 
at least for patients to reduce spreading airborne pathogens, particularly in epidemic/pandemic 
situations. Type II MFM is designed to be used by medical professionals in a medical facility. 

The EN14683:2019+AC standard involves a Staphylococcus aureus aerosol characterized by a 
mean size of 3.0 µm ± 0.3 µm with a biological culture downstream of the MFM tested as a function 
of aerodynamic diameters. Other standards and guidance documents for face masks (EN149+A1, 
CEN, 2009; EN13274-7, CEN, 2019a) include measurement of particle filtration efficiency (PFE) 
using inert aerosol. The assessment of Community Face Masks (NSAI, 2020) requires the use of 
3 µm particles (3 µm PFE) to characterize filtration efficiency. Several studies measured various 
inert and bioaerosol penetrations and showed variations between 10 and 90% of efficiency for 
filter media used in surgical masks (Weber et al., 1993; Chen et al., 1994; McCullough et al., 1997). 

Therefore, the purpose of this study is to compare the BFE with the 3 µm-PFE to verify the 
agreement and to provide an overview of the two assessment methods of MFM. BFE and 3 µm-
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PFE of six commercial surgical mask samples were measured, and a comparison in terms of 
fractional efficiencies is presented to explain the observed differences and to highlight necessary 
recommendations to improve the associated EN14683:2019+AC standard. 

 

2 MATERIALS AND METHODS 
 

In this comparison, two laboratories were involved by measuring 3 µm-PFE (Lab. 1 and Lab. 2) 
and two other by measuring BFE (Lab. 3 and Lab. 4). Six samples of commercial MFM were chosen 
to be compared. For a confidentiality purpose, the names of tested masks will not be published.  
 
2.1 Particle Filtration Efficiency at 3 µm (3 µm-PFE) 

According to the CWA 17553:2020 specifications (NSAI, 2020), a filtration velocity of 6 ± 1 cm s–1 
is used. It is calculated from human expelled air flowrate and mean community face coverings 
filtration surface. Nevertheless, in order to compare BFE with 3 µm-PFE, the PFE filtration velocity 
has been fixed at 10.1 cm s–1 for this study, calculated using a flow rate of 28.3 L min–1 and an 
effective filtration surface of 46.5 cm2. Indeed, this effective filtration surface represents the real 
available surface in the involved filter holders. PFE is therefore defined as: 
 

( ) ( )
( )

,

,

1 N down p
p

N up p

C d
PFE d

C d
= −  (1) 

 
where CN,down and CN,up are the particle number concentrations of the MFM sample measured at 
3 µm (3 µm-PNC) downstream and upstream, respectively.  
 
2.1.1 Lab.1 experimental set-up 

Fig. 1 presents the test bench used by Lab. 1. A Polystyrene Latex (PSL) aerosol, composed of 
monodisperse particles characterized by diameter of 2.8 µm ± 0.14 µm, is produced by a nebulizer 
(AGK 2000, PALAS). Two separate aerosol transport ducts are used to measure the filtration 
efficiency. One is associated with a 47 mm filter holder (effective filtration surface of 10.7 cm2). 
Line 1 is composed of a filter holder whereas line 2 is not. The particle concentration at the 3 µm 
size bins are measured by an Aerodynamic Particle Size spectrometer (APS, TSI Inc., model 3321). 

For the 3 µm-PFE measurements, 3 µm-PNC measured from the APS size distribution in line 2 
(empty line), corresponds to the upstream concentration (CN,up). Then, 3 µm-PNC measured in 
line 1, corresponds to the downstream PNC (CN,down). Finally, one APS size distribution is measured 
in line 2, corresponding to the second upstream concentration (CN,up,2), in order to verify the 
stability of the concentration. An averaged 3 µm-PFE is then calculated from five tests performed 

 

 
Fig. 1. Experimental test bench used by Lab. 1 for 3 µm-PFE measurements. 
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on MFM samples. The associated uncertainty u(EN(dp)) is calculated using the following formula: 
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where, σ(CN,up(dp)) and σ(CN,down(dp)) are the standard deviations associated with the mean values 
of upstream and downstream concentration respectively. The global associated error is calculated 
as the quadratic sum of the maximum value of u(EN(dp)) and the standard deviation on the five 
values measured with the five tests.  
 
2.1.2 Lab.2 experimental set-up 

The experimental test bench used by Lab. 2 cis presented in Fig. 2. DEHS (di-ethyl-hexylsebacate) 
aerosol is generated by an AGK 2000 Palas nebulizer and diluted with compressed air. After 
dilution, the DEHS particle number size distribution is measured upstream of the MFM sample 
with an Aerodynamic Particle Sizer TSI 3321, and is characterized by a mean diameter around 
0.85 µm. For MFM 3 µm-PFE tests, a sample is placed in a filter holder with a filtration surface of 
28.3 cm2, leading to a 10.1 cm s–1 filtration velocity. A 3 µm-PFE measurement is done by a series 
of seven measurements conducted successively upstream and downstream of the sample. In order 
to purge and stabilize the particle concentration in the sampling lines, a sampling of 30 seconds 
is performed before each measurement. These seven successive counts allow obtaining three 
efficiency results for the same material sample (repeatability test). Efficiency measurements at 
the 3-µm size bin were conducted on three or four MFM samples (reproducibility test). 

It is important to mention that, considering the concentration of the DEHS aerosol, the droplets 
do not discharge the filter during the experiment. Measuring three comparable efficiencies 
associated to the previously described protocol, tends to prove that a discharge phenomenon 
does not occur.  

 

 
Fig. 2. Experimental test bench used by Lab. 2 for 3 µm-PFE measurements (from Bourrous et al., 2021). 
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Fig. 3. Experimental setup used for the BFE measurements according to the EN 14683:2019 
standard. 

 

2.2 Bacterial Filtration Efficiency (BFE) 
According to the EN14683:2019+AC standard, a sample of the MFM material is clamped 

between a viable six-stage cascade impactor and an aerosol chamber. A Staphylococcus aureus 
aerosol is generated into the aerosol chamber and sampled by the cascade impactor downstream 
of the tested MFM material. The experimental setup used by Lab.3 and Lab.4 are presented in 
Fig. 3. 

The BFE is indicated by the colony forming units (CFU) counts that pass through the MFM. Each 
sample must measure at least 100 mm × 100 mm and must consist of all layers of the mask, in 
the same order as the finished mask. Prior to testing, each sample should be conditioned for at 
least 4 h to reach equilibrium in an atmosphere at (21 ± 5)°C, the relative humidity being (85 ± 
5)%. The mean particles size (MPS) of the bacteriological aerosol must be maintained at 3.0 µm 
± 0.3 µm. MPS value iscalculated for each stage of the cascade impactor and is calculated as: 
 

( )X X

X

P C
MPS

C
⋅

= ∑
∑

 (3) 

 
where PX is the 50% effective cut-off diameters of each of the six stages and CX is the viable 
particle counts obtained from each of the six agar collection surfaces (x = 1–6). The EN 14683 
thus imposes only two specifications for the choice of bioaerosol nebulizer: a MPS of 3.0 ± 0.3 µm 
and 1700–3000 CFUs of bacteria per test. 

A first positive control is carried out by nebulizing the biological aerosol without the tested 
MFM sample. The BFE is therefore characterized by using a second step in which the MFM sample 
is introduced at the inlet of the cascade impactor. At each stage of the viable cascade impactor, 
the Petri dishes are exposed to the bacteriological aerosol. This second step is repeated at least five 
times and an additional positive control process is performed. Finally, a negative control process is 
carried out without the biological aerosol, i.e., by sampling air only into the viable cascade impactor. 
After incubation of the petri dishes at (37 ± 2)°C for 20 hours to 52 hours, CFU counts are 
performed for each sample and control process on each dish. Results are therefore summed to 
obtain the total CFU number. For each sample, the BFE is calculated using the following formula: 
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where C is the mean of the two positive controls of the total of the six stages, and T is the total 
of the six stages counts for each test sample. In the EN 14683 standard, filtration velocity is not 
mentioned. Nevertheless, by knowing the flow rate of 28.3 L min–1 and the effective filtration 
surface of 46.5 cm2 intrinsic to the cascade impactor inlet, a filtration velocity of 10.1 cm s–1 can 
be calculated and will be used for proceeding to equivalent measurement between BFE and PFE. 
 
2.2.1 Lab.3 experimental set-up 

BFE experiments have been performed in a class II biosafety cabinet. The length of the aerosol 
chamber has been reduced compared to the EN 14683:2019 standard without changing the 
features of the bioaerosol arriving. Staphylococcus aureus (ATCC 6538) was inoculated into 30 mL 
of tryptic soy broth in a 50 mL flask and incubated with gentle shaking at 37 ± 2°C for 24 ± 2 hours. 

BFE testing has been done for decades using jet nebulizers (like the collision jet). Nevertheless, 
a modern vibrating mesh nebulizer has been used in recent studies of bioaerosol generation. Here, 
the E-Flow® mesh nebulizer (Pari GmbH, Starnberg, Germany) was used to aerosolize 3.0 ± 0.3 µm 
droplets from a 3 ml suspension with 3000 CFU mL–1 of S. aureus. A bacterial challenge of 1700 
to 3000 CFU per test has been used for 1 min of nebulization. The airflow was sent through the 
cascade impactor for an additional minute. The test therefore lasted for a total of 2 minutes. Petri 
dishes were removed from the viable cascade impactor (ACI) and incubated at 37 ± 2°C for 22 ± 
2 hours. Colonies were counted with an automatic HD colony counter (Scan® 1200, Intersciences, 
France) or with a visual count of positive holes, after conversion into viable particles. 

The cascade impactor used is the six-stage viable ACI (Tisch Environmental, Cleves, OH, USA). 
It contains several orifices requiring an exact flow of 28.3 L min–1, generated using a vacuum 
pump. A single stage of this impactor contains up to 400 precision machine jet orifices. Their size 
is between 1.81 mm on the first stage and 0.25 mm on the sixth stage. The particles collected at 
each stage have size ranges depending on the velocity of the jet at this stage and the cut-off of 
the previous one. The 50% effective cut-off diameters for each of the six stages operating at 
28.3 L min–1 are 7 µm for stage 1 (1.81 mm holes), 4.7 µm, 3.3 µm, 2.1 µm, 1.1 µm and 0.65 µm 
for stage 6 (0.25 mm holes). Size-selective particle sampling with an impactor is based on the 
aerodynamic equivalent diameter, which takes into consideration the geometric particle size, shape 
and density. In this particle size range, the aerodynamic diameter is also the relevant diameter that 
describes the deposition of particles in the different regions of the human lung. Airborne bacteria 
are directly deposited on Petri dishes, positioned inside the cascade impactor. 100-mm glass Petri 
dishes have been substituted with 90-mm plastic Petri dishes inside the ACI. In comparison to the 
experimental setup shown in Fig. 3, the condenser in the Lab. 3 set-up was replaced by a filter and 
the flow rate was measured at the impactor inlet before the test. The uncertainties associated 
with Lab. 3 BFE measurements are calculated as standard deviation from the five tests.  
 
2.2.2 Lab.4 experimental set-up 

The experimental test bench used by Lab.4 was similar to the one presented in Fig. 3. All tests 
were carried out in a Biosafety Level 2 (BSL2) laboratory. The test preparation involves a calibrated 
Staphylococcus aureus suspension whose concentration is verified with a spectrophotometer 
using a 630 nm wavelength. The bacterial concentration was determined and adjusted, in order 
to reach a final concentration between 1.7 × 103 and 3.0 × 103 UFC per test. The prepared inoculum 
was injected by a syringe pump (Model: NE-300 « Jus infusion TM ») in the nebuliser to be released 
by activating a vacuum pump in the cascade impactor for 1 minute (flow rate = 28.3 L min–1). A HEPA 
H14 filter was present upstream of the nebulizer column to prevent the spread of Staphylococcus 
aureus in the air. The airflow was maintained in the cascade impactor for an additional minute 
by stopping the nebuliser only. The generated inoculum was collected via a multi-orifice cascade 
impactor characterized by the same cut-off diameters as previously described. 

The sterilized petri dishes were made of glass and consist of a 27mL growth medium (trypticase 
soy). The CFUs per dish are also counted by a colony counter (Scan® 1200). The number of viable 
particles in the sample was not equal to the number of bacterial cells in the sample, because one 
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viable particle can contain more than one cell. The result was obtained by counting and correlation 
to a conversion table which meets the “positive-hole” method. The conversion table used is 
based on the principle whereby the more the number of viable particles impacted on a Petri dish 
increases, the more the likelihood of the next one entering a positive hole decreases. The 
measurement uncertainties were based on the documentation provided by the manufacturer of 
the various components, the cascade impactor and the colony counter used for enumeration. 
 

3 RESULTS 
 
3.1 Filtration Efficiencies Comparison 

Results of PFE and BFE measurements are compared in Fig. 4 for the 6 involved MFM samples. 
Each graph shows the result for one MFM sample, and each point a measurement for each 
laboratory. White areas show the Type II filtration efficiencies (≥ 98%), light gray area the Type I 
(between 95 and 98%), and dark gray area the filtration efficiencies that are below 95%. 

This figure shows that, for 3 µm-PFE measurements, the results for sample 1, 2, 3 and 5 are in 
very good agreement and are in the same range of filtration efficiency, which therefore characterize 
the MFM type. A maximum deviation of 4% is observed for sample 2. The values with their 
uncertainties are comprised within a 27% range, which is in good agreement with the previous 
study of Bourrous et al. (2021) about a 3 µm-PFE interlaboratory comparison on community face 
covering using a filtration velocity of 6 cm s–1. The observed dispersion of 27% might be due to 
(i) the heterogeneity of the test media, to (ii) complex experimental procedures and devices 
(mainly the APS TSI 3321 used by Lab.1 and Lab.2) used to determine the PFE (Pfeifer et al., 2016) 
and to (iii) the solid or liquid test aerosols. Identified experimental error sources are also the 
aerosol number concentration stability, the aerosol sampling devices and the APS counting 
efficiency (Armendariz and Leith, 2002; Volckens and Peters, 2005). This agreement also validates 
measurement protocols used by Lab. 1 and Lab. 2, for monodisperse (Lab. 1) and polydisperse 
(Lab. 2) aerosols. These 3 µm-PFE measurements have been then compared to BFE measurements. 

For sample 4 and 6, the MFM are characterized by 3 µm-PFE > 95% associated to Type I for 
Lab. 1 and Type II for Lab. 2 with a difference of less than 3.5% between both labs.  

For BFE measurements, the results are in good agreement for sample 1 and 5. Both of these 
samples are therefore determined to be Type II, as for 3 µm-PFE measurements. For sample 2, 

 

 
Fig. 4. Inter-laboratory comparison of 3 µm-PFE measured by Lab. 1 and 2 (PFE, underlined in red) vs. BFE measured by Lab. 3 
and Lab. 4 (BFE, underline in blue) using a filtration velocity of 10.1 cm s–1. 
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despite a difference of 22% between two BFE measurements, both of the laboratories find it non-
compatible, i.e., BFE less than 95%. Finally, Lab. 3 and 4 are in less good agreement for samples 
3, 4 and 6, classing them in different types, with relative differences of 2%, 7% and 13% 
respectively. Globally, the results are in good agreement between PFE and Lab. 3. For sample 2, 
all the laboratories find the associated MFM not compatible with Type I and II. For sample 3, the 
maximum difference between all the filtration efficiency results is 3%, but Lab. 4 results indicate 
a Type I classification with BFE less than 95%. For samples 4 and 6, the agreement is less good, 
with a high level of dispersion.  

Then, in a certification scenario of these MFM, the classification of a same sample would not be 
in the same Type, except for samples 1, 2 and 5. The most problematic case would be for sample 
4 and 6, which are not satisfying for Lab. 4 and characterized as Type II for Lab. 2 and Lab. 3. As a 
reminder, BFE is calculated for all the impactor stages and not only for the 3 µm stage (which 
correspond to stage 4 in the cascade impactor) in order to reach a comparison with 3 µm-PFE. 
This can therefore generate a bias in this comparison. To better understand and explain the 
differences observed between BFE and 3 µm-PFE, fractional efficiencies have been measured for 
Lab.2, Lab.3 and Lab.4 and need to be plotted to compare stage 4 efficiencies to 3 µm-PFE. 
 
3.2 Fractional Efficiency 

For each MFM sample, Fig. 5 shows fractional efficiencies (SE), which are filtration efficiencies 
calculated for different aerodynamic diameters of test aerosols. As previously, each graph shows 
the measurement realized for one sample and each plot shows one laboratory SE, except for 
Lab. 1, which did not proceed to any fractional determination due to the use of 3 µm PSL as a 
monodisperse aerosol. The filtration efficiency at 3 µm measured by Lab. 1 is shown with black 
squares. For Lab. 3 and Lab. 4, the BFE calculated for each stage of the cascade impactor are 
shown, between 0.65 µm (cut-off diameter of stage 1) and 7 µm (cut-off diameter of stage 6). As 
a reminder, stage 3 and 4 corresponds to cut-off sizes of 3.3 and 2.1 respectively. By taking into  

 

 
Fig. 5. Fractional filtration (SE) efficiency of each MFM sample measured by Lab. 2 using PFE method (red line), and by Lab. 3 
and Lab. 4 (blue and green lines respectively) using BFE method. The filtration efficiency at 3 µm measured by Lab. 1 is shown 
with black squares. 
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Table 1. Relative deviations of Lab. 3 and 4 BFE measurements in comparison to the average 
3 µm-PFE measurements. 

Sample 

Lab. 3 Lab. 4 

PFE BFE

PFE

−
 

stage 4PFE BFE

PFE

−
 

PFE BFE

PFE

−
 

stage 4PFE BFE

PFE

−
 

1 0.1% 0.1% 0.4% 0.1% 
2 93.3% 132.0% 51.6% 110.9% 
3 0.4% 0.5% 2.9% 0.4% 
4 1.5% 1.9% 6.0% 1.7% 
5 0.1% 0.1% 0.1% 0.1% 
6 2.0% 2.3% 11.5% 2.2% 

 
account steep impaction curves, 3 µm particles are mainly collected on stage 4. Therefore, 3 µm-
PFE results were compared to this stage 4. For Lab. 2, SE have been measured between 1 µm and 
5 µm. 

For samples 1, 3, 4, 5 and 6, Fig. 5 shows that SE measurements diverge for aerodynamic 
diameter smaller than 3 µm, in link with a filtration efficiency decreasing associated with the 
typical U-shape of the SE. For aerodynamic diameter below 3 µm, BFE measurements are generally 
higher than 3 µm-PFE measurement, except for sample 6, for which Lab. 2 (3 µm-PFE) and Lab. 4 
(BFE) measurements are very close. Then, a good agreement is shown between 3 µm-PFE (black 
squares) and stage 4 BFE. For higher values of aerodynamic diameter, filtration efficiencies tend 
to 100% and agree between all laboratories. Sample 2 appears to be an exception. Fractional 
efficiencies seem to diverge in all the diameter range. A possible explanation could be a biocidal 
treatment, potentially applied to all samples involved in this study, but enhanced for sample 2 
due to its low filtration efficiency. Indeed, such a biocidal process could have an effect on bacteria 
and not on inert particles. A common tendency is shown by BFE measurements, but Lab. 4 values 
are lower compare to Lab. 3. At 3 µm, BFE values are higher than 3 µm-PFE. However, it is important 
to mention that all laboratories find filtration efficiencies at 3 µm lower than 95%, leading to a 
non-validation of this MFM sample for Type I or Type II classification. Table 1 shows the relative 
deviations between the average 3 µm-PFE results calculated for each sample from Lab. 1 and Lab. 2 
measurements, and BFE measurements performed by Lab. 3 and Lab. 4. A comparison is also 
presented with BFE measurements obtained at the stage 4 (BFEstage4) of the cascade impactor only. 

These results confirm that Lab. 3 measurements are in good agreement with 3 µm-PFE for all 
the samples, except for sample 2. The use of stage 4 does not improve the agreement, which is 
almost constant for most of the samples. For Lab. 4, BFEstage4 measurements lead to a major 
decrease of deviations in comparison to 3 µm-PFE, and appears to be similar to Lab. 3. This shows 
the potential bias of BFE measurement for Lab.4 from the EN 14683 protocol which involves the 
use of a BFE mean value calculated from all the cascade impactor stages. However, an opposite 
behavior is shown for sample 2. Indeed, the BFEstage4 deviation is higher than the BFE. This can be 
explained by the fact that the BFE measurements for the sample 2 are lower compared to BFEstage4 
measurements for both Labs. 
 

4 DISCUSSION AND OUTLOOK 
 

In this work, several hypotheses have been considered to explain the observed differences 
between 3 µm-PFE and BFE measurements. First, there might be a heterogeneity of the test 
media. Each MFM sample can indeed present small manufacturing differences, which can induce 
variability in terms of filtration efficiencies. Nevertheless, for MFM characterized with high 
performances, this is expected to be negligible. This might be an important cause for differences 
in sample 2 filtration efficiency measurements for example. 

Secondly, it can also be linked to the biological aerosol during BFE measurements, particularly 
through two phenomena, i.e., droplets degradation and bacteria deaths when passing through 
the MFM sample. The prior can lead to a shift of the size distribution towards smaller diameter, 
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and thus to underestimated filtration efficiencies at the associated stages of the cascade impactor. 
The latter might lead to a decrease of CFU counts, and then to a BFE overestimation. Also, several 
questions are raised by the simplicity of this test. The air jets of the cascade impactor directly 
impinge onto a Petri dish nutrient, which is then incubated until the formation of colonies of 
collected bacteria. However, this can affect the resulting CFU counts accuracy obtained from 
Petri dishes. Indeed, the CFU counts can be adjusted by the likelihood that one bacterium can be 
merged with another at an impaction site to produce a single colony. Macher, 1989 proposed a 
“positive-hole” correction table allowing for the correction of the cascade impactors positive-hole 
visual counts. However, this method appears to be time-consuming and operator-dependent, 
and visual counting might be a source of bias. A new method involving direct colony counting 
using high-resolution automatic color colony counters allows a more accurate and reproducible 
CFU counting on Petri dishes, and no correction seems to be required (Pourchez et al., 2021).  

Thirdly, as a reminder, it is important to point out that the BFE is calculated globally on the basis 
of CFU counts from all cascade impactor stages and corresponding to a wide range of particle 
cut-off diameters, without being specific to the stage corresponding to the “average size of 3 µm”. 

Moreover, differences between BFE measurements can be explained by the generations of the 
biological aerosol. E-Flow® mesh nebulizer (Pari GmbH, Starnberg, Germany) and 4-jets Blaustein 
Atomizing Modules (BLAM) were used by Lab. 3 and Lab. 4, respectively. Both generators produce 
aerosols using different technical parameters, such as liquid sample volumes, and this leads to the 
generation of polydisperse aerosols characterized by a broad size range in terms of aerodynamic 
diameters, i.e., delivering particles with a mean size of 3.0 ± 0.3 µm, but associated with different 
size distributions. This can explain deviations between BFE measurements themselves, since BFE 
is calculated as a mean value of all the stages of the cascade impactor. If the amount of small size 
droplets (< 3 µm in terms of aerodynamic diameter) is higher, this will have a direct impact on 
fractional efficiencies and therefore to the mean BFE value which will be lower. A need is highlighted 
for such a nebulization process in terms of particle number size distribution characterization and 
not only in terms of average size characterization. 

Another point concerns the fast water saturation of the MFM sample at the beginning of a BFE 
experiment, causing a modification in terms of filtration velocity and therefore in terms of 
characterization of the associated BFE fractional efficiency used for the global BFE calculation. 
However, the EN 14683 standard specifies conditioning of the media to be tested in terms of 
temperature and relative humidity before the tests. The usefulness of this conditioning is 
therefore debatable in link with previous comment. In this context of environmental conditions 
in terms of relative humidity and temperature, particle size can change inside the impactor due 
to water evaporation/condensation. This is a well-studied bias of cascading impactors. Indeed, 
previous studies investigated the temperature effect on aerosol size by impactor cooling in order 
to limit droplet evaporation (Stapleton and Finlay, 1998; Kwong et al., 2000; Zhou et al., 2005a; 
Rao et al., 2010). Other studies also investigated the humidity effect on particle size distribution 
measurements (Prokop et al., 1995; Finlay et al., 1997; Nerbrink et al., 2003; Zhou et al., 2005b). 
However, aerosols with large numbers of droplets per unit volume, which is the case of this study, 
can actually self-humidify the surrounding air and therefore stop the size changes (Majoral et al., 
2020). This phenomenon occurs when the number of droplets is high, i.e., the vapor evaporating 
off the droplets implies the air to reach water vapor equilibrium (Finlay and Smaldone, 1998). 
Moreover, it is important to mention that no sample volume to be generated is specified within 
this standard, nor filtration velocity since no precise effective filtration surface is given. Overall, it is 
legitimate to ask the question of characterizing MFM filtration efficiencies in terms of (i) BFEstage4, 
(ii) 3 µm-PFE or (iii) PFE, rather than in terms of BFE (Whyte et al., 2022). 
 

5 CONCLUSION 
 

In connection with the COVID-19 pandemic, and the need for characterizing the performance 
of MFM and in terms of filtration efficiency, an interlaboratory comparison has been conducted. 
The aim of this study was to compare, for a given medium, the results in terms of particular filtration 
efficiency (PFE) and bacterial filtration efficiency (BFE). To do this, a uniform filtration velocity of 
10.1 cm s–1 was adopted by all the participants in accordance with the normative context 
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(EN 14683, flow rate of 28.3 L min–1 and effective filtration area of 46.5 cm2). A good agreement 
between the PFE measurements but a disagreement between the BFE measurements are shown. 
A greater scatter of filtration efficiency results was also obtained for media with non-compliant 
BFE. Regarding the normative context associated with surgical masks (EN14683:2019+AC), it 
should be noted that the use of a bio-aerosol can lead to many questions, in particular concerning 
the risk of loss of bacteria. In addition, the EN 14683 standard specifies the use of a nebulizer 
capable of generating particles with an average size of 3.0 ± 0.3 µm. However, such a nebulization 
process can be characterized by the generation of a polydisperse aerosol having a different 
particle size distributions in number but corresponding to such an average size. In addition, note 
that the BFE is calculated globally on the basis of a count of Colony Forming Units (CFU) obtained 
on all the stages of a cascade impactor and corresponding to a wide range of particle cut-off 
diameters, without being specific to the stage corresponding to the “average size of 3 µm”. No 
filtration velocity is also specified within this standard, nor the volume of liquid sample to be 
generated in aerosol phase, nor the generation time. This document also specifies conditioning 
of the media to be tested in terms of temperature and relative humidity before the tests. But, 
given the very rapid water saturation from the first minute of the tests involving the conditioned 
media, this conditioning step does not seem really necessary.  
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