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Abstract

:

Physical exercise demonstrates a special case of aerosol emission due to its associated elevated breathing rate. This can lead to a faster spread of airborne viruses and respiratory diseases. Therefore, this study investigates cross-infection risk during training. Twelve human subjects exercised on a cycle ergometer under three mask scenarios: no mask, surgical mask, and FFP2 mask. The emitted aerosols were measured in a grey room with a measurement setup equipped with an optical particle sensor. The spread of expired air was qualitatively and quantitatively assessed using schlieren imaging. Moreover, user satisfaction surveys were conducted to evaluate the comfort of wearing face masks during training. The results indicated that both surgical and FFP2 masks significantly reduced particles emission with a reduction efficiency of 87.1% and 91.3% of all particle sizes, respectively. However, compared to surgical masks, FFP2 masks provided a nearly tenfold greater reduction of the particle size range with long residence time in the air (0.3–0.5 μm). Furthermore, the investigated masks reduced exhalation spreading distances to less than 0.15 m and 0.1 m in the case of the surgical mask and FFP2 mask, respectively. User satisfaction solely differed with respect to perceived dyspnea between no mask and FFP2 mask conditions.
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1. Introduction


The restrictions associated with COVID-19 were lifted between the infection waves and fitness studios opened without clear information about the spread of exhaled aerosols and droplets in such venues. This can increase the cross-infection rates among the users of these rooms, especially with the lack of safety guidance specific for dynamic activities involving higher emission rates of potentially infectious aerosols and droplets, which can cause upper and lower respiratory infections [1].



The exhaled droplets have a polydisperse size distribution between 0.01–500 µm [2]. In this context, droplets can be classified as large droplets with a size of >100 μm, medium droplets with a size of 5–100 μm, and small droplets (aerosols) with a size of <5 μm [3]. The small particles (with a threshold of 5 µm or less) are commonly called “droplet nuclei.” Since they remain almost indefinitely airborne in enclosed rooms and are prone in the lower respiratory tract of humans [4,5,6], small particles are predominantly responsible for airborne transmitted diseases.



Studies characterizing exhaled droplets focus mainly on measuring the number as well as the size of the initial droplets, as this is the most important parameter to determine how quickly they accumulate on a surface or whether they are carried on by the airflow. Morawska et al. [7] were able to assign specific particle modal values to different exhalation activities. The number of emitted particles differs strongly between different test subjects. Therefore, Hartmann et al. [8] describe low, high, and super emitters. Furthermore, studies suggest that droplet size is associated with the aerosol composition as well as the probability of containing pathogens [9,10]. Moreover, the biology of the pathogen, such as lipid- or non-lipid enveloped, and environmental factors such as air temperature and humidity are crucial for its airborne survival and infectivity [11].



With the severe acute respiratory syndrome (SARS) outbreak in 2002, caused by a coronavirus (SARS-CoV), the behavior of and protection from airborne infectious pathogens became and still are subject of current research [12]. It can be demonstrated, without contradiction, that wearing a protective face mask alters the spread of exhaled air, sneezing, and coughing. Face masks provide efficient protection against transmissions, presupposed high-quality masks with a specimen adequate class of protection are worn properly [13,14]. In early 2020, the first recommendations and guidelines for preventing transmission and infection could be published due to previous research on SARS outbreak [15]. Since the occurrence of COVID-19, it was hypothesized that the new coronavirus 2 was transmitted via infectious aerosols [16], recommendations for self-protection evolved from social distancing, wearing protective gowns and/or other face covering including filtrating masks with different protection classes depending on the intensity of contact [17,18].



The general physical behavior of aerosols in enclosed rooms and thus various opportunities to decrease the risk of transmission by optimizing ventilation and sanitizing the air have been examined in the literature [3,19]. Yet, the effect of physical stress, e.g., in gyms or medical facilities, on aerosol generation and spreading is still a subject of current research and has to be investigated in detail [20,21,22]. Parallel to the assessment of aerosol spreading and protective masks during physical stress, user satisfaction should also be investigated, as the use of face masks can affect user comfort and exertion. In their review, Zheng et al. [23] found significantly increased Borg ratings of perceived exertion (RPE) for surgical masks, but not for filtering facepiece class 2 (FFP2) or cloth masks. In addition, reported perception of dyspnea (RPD), fatigue level, and thermal sensation increased with face mask usage. Ipek et al. [24] compared using surgical and N95 masks among healthcare workers and detected respiratory alkalosis and hypocarbia after the use of N95 masks. However, the findings are not conclusive. For example, Yoshihara et al. [25] looked at the effect of four different face masks (surgical, N95, gaiter, and sport) on objective and subjective measures when walking and jogging in temperatures above 32 °C. After 30 and 60 min exposures, only overall breathing discomfort was higher in trials with face masks compared to the control condition. Other measures (RPE, thermal sensation, thirst sensation, and fatigue level) did not differ significantly. Therefore, adding more insights into the effect of using face masks during exercise on subjective measures is necessary.



The present study evaluates the characteristics of emitted aerosols and the spread of exhaled air during a standardized physical exercise protocol in a laboratory setup. The goal of the investigations is to assess the efficacy of reducing infectious transmission using widely-available face masks during training. The present study hypothesizes that wearing any kind of medical face mask during physical exercise can establish significant protection against the spread of exhaled airborne particles, thus providing effective protection against airborne diseases. The investigations included three main parts: (1) aerosol measurements to assess the reduction of the released particles when face masks are used, (2) airflow visualization to assess the distribution and spreading distance of the exhaled air when face masks are used, and (3) user satisfaction surveys to assess the acceptance of wearing face masks during exercise.



For aerosol measurements, a wide range of different measurement principles can be applied. While solid impactors and droplet separators were primarily used in former studies, current studies use optical and aerodynamic particle sizers. In individual cases, liquid impactors, differential mobility analyzers, low-pressure electrical impactors, and condensation particle counters were applied as well. An overview of the application of these various measurement techniques to characterize breathing air is given by Merghani et al. [26]. In the present study, the aerosols measurements were conducted using an optical particle sensor. For airflow visualizations, the literature also reports multiple techniques such as particle image velocimetry (PIV) [27], particle streak tracking (PST) [28], smoke visualizations [29], and schlieren imaging [30]. The latter has been utilized in this study due to the flexibility and high resolution of this approach that provides two-dimensional visualizations of the flow field with virtually no disturbance to the flow. Therefore, this visualization method has been frequently used in recent literature to evaluate indoor air quality topics, such as the spread of air from face masks [31], from nasal high-flow therapy [32], from music instruments [33], and ventilation strategies [34]. Detailed information about the utilized schlieren imaging system is presented in Section 2.2. For user satisfaction assessments, questionnaires were distributed after the airflow visualization of each investigated scenario. Detailed information about the user satisfaction surveys is presented in Section 2.3.




2. Materials and Methods


Twelve healthy adult test subjects (six females and six males) participated in the study with an age ranging from 24 to 54 years with an average of 34.3 years and a median of 27.5 years. The test subjects had diverse physical conditions with a general tendency towards training at least 2 h a week. The body mass index (BMI) of the subjects ranged from 19.7 to 23.8 kg/m2 with an average of 22.3 kg/m2 and a median of 22.7 kg/m2. The subjects had typical sports clothing (sports tops or T-shirts; sports shorts or trousers). All subjects signed a consent to voluntarily participate in the study and an approval for conducting this study was obtained from the Ethical Board of the Faculty of Medicine, RWTH Aachen University (protocol code EK 312/21). All subjects were double-vaccinated against COVID-19 at the time of the study (October 2021). Moreover, a SARS-CoV-2 rapid antigen test was performed under the supervision of a medical professional for all test subjects and participating researchers at the beginning of each investigation day. Furthermore, the test setups were disinfected after each measurement set; hand disinfectant was available for all subjects and researchers throughout the investigations.



All the investigations were conducted using a stationary bike (a cycle ergometer) as an exemplary device that is often used in gyms and fitness studios. Each subject exercised on the cycle ergometer under three exercise conditions: with no mask, with a disposable medical facemask (surgical mask), and with an FFP2 mask. Each scenario was investigated twice: for measuring the emitted aerosols (Section 2.1) and for visualizing the expired air and conducting the user-satisfaction surveys (Section 2.2 and Section 2.3). Moreover, the subjects completed an additional training set for warmup before the beginning of the investigations. Thus, each test subject trained for a total of seven times on the cycle ergometer with a duration of 1–4 min per scenario. The pulse rate and blood oxygen saturation of the test subjects were constantly monitored throughout the experiments using a pulse oximeter (Masimo Radical 7, Masimo Cooperation, Irvine, CA, USA). Each investigated scenario was conducted by asking the test subjects to train at their own pace until reaching 75% of the maximum heart rate, which was determined by the modified Karvonen equation (HRmax = 206.9 − (0.67 × age)). For the aerosol measurements, the test subjects were asked to train for an additional 30 s after reaching 75% of the maximum heart rate in order to measure an average value for the emitted aerosols.



The indoor conditions were constantly measured and monitored during all investigations. The indoor air temperature was measured at 0.1, 1.1, and 1.7 m above the floor using negative temperature coefficient thermistors (NTC) with an accuracy of ±0.2 K. Relative humidity was monitored at 1.1 m above the floor using a capacitive sensor with an accuracy of ±2% RH. Additionally, during the aerosol measurements, the CO2 concentration in the room was constantly monitored at 1.1 m height using a non-dispersive infrared digital sensor with an accuracy of ±(50 ppm +3% of measured value). The indoor environmental parameters were measured using Almemo sensors system (Ahlborn GmbH, Holzkirchen, Germany).



2.1. Aerosols Measurements


The aerosol emission measurements were conducted in a grey room at the Bauhaus-University Weimar; this room is a cuboid climate chamber with the dimensions of 3 × 3 × 2.4 m (~22 m3) situated in a laboratory hall to keep it isolated from the outdoor environment. The chamber utilizes a ventilation system with two air inlets equipped with high-efficiency particulate absorbing (HEPA) filters to introduce clean, tempered outdoor air at an adjustable rate into the chamber. Moreover, the temperature in the chamber is also controllable by setting the temperature of each interior surface separately, which are tempered by water-bearing capillary tubes placed under the finishing layer (tiles for the floor and gypsum plaster for the walls and ceiling). An aerosol measurement setup was positioned at the center of the chamber. As shown in Figure 1a, this setup consisted of a polyvinyl chloride (PVC) pipe with an inside diameter of 29.5 cm connected to an air filter via a corrugated aluminum tube. The pipe was mounted on a structure equipped with pulleys that allowed adjustment of the height and inclination of the pipe. A 4-channel optical particle sensor (Airnet-II, PMS Inc., Boulder, CO, USA) was placed inside the pipe; the inlet of this sensor was connected to a funnel to allow capture of as many exhaled particles as possible. The implemented particle sensor can detect particles with a size range of 0.3–0.5, 0.5–1.0, 1.0–5.0, and >5.0 µm at an ISO 21501-4 [35] compliant counting efficiency of 100% ± 10% at 1.5 to 2.0 times channel one size and 50% ± 20% for the most sensitive channel. The sensor detects particles at a flow rate of 28.3 L/min (±15%), which was generated through a vacuum pump with an absolute pressure of about 400 mbar. The vacuum pump was connected to the particle sensor via Ø10 mm plastic tubing; the vacuum pump was positioned outside the chamber and its air outlet was extended to the outside to eject the drawn expired particles.



To keep the particle concentrations as low as possible in the chamber, only two persons were present inside the chamber during the experiments: the test subject and a medical professional to supervise the experiment and determine the maximum heart rate. The measurement devices and chamber setups were controlled from outside the chamber. To exclude the exogenously generated particles (e.g., from the hair and clothes) from the measurements, the test subjects and the accompanying medical professional were dressed in a hooded suit covering their whole body, neck, and hair (Figure 1b). To measure the expired aerosols, the test subjects trained on the cycle ergometer while inserting their head into the PVC pipe and facing the inlet funnel of the particle sensor. Before each measurement set, i.e., before investigating each mask condition, the particle concentration in the room was constantly monitored. Once a stable concentration was reached, the test subject was signaled to sit on the cycle ergometer and start training. To accelerate reaching a stable background concentration, the ventilation system of the chamber was set to the highest possible level (200 m3/h). Moreover, two portable air cleaners were placed in the chamber. A third air cleaner was positioned in the laboratory in which the chamber is situated to reduce the particle concentration peaks when the chamber door is open to let the test subject in or out. To reduce the waiting time between the three investigated exercise conditions (no mask, surgical mask, and FFP2 mask), the measurements were conducted in the following order: FFP2 mask, surgical mask, and then with no mask. This is because the initial measurements showed only a slight impact on the background particle concentration in the chamber during the FFP2 mask case, while the no mask case caused a spike in the background concentration that required a long time to flatten (Figure 3, Section 3.1). To remain consistent with the other sections of the study, the results of the aerosol measurements were, nevertheless, presented in the order of no mask (reference case), surgical mask, and FFP2 mask.



All aerosol measurements were conducted under similar climatic conditions with an average room air temperature of 21.41 °C (measured at H = 1.1 m). Since the chamber was tempered by setting all surfaces to the same temperature, the vertical temperature stratification was extremely low and laid within or near the ±0.2 K accuracy range of the implemented sensors (    θ  ¯   1.1−0.1 = 0.11 K;     θ  ¯   1.7−0.1 = 0.24 K). The average relative humidity during the measurements was 46.3% and the CO2 concentration in the chamber never exceeded 1212 ppm (with an average of 1007 ppm). This concentration is barely above the widely-considered “harmless” threshold of 1000 ppm [36]. However, due to the short-term exposure, it is unlikely to have negative effects on the test subjects.




2.2. Airflow Visualization


The airflow visualizations were conducted using the schlieren imaging system at the Bauhaus-University Weimar. The main component of this system is the schlieren mirror, which is a concave spherical mirror with astronomical quality with a surface accuracy of λ/9.75 @ 633 nm (where λ is the wavelength of light [nm]). The mirror has a diameter of 1 m, a focal length of 3001.5 mm, and a curvature radius of 6003 mm. In addition to the mirror, the system consists of an optical setup including a light-emitting diode (LED) light source, a condenser lens, a beam splitter, a schlieren cutoff, and a high-resolution digital camera (Canon EOS 5DS R, Canon Inc., Tokyo, Japan) with 50.6 megapixels image size, full HD video, 50 fps frame rate, and a 135 mm focal-length lens with a minimum aperture of f/2.0 (Figure 2a).



This imaging system relies on the refraction of light rays when they pass through fluids with a density gradient (i.e., differences in temperature or pressure in the medium). When a light ray emitted from the LED reaches the mirror, it returns along the coincident path where it crosses the test object, which is inducing the density gradient. When passing through the density gradients, some rays are refracted and a portion of them is blocked by the schlieren cutoff. This creates shadows in the image, which constitutes the foreground of the schlieren image. The returning light rays that are not blocked by the schlieren cutoff pass to the camera sensor and brighten the image screen; this constitutes the background of the schlieren image. Further information about the principle of this schlieren imaging system can be found in Gena et al. [37].



The flow visualization of the expired air was conducted by placing a cycle ergometer at about 1 m in front of the schlieren mirror. The test subjects were asked to exercise on the cycle ergometer while looking forward at a predefined fixed point at their eye level to have a relatively uniform position and direction of the mouth and the nose during all airflow visualizations (Figure 2b). This was necessary to allow comparison of the generated exhaled cloud among the test subjects. Unlike the aerosol measurements, the order of the investigated exercise conditions (no mask, surgical mask, and FFP2 mask) was randomized during the flow visualizations to vary the implementation of the masks. This was necessary as the user satisfaction surveys were handed to the test subjects after the visualization of each exercise scenario in front of the mirror. Further details about these surveys are presented in Section 2.3.



The visualizations were conducted in a laboratory room with an air volume of ~198 m3. The room has no active cooling or ventilation systems. However, the room was regularly ventilated by opening a window between the investigated exercise scenarios to ensure a minimum infection risk among the test subjects. The heating system of the room (wall-mounted hot-water radiators) was switched off to avoid affecting the visualized flow through the convective flow generated by the radiators. The average room temperature measured at the height of 1.1 m was 21.58 °C during all the investigated scenarios with a slight temperature stratification of     θ  ¯   1.1−0.1 = 0.36 K and     θ  ¯   1.7−0.1 = 0.38 K. The relative humidity in the room had an average of 46.5% during all investigations.



The flow visualizations were recorded as separate video sequences for each test subject and each tested mask condition. To analyze the spreading distance of the ejected airflow, a MATLAB code was implemented to explode the schlieren videos to single frames based on the 50 Hz frequency at which the schlieren videos were recorded. The frames with fully visible structures of the exhaled air were manually sorted out. A CAD software was then used to calibrate the scale of the frames and, subsequently, measure the extent of the wavefront of the exhaled cloud.




2.3. User Satisfaction Surveys


As mentioned above, immediately after the airflow visualization of each exercise condition, participants were asked to fill out two questionnaires: (a) The RPE scale [38] and RPD [39], and (b) a general state questionnaire assessing 7 items as follows: (1) thirst sensation, (2) thermal sensation, and (3) fatigue level (all three from Yoshihara et al. [25]), as well as four specific complaints: (4) headache, (5) dizziness, (6) facial sweating, and (7) coughing (all four taken from İpek et al. [24]). While Ipek et al. [24] used 18 complaints, only four were chosen here, which resulted in a statistically significant difference in their study and were not redundant to other information collected to minimize the length of this repeated questionnaire.



In addition, a background questionnaire was provided once including



	
Demographics (gender, age, weight, height, health status, and frequency of training);



	
A 32-item Face Mask Perceptions Scale (FMPS) [40] (mean 2.15 ± 0.6, median 1.9, min 1.4, max 3.1);



	
The 5-item Environmental Worry Scale according to VDI 3883 Part 1, Appendix A [41] (mean 11.3 ± 2.2, median 11, min 8, max 15).






Due to the limited sample size, only the main targets were analyzed using the complete sample and no further analysis of influences such as demographics or other background variables could be conducted. The rating scales were analyzed using one-way repeated measures ANOVA after checking for outliers, normality assumptions, and assumptions of sphericity. Multiple pairwise paired t-tests between the levels of the within-subject factor condition were performed using Bonferroni correction for the post-hoc tests when the ANOVA showed a significant effect. All statistical analyses were performed using the statistical software R.





3. Results


3.1. Aerosols Measurements


Since the measurements were conducted in a grey room, not in a clean room, a significant background aerosol concentration was present throughout the investigations. Therefore, to ascertain the emitted exhaled particles from the subjects, the background concentration had to be calculated for each test subject for each investigated mask condition. The mean background concentration was determined from the measured values for a duration of 30 s before the subject started training. Since the subjects took about 20 s to position themselves on the cycle ergometer before each measurement scenario, the background concentration was determined from the values measured prior to this 20 s transitional duration to avoid possible measurement inaccuracies due to the movement of the subjects toward the cycle ergometer. Following the calculation of the background concentrations, they were subtracted from the measured values to quantify the emitted particles during the evaluated mask conditions; any resulting negative values were set to zero.



Figure 3 presents an example of the measured particles emitted from a 28-year-old male test subject. The emitted particles during the three investigated mask conditions cases are illustrated in the three sections of the diagram, each starting at the time the subject started training (t = 0 s). The boxes marked with 75% refer to the training time after reaching 75% of the maximum heart rate, which continued for 30 s before stopping the exercise. This 30 s time span was consistent in all the conducted aerosol measurements and was used to determine the average released particles. Figure 3 indicates a remarkable difference in the distribution of the emitted particles among the tested conditions. When exercising without a mask, a large amount of mostly 0.3–0.5 μm sized particles was emitted in addition to 0.5–1.0 and 1.0–5.0 µm particles. Larger particles with a size of >5 μm were almost at zero measured concentration. The increase in particles emission started almost immediately after the subject started training and continued to increase for about 30 s and continued to fluctuate until stopping the exercise. For the illustrated test subject, the emission rate of the 0.5–1.0 and 1.0–5.0 µm particles fluctuated steadily after reaching 75% of the maximum heart rate. The 0.3–0.5 µm particles, on the other hand, demonstrated two peaks at 93 and 98 s. When wearing the surgical mask, the emission of the smaller particles sized 0.3 to 5.0 µm was drastically decreased. Similar to exercising without a mask, the amount of the emitted particles with a size of >5 μm was near zero. When wearing the FFP2 mask, the measured particle emission was almost negligible for all particle sizes throughout the training period.



The results indicated a strong variation in the emitted particles among the 12 test subjects with a sum of all emitted particle sizes when wearing no mask ranging from 32.92 to 777.75 particles/s (mean = 203.25 particles/s). Due to a large difference in particle emissions between the female and male subjects, Figure 4 shows the mean measured particles from these two groups separately. The box plots show that the female subjects emitted significantly fewer particles than the male test persons during all investigated mask conditions. With no mask, the average sum of all emitted particle sizes from the female subjects was 90.87 particles/s (standard deviation (SD) = 48.60 particles/s) compared to 315.62 particles/s (SD = 218.52 particles/s) from the male subjects. Thus, the male subjects had an emission rate more than three times higher than the female subjects. The surgical mask reduced the emission rates for all particle diameters from the female test subjects by an average of 81.7% (with an emission rate ranging from 2.14 to 36.32 particles/s). This reduction rate of the surgical masks was even higher for male subjects with an emission reduction of 92.5% (with an emission rate ranging from 0.29 to 234.07 particles/s). The same trend was observed with FFP2 masks, in which the reduction rate of all emitted particles was 85.3% and 97.3% for female and male subjects, respectively (with an emission rate of 1.41 to 15.99 particles/s and 0.92 to 51.05 particles/s for female and male subjects, respectively). The measured particle emission rates with FFP2 masks were, however, fairly low and can be attributed to measurement uncertainties related to the presence of particles in the room air with a concentration higher than the calculated average background concentration.



Figure 5 shows the measured particles emission from all 12 test subjects. The results indicate that the emission of particles with the size of 0.3–0.5 μm is always the highest, especially in the case of wearing no mask, in which the emission rate of 0.3–0.5 µm particles ranged from 21.79 to 587.20 particles/s (mean = 158.14 particles/s). This accounts for an average of 77.8% of the emitted particles. In addition to having the highest emission rate, the 0.3–0.5 µm particles showed the largest variation in comparison to the other particle sizes (SD = 158.70 particles/s). The second largest emitted particle size was 0.5–1.0 µm with a mean of 34.53 particles/s (17% of the emitted particles), followed by the particles sized 1.0–5.0 µm with a mean of 10.24 particles/s (5% of the emitted particles) and, lastly, the particles sized >5.0 µm with a mean of 0.34 particles/s (0.2% of the emitted particles).



When wearing a surgical mask, the sum of all emitted particle sizes was reduced by 87.1%; the sum of all emitted particle sizes ranged from 0.29 to 234.07 particles/s. Despite the significant reduction in their emission rate when wearing the surgical mask, the smaller particles with the size of 0.3–0.5 µm still had the highest emission with an average of 22.87 particle/s and accounted for an average 53% of the emitted particles. The other measured particle sizes had an average emission rate of 13.66, 6.30, and 0.36 particles/s for the particle size ranges of 0.5–1.0, 1.0–5.0, and >5.0 µm, respectively. This corresponded to an average of 31.6%, 14.6%, and 0.8% of the emitted particles, respectively.



When wearing an FFP2 mask, the accumulated particle emission rate was even further reduced with a reduction average of 91.3% compared to wearing no mask. In this case, the sum of emitted particles of all sizes ranged from 0.92 to 51.05 particles/s. This reduction was, in particular, due to the decrease in the emission rates of the smaller 0.3–0.5 µm particle size range. However, for the larger particle sizes, no significant difference was apparent in comparison to the surgical mask. However, when wearing the FFP2 mask, no big differences in the emission of the various particle sizes can be detected. The size distribution of the different measured particle sizes is presented in Figure A1 in the Appendix A; Figure A2 shows the mean emission rate of the exhaled particles and their confidence intervals (α = 0.05). The exact values of the particle emission as well as the reduction rate when wearing the masks are presented in Table A1 in the Appendix A.




3.2. Airflow Visualization


Figure 6 presents an example of the schlieren visualization images of a 24-year-old female test subject during the three investigated mask conditions. In the no mask scenarios, the exhaled air extended beyond the convective airflow surrounding the subjects and exceeded the measurement area of the schlieren mirror (Video S1 in the Supplementary Materials). Conversely, when wearing a surgical mask, the exhaled cloud did not exceed the convective flow above the extended arms and thighs of the test subject; the exhaled air was, thus, lifted and merged with the flow of the thermal plume above the body (Video S2 in the Supplementary Materials). The FFP2 mask constituted a tighter obstacle in the path of the exhaled jet. Thus, the exhaled cloud did not exceed the convective flow directly in front of the face and was rapidly lifted upwards (Video S3 in the Supplementary Materials). The airflow visualizations of the exhaled air emitted by an exemplary 40-year-old male test subject can be found in the Supplementary Materials (Videos S4–S6). Similar to the observation made with the female test subject, the exhaled airflow from the male subject exceeded the measurement range of the mirror in the case of no mask. The released cloud from the surgical mask was larger in the case of the male test subject compared to the female test subject. Yet, the size of the released exhalation cloud from the FFP2 mask was comparable in the cases of the female and male test subjects.



Aside from the qualitative assessments, the schlieren images were used to quantify the spreading distance of the exhaled air. This was manageable in the cases of surgical and FFP2 masks since the wavefront of the exhaled cloud was distinguishable and was always within the range of the measurement area of the mirror. However, in the case of no mask, the exhaled jet often exceeded the mirror visualization field. In such cases, an extrapolation of the spreading distances outside the mirror area can be done using the reduction of the expired air velocity [32]. However, in the present study, this was not possible due to the constant physical movement of the subjects and the thermal plume from the subjects’ lower bodies, which made the wavefront of the expired air often indistinguishable in the schlieren recordings. Therefore, in Figure 7 and Figure 8, the no mask cases only show the portion of the subjects that generated a distinguishable wavefront within the mirror area. The rest fell beyond the visualization limit of the mirror, which is marked with a red dotted line in the diagrams. As a result, for the no mask cases, the percentiles, the median, and the mean values were not calculated and not depicted in the boxplot diagrams.



Figure 7 shows the quantitative evaluation of the spreading distance of the exhaled plume from the female and male subjects. The patterns shown in this diagram align with the qualitative observations made from the schlieren images shown in Figure 6 and Videos S1–S6 in the Supplementary Materials. For both female and male subjects, wearing the face mask (regardless of the type) provided a significant reduction of the exhalation spreading distance compared to having no mask, in which the spreading distances exceeded the visualization field (ca. 0.5 m from the face, depending on the positions of the head in relation to the edge of the mirror). With female test subjects, the spreading distance when wearing a surgical mask ranged between 0.1 and 0.16 m with an average of 0.12 m. When wearing an FFP2 mask instead, the spreading range was reduced to 0.04 to 0.14 m with an average of 0.08 m. Male test subjects, on the other hand, demonstrated larger spreading distances when wearing face masks. With the surgical mask, the spreading distance of exhaled air ranged between 0.05 and 0.32 m with an average of 0.15 m. Similar to the pattern observed with female test subjects, the FFP2 mask reduced the spreading distance with male subjects as well. In this case, the spreading distance ranged between 0.06 and 0.12 m with an average of 0.08 m. Additionally, the results indicated a narrower variety of spreading distances of female subjects when wearing a surgical mask compared to the male subjects (SD = 0.03 and 0.12 m for female and male subjects, respectively). On the contrary, the variety of spreading distances when wearing an FFP2 mask was higher with female subjects compared to male subjects (SD = 0.04 and 0.02 m for female and male subjects, respectively). These patterns stem most likely from interindividual differences and different fitting of the masks related to the geometry of the face.



When considering all test subjects as one group, similar patterns related to the spreading distances can be observed (Figure 8). In this case, the larger variety of spreading distances occurred when wearing the surgical mask, with the distance ranging between 0.05 and 0.32 m, average = 0.14 m, and SD = 0.08 m. With the FFP2 mask, the spreading distance from all test subjects ranged between 0.04 and 0.14 m with an average of 0.08 m and an SD of 0.03 m.




3.3. User Satisfaction Surveys


Results regarding user satisfaction data with respect to RPE, RPD, thirst sensation, thermal sensation, and fatigue level are presented in Table 1. Solely RPD showed a statistically significant difference between the three mask conditions. Post-hoc tests with pairwise comparisons show that the mean RPD score was significantly different between no mask and FFP2 mask (padj = 0.042), but not between the no mask and the surgical mask (padj = 0.54) and the surgical mask and the FFP2 mask (padj = 0.13).



The results of the four assessed self-reported complaints are presented in Table 2. None of the participants reported any headaches or coughing. One participant each reported a short occurrence of dizziness with the surgical and FFP2 masks. Facial sweating was reported by one-fourth to one-third of the participants depending on the mask condition. Further analysis revealed that facial sweating was much more related to the repetition than the mask condition. Independent of the mask condition, no participant reported facial sweating after the first repetition, while four and five participants reported facial sweating after the second and third repetition, respectively.





4. Discussion and Conclusions


Various medical mask types are commonly used for personal protection and to limit the spreading of potentially contagious aerosol particles, e.g., SARS-CoV-2 or tuberculosis [1,42]. To verify the impact of this protective gear, this study analyzed the influence of frequently used masks, namely surgical and FFP2 masks, on aerosol particle emission and the spread of expiratory air during physical exercise. In particular, the study focused on aerosol particles smaller than 5 µm which almost indefinitely remain airborne in enclosed rooms and are prone in the lower respiratory tract of humans [4,5]. The hypothesis behind the study is that face masks can establish a significant decrease in particle count and exhaled air spreading during physical exercise compared to wearing no mask.



The presented results indicated an immediate increase in aerosol particle emission at the beginning of physical exercise reaching up to 777.75 particles/s (mean = 203.25 particles/s). In line with our findings, Mutsch et al. [21] demonstrated a 132-fold particle emission increase at maximal exercise; Wilson et al. [43] reported a 58-fold increase of aerosol particles during submaximal exercise. In the present study, the released aerosol plumes were analyzed containing mostly particles sized 0.3–0.5 µm in addition to a lower count of 0.5–1.0 µm sized particles. Interestingly, particles with a threshold of >5 µm were almost absent in all measurements, even with the absence of any kind of filtering mask. Similarly, Mutsch et al. [21] revealed a mean particle size of 0.46 ± 0.05 μm in the exhaled air, which coincides with the presented measurements. Additionally, the present findings illustrate a distinct variation in the overall particle emission, with a more than threefold higher emission rate from the male test subjects. Moreover, the size of the emitted particles differs between the male and female subjects in addition to a more or less expected interindividual variation. Although we assume that a greater aerosol production at higher levels of physical activity is likely to be a result of increased shear forces in the upper and lower airways [3,44] and correlated to increasing tidal and minute volumes, our setup did not yield any data proving our hypothesis.



This study demonstrates a significant reduction of all emitted particles when wearing a surgical mask by up to 87.1%. This observation supports our hypothesis that medical masks decrease the spreading rate and have a significant impact on personal protection. Nevertheless, the smallest particles of 0.3–0.5 µm were accountable at an average of 53% of the emitted particles when wearing a surgical mask. The FFP2 mask was able to reduce the overall particle emission by up to 91.3% compared to wearing no masks. This reduction was particularly due to the reduction of the critical 0.3–0.5 µm particles, indicating the superiority of the FFP2 masks for the prevention of infection risk. Yet, for the larger particles, no remarkable decrease was detected compared to the surgical mask. We observed a variation in reduction rates depending on the biological sex of the tested subjects. The reduction of exhaled particles when wearing a surgical mask was averagely 10.8% higher with male test subjects compared to female subjects. This value was increased to 12.0% when wearing an FFP2 mask instead of the surgical mask (Figure 4). In this context, we must emphasize that the fabric quality of the mask as well as the correct size and fitting must be ensured to provide the best possible protection for both the mask user and bystander [45,46]. In our study, the correct fitting of the masks was instructed, demonstrated, checked, and finally supervised by a physician. Nevertheless, air leakage might occur, primarily close to the nose and the chin, which are known as weak spots [45]. This can be seen in some of the schlieren imaging videos, e.g., Video S5 in the Supplementary Materials. Although Oestenstad et al. [46,47,48] have shown that the location of leaks on subjects wearing half-mask respirators depends highly on facial dimensions, we found no data to explain the difference between the reduction rates. A correlation of our schlieren visualization results in comparison to particle measurements was enjoined due to the different methods of measurement and should be performed in further studies to illustrate the effectiveness and limitations of these medical masks in more detail.



Several studies involving surgical masks and masks with a higher protection class (such as FFP2 and KN95) have shown their effectiveness in reducing the amount of exhaled particles during breathing, talking, and coughing by up to 90% and above [49,50,51]. This makes them suitable for reducing pathogen-containing aerosol plumes and decreasing the risk of cross-infection in daily life [52,53]. We were able to show that surgical masks and FFP2 masks are also suitable for physical activities significantly reducing exhaled particles (Figure 4). Unfortunately, we could not determine the exact spreading distance of the exhaled plume while wearing no mask due to technical limitations. However, our schlieren visualizations clearly showed a significant reduction of the spreading distance of the exhaled air when wearing a surgical mask or FFP2 mask (Videos S2, S3, S5, and S6 in the Supplementary Materials). The sealing effect of face masks for respiratory jets has recently been demonstrated, proving that any kind of face covering alters the trajectory and influences the travel distance of the exhaled air [54,55]. Using schlieren visualizations, Kerl et al. [31] proved that wearing a surgical mask as well as an FFP2 mask results in a diversion of the exhaled air and an uplifting effect by the thermal plume of the human body under resting conditions and while coughing. This observation was confirmed by our results (Figure 6). Furthermore, we demonstrated that wearing a medical face mask, independent of the type, restricts the exhaled air within the borders of the test environment (the cycle ergometer in this case), rendering them sufficient protection gear even under physical stress.



The presented data emphasizes that increasing physical exercise leads to increased aerosol emissions (Figure 3). Moreover, the data showed that both investigated masks provide a sufficient reduction in particle emission and the spread of the exhaled air plume, with a slight advantage of the FFP2 mask (Figure 5). Since indoor group exercises, such as in gym facilities, have been identified in the past as potential outbreak clusters for airborne infections [56], we strongly recommend wearing at least a surgical mask in combination with current hygiene standards such as social distancing and proper ventilation during a respiratory disease pandemic. In particular, we found no significant benefit of the FFP2 mask in comparison to the surgical mask in reducing exhaled particles under physical stress. However, FFP2 masks provide better filtering for both, the wearer in a pathogen-laden environment and of course the bystander and, thus, better protection for the wearer [57,58].



When wearing an FFP2 mask, Cabanillas-Barea et al. [59] found no significant impact on heart rate, oxygenation, or inspiratory tone accessory muscles in a 6 min walking test but showed an influence on perceived dyspnea. The present study indicated a significant difference between the perceived dyspnea while wearing an FFP2 mask in comparison to wearing no mask, but not between a surgical mask and no mask. This could lead to a reduced acceptance of FFP2 masks during physical exercise. Fikenzer et al. [60] reported a stronger impairment of ventilation, cardiopulmonary exercise capacity, and comfort when FFP2 masks during physical exercise compared to surgical masks. This must also be considered in whether to rely on an FFP2 mask or a surgical mask. In comparison to Zheng et al. [23], RPE and thermal sensation did not differ due to face mask use in our study. Our observation of increased RPD with face mask usage is in line with their findings. Yoshihara et al. [25] found RPE, thermal sensation, fatigue level, and overall breathing discomfort to be higher after 30 and 60 min exposures, while they observed no difference between mask conditions in RPE, thermal sensation, thirst sensation, and fatigue level. Solely the breathing comfort was significantly affected during the investigations with face masks. These findings are overall in line with those obtained in this study, in which no differences were found in RPE, thermal sensation, thirst sensation, and fatigue level between the three mask conditions after short-term sports activities. Only RPD, which may be comparable to breathing discomfort used by Yoshihara et al. [25], showed significant differences between mask conditions. In contrast to İpek et al. [24], who looked at non-exercising healthcare workers, no systematic differences were found in either of the four self-reported physical and psychological symptoms. An explanation is likely the length of wearing masks, as this was 1 to 4 h in their study, while a few minutes in the current study.



Overall, with respect to user satisfaction, the small sample size has to be regarded as a clear limitation of the data set. In addition, due to conducting the surveys simultaneously with the airflow visualizations, all questions were asked only after the exposure and not during the exposure as recommended, which added additional noise to the data. Furthermore, the exposure periods were likely too short to exert high influences on aspects related to user satisfaction and self-reported symptoms. The relatively small, heterogenous group of participants also constituted a limitation for assessing the particle emissions and spread of exhaled air since the participants had different levels of physical fitness, including smokers as well as non-smokers. This resulted in inhomogeneous exercise lengths since keeping the threshold of 75% maximal heart rate under exercise for 30 s was the aim. Although no medical emergencies arose, it was necessary to abort one measurement for safety reasons. For future studies, it appears reasonable to include a higher number of participants and divide them into different sub-groups, e.g., smokers and non-smokers, and by physical activity level. In addition, a baseline of exhaled particles prior to starting the exercise should be gathered. Thereby, it might be easier to explain interindividual differences. Moreover, a longer period of physical exercise should be evaluated. Furthermore, the assessments were conducted on a stationary exercise device, a cycle ergometer. This resulted in only little movements of the test subjects and a relatively homogeneous convective flow around them. Other physical activities, such as training on a treadmill ergometer or weightlifting may result in a different aerosol spreading. Additionally, the measurements were performed in a grey room, which limited the analysis and evaluation. Background aerosol concentration could not be completely eliminated, leading to measurement uncertainties. Hence, further research is needed to elaborate on the minimal differences between surgical and FFP2 masks.



In conclusion, we observed a significant increase in exhaled aerosol particles during physical exercise. Our results show that the use of surgical and FFP2 masks is suitable to reduce particle spreading with a nearly tenfold reduction benefit of the FFP2 mask over the surgical mask in the emission of the longer residing small exhaled particles (0.3 to 0.5 µm). We were able to show clear benefits to the wearer and others in the same room from wearing a mask of any protection class during exercise indoors, with a marked superiority of the FFP2 mask over the surgical mask. Both mask types decrease the travel distance of exhaled air under physical exercise, thus alleviating the risk of infection. The reported findings can be used as a basis to develop safety recommendations for indoor group exercises for the containment of airborne infections.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jcm12041300/s1, Video S1: Schlieren imaging video of the expired air from a female participant with no mask; Video S2: Schlieren imaging video of the expired air from a female participant with a surgical mask; Video S3: Schlieren imaging video of the expired air from a female participant with an FFP2 mask; Video S4: Schlieren imaging video of the expired air from a male participant with no mask; Video S5: Schlieren imaging video of the expired air from a male participant with a surgical mask; Video S6: Schlieren imaging video of the expired air from a male participant with an FFP2 mask.
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Figure A1. The mean particle emission rate [particles/s] and the mean size distributions of the emitted particles from all test subjects when wearing no mask, surgical mask, and FFP2 mask. 






Figure A1. The mean particle emission rate [particles/s] and the mean size distributions of the emitted particles from all test subjects when wearing no mask, surgical mask, and FFP2 mask.
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Figure A2. The mean emission rate of the exhaled particles and their confidence intervals (α = 0.05) from all test subjects when wearing no mask, surgical mask, and FFP2 mask. 






Figure A2. The mean emission rate of the exhaled particles and their confidence intervals (α = 0.05) from all test subjects when wearing no mask, surgical mask, and FFP2 mask.
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Table A1. The minimum, maximum, mean, median, and standard deviation of the measured particles during the investigated mask conditions and the reduction efficiency of the tested masks.






Table A1. The minimum, maximum, mean, median, and standard deviation of the measured particles during the investigated mask conditions and the reduction efficiency of the tested masks.





	

	
Female Subjects

	
Male Subjects

	
All Subjects




	

	
0.3–0.5 µm

	
0.5–1.0 µm

	
1.0–5.0 µm

	
>5.0 µm

	
Sum

	
0.3–0.5 µm

	
0.5–1.0 µm

	
1.0–5.0 µm

	
>5.0 µm

	
Sum

	
0.3–0.5 µm

	
0.5–1.0 µm

	
1.0–5.0 µm

	
>5.0 µm

	
Sum






	
No mask: Measured values [particles/s]




	
Min

	
21.79

	
0.00

	
0.00

	
0.00

	
32.92

	
67.56

	
1.44

	
1.04

	
0.00

	
141.83

	
21.79

	
0.00

	
0.00

	
0.00

	
32.92




	
Max

	
117.70

	
39.36

	
26.24

	
0.95

	
184.24

	
597.20

	
146.50

	
33.44

	
1.31

	
777.75

	
597.20

	
146.50

	
33.44

	
1.31

	
777.75




	
Mean

	
67.08

	
16.57

	
7.03

	
0.18

	
90.87

	
249.20

	
52.48

	
13.45

	
0.49

	
315.62

	
158.14

	
34.53

	
10.24

	
0.34

	
203.25




	
Median

	
65.75

	
14.31

	
4.12

	
0.00

	
83.93

	
172.72

	
45.19

	
10.14

	
0.38

	
213.87

	
99.17

	
26.09

	
4.98

	
0.06

	
160.72




	
SD

	
29.08

	
12.74

	
8.77

	
0.35

	
48.60

	
181.51

	
45.08

	
11.65

	
0.49

	
218.52

	
158.70

	
37.68

	
10.80

	
0.45

	
194.13




	
Surgical mask: Measured values [particles/s]




	
Min

	
0.00

	
0.00

	
2.05

	
0.00

	
2.14

	
0.00

	
0.00

	
0.00

	
0.01

	
0.29

	
0.00

	
0.00

	
0.00

	
0.00

	
0.29




	
Max

	
20.46

	
9.18

	
7.92

	
0.59

	
36.32

	
143.78

	
74.20

	
15.38

	
1.05

	
234.07

	
143.78

	
74.20

	
15.38

	
1.05

	
234.07




	
Mean

	
5.05

	
3.04

	
4.80

	
0.27

	
13.16

	
40.70

	
24.29

	
7.79

	
0.46

	
73.23

	
22.87

	
13.66

	
6.30

	
0.36

	
43.19




	
Median

	
0.00

	
0.89

	
4.91

	
0.27

	
6.30

	
13.16

	
14.95

	
7.21

	
0.34

	
35.65

	
0.00

	
4.48

	
6.25

	
0.34

	
13.46




	
SD

	
7.77

	
3.75

	
2.18

	
0.25

	
13.07

	
53.10

	
26.35

	
5.06

	
0.34

	
83.87

	
41.92

	
21.61

	
4.17

	
0.31

	
67.12




	
Surgical mask: Emission reduction compared to no mask [%]




	
Min

	
67.8

	
29.2

	
47.1

	
53.9

	
53.8

	
87.6

	
71.6

	
31.8

	
17.1

	
83.5

	
67.8

	
29.2

	
31.8

	
17.1

	
53.8




	
Max

	
100.0

	
99.6

	
69.8

	
53.9

	
98.0

	
100.0

	
100.0

	
100.0

	
99.2

	
99.9

	
100.0

	
100.0

	
100.0

	
99.2

	
99.9




	
Mean

	
93.2

	
71.2

	
58.4

	
53.9

	
81.7

	
96.9

	
89.5

	
62.7

	
62.0

	
92.5

	
94.7

	
81.4

	
61.5

	
60.0

	
87.1




	
Median

	
100.0

	
78.1

	
58.4

	
53.9

	
86.2

	
100.0

	
100.0

	
62.5

	
69.7

	
95.1

	
100.0

	
81.5

	
62.5

	
61.8

	
90.9




	
SD

	
11.8

	
25.9

	
11.4

	
0.0

	
16.1

	
5.4

	
12.9

	
23.2

	
33.9

	
6.3

	
9.9

	
21.8

	
20.7

	
29.6

	
13.3




	
FFP2 mask: Measured values [particles/s]




	
Min

	
0.00

	
0.00

	
1.32

	
0.00

	
1.41

	
0.00

	
0.00

	
0.41

	
0.00

	
0.92

	
0.00

	
0.00

	
0.41

	
0.00

	
0.92




	
Max

	
14.10

	
2.88

	
9.59

	
1.95

	
15.59

	
18.09

	
22.55

	
10.23

	
1.69

	
51.05

	
18.09

	
22.55

	
10.23

	
1.95

	
51.05




	
Mean

	
2.96

	
0.64

	
5.23

	
0.90

	
9.73

	
3.01

	
5.43

	
3.70

	
0.52

	
12.67

	
2.99

	
3.03

	
4.46

	
0.71

	
11.20




	
Median

	
0.00

	
0.00

	
4.89

	
0.77

	
11.14

	
0.00

	
0.63

	
1.78

	
0.37

	
3.40

	
0.00

	
0.11

	
2.73

	
0.37

	
7.09




	
SD

	
5.16

	
1.06

	
3.41

	
0.83

	
5.14

	
6.74

	
8.26

	
3.64

	
0.55

	
17.90

	
6.00

	
6.36

	
3.61

	
0.73

	
13.25




	
FFP2 mask: Emission reduction compared to no mask [%]




	
Min

	
77.8

	
92.7

	
38.3

	
29.2

	
71.6

	
97.0

	
84.6

	
69.4

	
59.7

	
93.4

	
77.8

	
84.6

	
38.3

	
29.2

	
71.6




	
Max

	
100.0

	
100.0

	
63.5

	
29.2

	
98.7

	
100.0

	
100.0

	
93.5

	
100.0

	
99.6

	
100.0

	
100.0

	
93.5

	
100.0

	
99.6




	
Mean

	
95.1

	
98.5

	
50.9

	
29.2

	
85.3

	
99.5

	
96.3

	
83.3

	
76.8

	
97.3

	
97.3

	
97.4

	
68.9

	
64.9

	
91.3




	
Median

	
100.0

	
100.0

	
50.9

	
29.2

	
86.2

	
100.0

	
99.2

	
83.3

	
70.8

	
98.0

	
100.0

	
100.0

	
69.4

	
65.2

	
95.1




	
SD

	
8.2

	
2.9

	
12.6

	
0.0

	
10.4

	
1.1

	
5.9

	
8.1

	
17.0

	
2.2

	
6.2

	
4.8

	
19.1

	
25.3

	
9.6











References


	



Thomas, R.J. Particle Size and Pathogenicity in the Respiratory Tract. Virulence 2013, 4, 847–858. [Google Scholar] [CrossRef] [PubMed]

	



Gralton, J.; Tovey, E.; Mclaws, M.-L.; Rawlinson, W.D. The Role of Particle Size in Aerosolised Pathogen Transmission: A Review. J. Infect. 2011, 62, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Li, Y. Airborne Spread of Infectious Agents in the Indoor Environment. Am. J. Infect. Control 2016, 44, S102–S108. [Google Scholar] [CrossRef] [PubMed]

	



Wells, W.F. On Air-Borne Infection. Am. J. Epidemiol. 1934, 20, 611–618. [Google Scholar] [CrossRef]

	



Brown, J.H.; Cook, K.M.; Ney, F.G.; Hatch, T. Influence of Particle Size upon the Retention of Particulate Matter in the Human Lung. Am. J. Public Health Nations Health 1950, 40, 450–480. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, A.; Krishan, J.; Bathula, S.; Mayya, Y.S. Modeling the Viral Load Dependence of Residence Times of Virus-Laden Droplets from COVID-19-Infected Subjects in Indoor Environments. Indoor Air 2021, 31, 1786–1797. [Google Scholar] [CrossRef] [PubMed]

	



Morawska, L.; Johnson, G.R.; Ristovski, Z.D.; Hargreaves, M.H.; Mengersen, K.L.; Chao, C.Y.H.; Wan, M.P.; Li, Y.; Xie, X.; Katoshevski, D. Droplets Expelled during Human Expiratory Activities and Their Origin. In Proceedings of the 11th International Conference on Indoor Air Quality and Climate, Copenhagen, Denmark, 17 August 2008. [Google Scholar]

	



Hartmann, A.; Lange, J.; Rotheudt, H.; Kriegel, M. Emissionsrate und Partikelgröße von Bioaerosolen Beim Atmen, Sprechen und Husten; Technische Universität Berlin: Berlin, Germany, 2020. [Google Scholar]

	



Milton, D.K.; Fabian, M.P.; Cowling, B.J.; Grantham, M.L.; Mcdevitt, J.J. Influenza Virus Aerosols in Human Exhaled Breath: Particle Size, Culturability, and Effect of Surgical Masks. PLoS Pathog. 2013, 9, E1003205. [Google Scholar] [CrossRef] [PubMed]

	



Lindsley, W.; Blachere, F.; Thewlis, R.; Vishnu, A.; Davis, K.; Cao, G.; Palmer, J.; Clark, K.; Fisher, M.; Khakoo, R.; et al. Measurements of Airborne Influenza Virus in Aerosol Particles from Human Coughs. PLoS ONE 2010, 5, E15100. [Google Scholar] [CrossRef]

	



Tang, J.W. The Effect of Environmental Parameters on the Survival of Airborne Infectious Agents. J. R. Soc. Interface 2009, 6 (Suppl. S6), S737–S746. [Google Scholar] [CrossRef]

	



Scharfman, B.E.; Techet, A.H.; Bush, J.W.M.; Bourouiba, L. Visualization of Sneeze Ejecta: Steps of Fluid Fragmentation Leading to Respiratory Droplets. Exp. Fluids 2016, 57, 24. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.W.; Liebner, T.J.; Craven, B.A.; Settles, G.S. A Schlieren Optical Study of the Human Cough with and without Wearing Masks for Aerosol Infection Control. J. R. Soc. Interface 2009, 6 (Suppl. S6), S727–S736. [Google Scholar] [CrossRef] [PubMed]

	



Darby, S.; Chulliyallipalil, K.; Przyjalgowski, M.; Mcgowan, P.; Jeffers, S.; Giltinan, A.; Lewis, L.; Smith, N.; Sleator, R.D. COVID-19: Mask Efficacy Is Dependent on Both Fabric and Fit. Future Microbiol. 2021, 16, 5–11. [Google Scholar] [CrossRef] [PubMed]

	



Alhazzani, W.; Møller, M.H.; Arabi, Y.M.; Loeb, M.; Gong, M.N.; Fan, E.; Oczkowski, S.; Levy, M.M.; Derde, L.; Dzierba, A.; et al. Surviving Sepsis Campaign: Guidelines on the Management of Critically ill Adults with Coronavirus Disease 2019 (COVID-19). Intensive Care Med. 2020, 46, 854–887. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Transmission of SARS-CoV-2: Implications for Infection Prevention Precautions. Available online: Https://Www.Who.Int/News-Room/Commentaries/Detail/Transmission-Of-Sars-CoV-2-Implications-For-Infection-Prevention-Precautions (accessed on 6 June 2022).

	



Centers for Disease Control and Prevention. Interim Infection Prevention and Control Recommendations for Healthcare Personnel during the Coronavirus Disease 2019 (COVID-19) Pandemic. Available online: Https://Www.Cdc.Gov/Coronavirus/2019-Ncov/Hcp/Infection-Control-Recommendations.Html (accessed on 6 June 2022).

	



Marshall, H.D.; Iacoviello, V. How SARS-CoV-2 Evolution Shapes Public Health: Five Key Turning Points in Mask Recommendations during the COVID-19 Pandemic. Available online: Https://Www.Ebsco.Com/Blogs/Health-Notes/How-Sars-CoV-2-Evolution-Shapes-Public-Health-Five-Key-Turning-Points-Mask (accessed on 6 June 2022).

	



Blocken, B.; Van Druenen, T.; Ricci, A.; Kang, L.; Van Hooff, T.; Qin, P.; Xia, L.; Ruiz, C.A.; Arts, J.H.; Diepens, J.F.L.; et al. Ventilation and Air Cleaning to Limit Aerosol Particle Concentrations in a Gym during the COVID-19 Pandemic. Build. Environ. 2021, 193, 107659. [Google Scholar] [CrossRef]

	



Klompas, M.; Rhee, C. Aerosol Generation during Exercise: Implications for Preventing Viral Transmission in and out of the Exercise Laboratory. Chest 2021, 160, 1174–1176. [Google Scholar] [CrossRef]

	



Mutsch, B.; Heiber, M.; Grätz, F.; Hain, R.; Schönfelder, M.; Kaps, S.; Schranner, D.; Kähler, C.J.; Wackerhage, H. Aerosol Particle Emission Increases Exponentially above Moderate Exercise Intensity Resulting in Superemission during Maximal Exercise. Proc. Natl. Acad. Sci. USA 2022, 119, E2202521119. [Google Scholar] [CrossRef]

	



Sajgalik, P.; Garzona-Navas, A.; Csécs, I.; Askew, J.W.; Lopez-Jimenez, F.; Niven, A.S.; Johnson, B.D.; Allison, T.G. Characterization of Aerosol Generation during Various Intensities of Exercise. Chest 2021, 160, 1377–1387. [Google Scholar] [CrossRef]

	



Zheng, C.; Poon, E.T.-C.; Wan, K.; Dai, Z.; Wong, S.H.-S. Effects of Wearing A Mask during Exercise on Physiological and Psychological Outcomes in Healthy Individuals: A Systematic Review and Meta-Analysis. Sports Med. 2022, 53, 125–150. [Google Scholar] [CrossRef]

	



Ipek, S.; Yurttutan, S.; Güllü, U.U.; Dalkıran, T.; Acıpayam, C.; Doğaner, A. Is N95 Face Mask Linked to Dizziness and Headache? Int. Arch. Occup. Environ. Health 2021, 94, 1627–1636. [Google Scholar] [CrossRef]

	



Yoshihara, A.; Dierickx, E.E.; Brewer, G.J.; Sekiguchi, Y.; Stearns, R.L.; Casa, D.J. Effects of Face Mask Use on Objective and Subjective Measures of Thermoregulation during Exercise in the Heat. Sports Health 2021, 13, 463–470. [Google Scholar] [CrossRef]

	



Mahjoub Mohammed Merghani, K.; Sagot, B.; Gehin, E.; Da, G.; Motzkus, C. A Review on the Applied Techniques of Exhaled Airflow and Droplets Characterization. Indoor Air 2021, 31, 7–25. [Google Scholar] [CrossRef]

	



Melling, A. Tracer Particles and Seeding for Particle Image Velocimetry. Meas. Sci. Technol. 1997, 8, 1406–1416. [Google Scholar] [CrossRef]

	



Mueller, D.; Renz, U. Particle Streak Tracking System (Pst) to Measure Flow Fields in Ventilated Rooms. In Proceedings of the Roomvent 2000, the 7th International Conference on Air Distribution in Rooms, Reading, UK, 9–12 July 2000; Volume 1, pp. 325–331. [Google Scholar]

	



Tao, Y.; Inthavong, K.; Petersen, P.; Mohanarangam, K.; Yang, W.; Tu, J. Experimental Visualisation of Wake Flows Induced by Different Shaped Moving Manikins. Build. Environ. 2018, 142, 361–370. [Google Scholar] [CrossRef]

	



Settles, G.S. Schlieren and Shadowgraph Techniques; Springer: Berlin/Heidelberg, Germany, 2001; ISBN 978-3-642-63034-7. [Google Scholar]

	



Kerl, J.; Gena, A.W.; Alsaad, H.; Voelker, C.; Dellweg, D. Influence of Wearing Masks on Exhaled Air Aerodynamics. J. Med. Eng. Technol. 2022, 46, 231–242. [Google Scholar] [CrossRef] [PubMed]

	



Dellweg, D.; Kerl, J.; Gena, A.W.; Alsaad, H.; Voelker, C. Exhalation Spreading during Nasal High-Flow Therapy at Different Flow Rates. Crit. Care Med. 2021, 49, E693–E700. [Google Scholar] [CrossRef]

	



Becher, L.; Gena, A.W.; Alsaad, H.; Richter, B.; Spahn, C.; Voelker, C. The Spread of Breathing Air From Wind Instruments and Singers Using Schlieren Techniques. Indoor Air 2021, 31, 1798–1814. [Google Scholar] [CrossRef]

	



Alsaad, H.; Voelker, C. Qualitative Evaluation of the Flow Supplied by Personalized Ventilation Using Schlieren Imaging and Thermography. Build. Environ. 2020, 167, 106450. [Google Scholar] [CrossRef]

	



ISO 21501-4; Determination of Particle Size Distribution—Single Particle Light Interaction Methods—Part 4: Light Scattering Airborne Particle Counter For Clean Spaces. International Organization For Standardization: Geneva, Switzerland, 2018.

	



Umweltbundesamt. Gesundheitliche Bewertung von Kohlendioxid in der Innenraumluft. Mitteilungen der Ad-Hoc-Arbeitsgruppe Innenraumrichtwerte der Innenraumlufthygiene-Kommission des Umweltbundesamtes und der Obersten Landesgesundheitsbehörden. Bundesgesundheitsblatt-Gesundheitsforschung-Gesundheitsschutz 2008, 51, 1358–1369. [Google Scholar] [CrossRef]

	



Gena, A.W.; Voelker, C.; Settles, G.S. Qualitative and Quantitative Schlieren Optical Measurement of the Human Thermal Plume. Indoor Air 2020, 30, 757–766. [Google Scholar] [CrossRef]

	



Borg, G. Borg’s Perceived Exertion and Pain Scales; Human Kinetics: Champaign, IL, USA, 1998; ISBN 0-88011-623-4. [Google Scholar]

	



Löllgen, H. Borg-Skala Standards der Sportmedizin. Dtsch. Z. Sportmed. 2004, 55, 299–300. [Google Scholar]

	



Howard, M.C. Understanding Face Mask Use to Prevent Coronavirus and Other Illnesses: Development of a Multidimensional Face Mask Perceptions Scale. Br. J. Health Psychol. 2020, 25, 912–924. [Google Scholar] [CrossRef] [PubMed]

	



VDI. Effects and Assessment Of Odours: Assessment Of Odour Annoyance-Questionnaires; Verein Deutscher Ingenieure: Düsseldorf, Germany, 2015; VDI 3883; Pt 1. [Google Scholar]

	



Jones, R.M.; Brosseau, L.M. Aerosol Transmission of Infectious Disease. J. Occup. Environ. Med. 2015, 57, 501–508. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, N.M.; Marks, G.B.; Eckhardt, A.; Clarke, A.; Young, F.; Garden, F.L.; Stewart, W.; Cook, T.M.; Tovey, E.R. The Effect of Respiratory Activity, Non-Invasive Respiratory Support and Facemasks on Aerosol Generation and Its Relevance to COVID-19. Anaesthesia 2021, 76, 1465–1474. [Google Scholar] [CrossRef]

	



Farghadan, A.; Poorbahrami, K.; Jalal, S.; Oakes, J.M.; Coletti, F.; Arzani, A. Particle Transport and Deposition Correlation with Near-Wall Flow Characteristic under Inspiratory Airflow in Lung Airways. Comput. Biol. Med. 2020, 120, 103703. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.-K.; Solano, T.; Shoele, K. Bridge The Gap: Correlate Face Mask Leakage and Facial Features with 3d Morphable Face Models. J. Expo. Sci. Environ. Epidemiol. 2022, 32, 735–743. [Google Scholar] [CrossRef] [PubMed]

	



Oestenstad, R.K.; Bartolucci, A.A. Factors Affecting the Location and Shape of Face Seal Leak Sites on Half-Mask Respirators. J. Occup. Environ. Hyg. 2010, 7, 332–341. [Google Scholar] [CrossRef] [PubMed]

	



Oestenstad, R.K.; Perkins, L.L. An Assessment of Critical Anthropometric Dimensions for Predicting the Fit of A Half-Mask Respirator. Am. Ind. Hyg. Assoc. J. 1992, 53, 639–644. [Google Scholar] [CrossRef]

	



Oestenstad, R.K.; Dillion, H.K.; Perkins, L.L. Distribution of Faceseal Leak Sites on A Half-Mask Respirator and Their Association with Facial Dimensions. Am. Ind. Hyg. Assoc. J. 1990, 51, 285–290. [Google Scholar] [CrossRef]

	



Asadi, S.; Cappa, C.D.; Barreda, S.; Wexler, A.S.; Bouvier, N.M.; Ristenpart, W.D. Efficacy of Masks and Face Coverings in Controlling outward Aerosol Particle Emission from Expiratory Activities. Sci. Rep. 2020, 10, 15665. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Omidvarborna, H.; Kumar, P. Efficacy of Facemasks in Mitigating Respiratory Exposure to Submicron Aerosols. J. Hazard. Mater. 2022, 422, 126783. [Google Scholar] [CrossRef] [PubMed]

	



Dbouk, T.; Drikakis, D. On Respiratory Droplets and Face Masks. Phys. Fluids 2020, 32, 63303. [Google Scholar] [CrossRef] [PubMed]

	



Macintyre, C.R.; Cauchemez, S.; Dwyer, D.E.; Seale, H.; Cheung, P.; Browne, G.; Fasher, M.; Wood, J.; Gao, Z.; Booy, R.; et al. Face Mask Use and Control of Respiratory Virus Transmission in Households. Emerg. Infect. Dis. 2009, 15, 233–241. [Google Scholar] [CrossRef] [PubMed]

	



Diaz, K.T.; Smaldone, G.C. Quantifying Exposure Risk: Surgical Masks and Respirators. Am. J. Infect. Control 2010, 38, 501–508. [Google Scholar] [CrossRef] [PubMed]

	



Verma, S.; Dhanak, M.; Frankenfield, J. Visualizing The Effectiveness of Face Masks in Obstructing Respiratory Jets. Phys. Fluids 2020, 32, 61708. [Google Scholar] [CrossRef]

	



Khosronejad, A.; Kang, S.; Wermelinger, F.; Koumoutsakos, P.; Sotiropoulos, F. A Computational Study of Expiratory Particle Transport and Vortex Dynamics During Breathing with and Without Face Masks. Phys. Fluids 2021, 33, 66605. [Google Scholar] [CrossRef]

	



Jang, S.; Han, S.H.; Rhee, J.-Y. Cluster of Coronavirus Disease Associated with Fitness Dance Classes, South Korea. Emerg. Infect. Dis. 2020, 26, 1917–1920. [Google Scholar] [CrossRef] [PubMed]

	



Haller, S.; Güsewell, S.; Egger, T.; Scanferla, G.; Thoma, R.; Leal-Neto, O.B.; Flury, D.; Brucher, A.; Lemmenmeier, E.; Möller, J.C.; et al. Impact of Respirator Versus Surgical Masks on SARS-CoV-2 Acquisition in Healthcare Workers: A Prospective Multicentre Cohort. Antimicrob. Resist. Infect. Control 2022, 11, 27. [Google Scholar] [CrossRef] [PubMed]

	



Bagheri, G.; Thiede, B.; Hejazi, B.; Schlenczek, O.; Bodenschatz, E. An Upper Bound on One-to-One Exposure to Infectious Human Respiratory Particles. Proc. Natl. Acad. Sci. USA 2021, 118, e2110117118. [Google Scholar] [CrossRef]

	



Cabanillas-Barea, S.; Rodríguez-Sanz, J.; Carrasco-Uribarren, A.; López-De-Celis, C.; González-Rueda, V.; Zegarra-Chávez, D.; Cedeño-Bermúdez, S.; Pérez-Bellmunt, A. Effects of Using the Surgical Mask and FFP2 during the 6-min Walking Test. A Randomized Controlled Trial. Int. J. Environ. Res. Public Health 2021, 18, 12420. [Google Scholar] [CrossRef]

	



Fikenzer, S.; Uhe, T.; Lavall, D.; Rudolph, U.; Falz, R.; Busse, M.; Hepp, P.; Laufs, U. Effects of Surgical and FFP2/N95 Face Masks on Cardiopulmonary Exercise Capacity. Clin. Res. Cardiol. 2020, 109, 1522–1530. [Google Scholar] [CrossRef]








[image: Jcm 12 01300 g001 550] 





Figure 1. (a) The aerosol measurement setup in the lab: (1) PVC pipe, (2) optical particle sensor, (3) collection funnel, (4) plastic tubing to the vacuum pump, (5) data logger, (6) box with a HEPA filter, (7) test subject, and (8) cycle ergometer. (b) A test subject while measuring the aerosols emission rate. 
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Figure 2. (a) The setup of the single-mirror coincident schlieren imaging system; (b) A test subject training on the cycle ergometer in front of the schlieren mirror. 
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Figure 3. Exemplary particle emission curves from a male test subject during the tested mask conditions. The 75%-markings show the 30 s period after 75% of the maximum heart rate was reached. 
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Figure 4. Particle emissions from the female and male test subjects when wearing no mask, surgical mask, and FFP2 mask. 
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Figure 5. Particle emissions from all test subjects when wearing no mask, surgical mask, and FFP2 mask. 
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Figure 6. Schlieren images of a female test subject when wearing no mask (a), surgical mask (b), and FFP2 mask (c). The corresponding videos of these images are available in the Supplementary Materials (Videos S1, S2, and S3). 
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Figure 7. The spreading distance of exhaled air from the female and male test subjects when wearing no mask, surgical mask, and FFP2 mask. 
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Figure 8. The spreading distance of exhaled air from all test subjects when wearing no mask, surgical mask, and FFP2 mask. 
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Table 1. Means, standard deviations, and test statistics of repeated-measures ANOVA.
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Mean and Standard Deviation

	
ANOVA Test Statistics




	

	
No Mask

	
Surgical Mask

	
FFP2 Mask

	
F(dfn/dfd)

	
p

	
Eta2tot






	
Perceived exertion (RPE)

	
12.2 ± 1.96

	
12.9 ± 2.11

	
13.2 ± 2.22

	
2.8(2/22)

	
0.08

	
0.041




	
Perceived dyspnea (RPD)

	
10.8 ± 1.27

	
11.6 ± 1.9

	
13.1 ± 2.8

	
6.1(2/22)

	
0.008

	
0.18




	
Thirst sensation

	
1.42 ± 0.5

	
1.67 ± 0.9

	
1.33 ± 0.9

	
1.3(2/22)

	
0.28

	
0.03




	
Thermal sensation

	
6 ± 1

	
6.3 ± 1.3

	
6.4 ± 1.1

	
1.4(2/22)

	
0.27

	
0.02




	
Fatigue level

	
3.4 ± 1.3

	
3.8 ± 1.2

	
3.8 ± 1.8

	
0.6(1.2/13.2)

	
0.49

	
0.02
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Table 2. Frequencies and response time of physical and psychological symptoms by mask condition.
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Physical and

Psychological

Symptoms

	
No

	

	
1 min

	

	
2 min

	

	
5 min

	

	
>5 min




	
n

	
%

	
n

	
%

	
n

	
%

	
n

	
%

	
n






	
Headache

	

	

	

	

	

	

	

	

	




	
No mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
Surgical mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
FFP2 mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
Dizziness

	

	

	

	

	

	

	

	

	




	
No mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
Surgical mask

	
11

	
91.7

	
1

	
8.3

	
-

	

	
-

	

	
-




	
FFP2 mask

	
11

	
91.7

	
1

	
8.3

	
-

	

	
-

	

	
-




	
Facial sweating

	

	

	

	

	

	

	

	

	




	
No mask

	
9

	
75

	
3

	
25

	
-

	

	
-

	

	
-




	
Surgical mask

	
8

	
66.7

	
2

	
16.7

	
2

	
16.7

	
-

	

	
-




	
FFP2 mask

	
10

	
83.3

	
2

	
16.7

	
-

	

	
-

	

	
-




	
Coughing

	

	

	

	

	

	

	

	

	




	
No mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
Surgical mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-




	
FFP2 mask

	
12

	
100

	
-

	

	
-

	

	
-

	

	
-
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