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Significance

Intensive endurance exercise can 
increase aerosol particle emission 
by over 100-fold, and there is 
evidence that SARS-CoV-2 has 
spread during indoor group 
exercise. However, data on aerosol 
particle emission during resistance 
exercise (i.e., weightlifting) and for 
“real-life” endurance or resistance 
training sessions are limited. To fill 
this knowledge gap, we measured 
aerosol particle emission during 
resistance exercise and real-life 
exercise sessions. We observed 
that aerosol particle emission 
increased 10-fold during 
resistance exercise. Furthermore, 
we calculated that the infection 
risk for a real-life spinning class 
(i.e., cycle ergometer exercise) is 
sixfold higher than for a resistance 
exercise session. Thus, during 
waves of aerosol-mediated 
infections with severe 
consequences, exercisers should 
mainly do resistance training and 
do especially high intensity 
endurance training outdoors.
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Pathogens such as severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2), 
influenza, and rhinoviruses are transmitted by airborne aerosol respiratory particles that 
are exhaled by infectious subjects. We have previously reported that the emission of 
aerosol particles increases on average 132-fold from rest to maximal endurance exercise. 
The aims of this study are to first measure aerosol particle emission during an isokinetic 
resistance exercise at 80% of the maximal voluntary contraction until exhaustion, sec-
ond to compare aerosol particle emission during a typical spinning class session versus 
a three-set resistance training session. Finally, we then used this data to calculate the 
risk of infection during endurance and resistance exercise sessions with different miti-
gation strategies. During a set of isokinetic resistance exercise, aerosol particle emission 
increased 10-fold from 5,400 ± 1,200 particles/min at rest to 59,000 ± 69,900 particles/
min during a set of resistance exercise. We found that aerosol particle emission per 
minute is on average 4.9-times lower during a resistance training session than during a 
spinning class. Using this data, we determined that the simulated infection risk increase 
during an endurance exercise session was sixfold higher than during a resistance exercise 
session when assuming one infected participant in the class. Collectively, this data helps 
to select mitigation measures for indoor resistance and endurance exercise classes at times 
where the risk of aerosol-transmitted infectious disease with severe outcomes is high.

aerosol particle emission | exercise | infection risk | pathogen transmission | SARS-CoV-2

Airborne aerosol particles can carry pathogens such as the severe acute respiratory syndrome 
coronavirus type 2 (SARS-CoV-2) or influenza viruses as their cargo and are therefore a key 
route by which respiratory illnesses are transmitted from person to person (in this manuscript, 
we use the term “aerosol particles” exclusively for “respiratory aerosol particles”). During exer-
cise, respiratory ventilation increases from approximately 5 to 15 L/min at rest to maxima of 
over 100 L/min in untrained individuals (1) and 200 L/min e.g., in highly trained rowers (2). 
Because of the increased respiratory ventilation, infected exercisers will emit more aerosol 
particles and pathogen, whereas exposed and susceptible individuals will inhale more aerosol 
particles and pathogen if an infected individual is in the room. Moreover, we have recently 
demonstrated that the concentration of aerosol particles in expired air increases, too, so that 
the emission of aerosol particles increases on average 132-fold from rest to maximal cycle 
ergometer endurance exercise (3). The increased emission of aerosol particles and pathogens 
during intensive exercise may partially explain why elite athletes have a seven times higher risk 
of respiratory infection when compared to recreational athletes (4). Moreover, the high emission 
of aerosol particles and pathogen during intensive endurance exercise may explain earlier 
SARS-CoV-2 outbreaks during indoor group exercise in poorly ventilated, small venues (5).

Even before the SARS-CoV-2 pandemic, the professional cycling Team Sky tried to 
prevent respiratory infections (6, 7) as such infections can mean, e.g., the loss of the Tour 
de France. The prevention of aerosol-mediated infections then became a major research 
focus during the SARS-CoV-2 pandemic to reduce COVID-19 deaths, severe courses of 
COVID-19, multi-organ complications (8, 9), and long-term health impairments such 
as long COVID (10). In athletes, a SARS-CoV-2 infection may also reduce their perfor-
mance (11) and can lead to myocarditis (12) which is one of the main causes of sudden 
cardiac death in sports (13). However, while COVID-19 mitigation measures prevented 
many deaths, the prohibition of sports had a huge, negative impact on sports and the 
sports economy (14). Thus, a key aim for the future is to quantify aerosol particle emission 
and infection risk during sport to better match mitigation measures to the actual risk 
associated with different types of exercise or sport.

While the emission of aerosol particles increases by more than 100-fold from rest to maximal 
endurance exercise in a graded exercise test, we have no data on aerosol particle emission during 
resistance exercise (i.e., weightlifting). This is a problem because the World Health Organization 
(WHO) recommends a combination of endurance and resistance exercise for health (15) and 
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because resistance exercise is indoor exercise. Moreover, resistance 
exercise is a major exercise type in gyms. During resistance exercise, 
exercisers perform several sets per exercise where they lift a weight 
typically about 10 times to near fatigue. Each set lasts about 30 s, and 
respiratory ventilation during resistance exercise (16) appears to 
increase less than during intensive endurance exercise (3). However, 
during resistance exercise, exercisers may perform so-called Valsalva 
maneuvers (17) which may change the aerosol particle emission due 
to changes in the pattern of ventilation. As we do currently not have 
data on aerosol particle emission during resistance exercise and no 
comparison to endurance exercise, we asked the following three 
research questions:

1) � Do respiratory ventilation, aerosol particle concentration, and 
emission of aerosol particles differ during a set of resistance 
exercise from rest?

2) � Can respiratory ventilation, aerosol particle concentration, and 
emission values from a graded exercise test to exhaustion be 
used to model the emission and risk of infection of a typical 
spinning session?

3) � What is the risk of infection during a typical session of endur-
ance and resistance exercise?

Results

Aerosol Particle Emission during a Bout of Isokinetic Resistance 
Exercise. Fitness centers and gyms typically offer a combination 
of endurance and resistance exercise (i.e., weight lifting) for their 
clients. This is in line with the WHO guidelines on physical 
activity and sedentary behavior who recommend a combination 
or resistance and endurance exercise for health for all ages (15). To 
estimate the infection risk during indoor exercise, several groups 
including us (3) have measured the concentration or respiratory 
aerosol particles or aerosol particle emission during endurance 
exercise. However, aerosol measurements during resistance exercise 
are missing. While the ventilation during resistance exercise seems 
lower than during high intensity endurance exercise, resistance 
exercisers often engage in forced breathing or perform Valsalva 
maneuvers which may increase aerosol particle emission. We used 

our new measurement method to assess both ventilation and the 
concentration of respiratory aerosol particles in one experiment.

In the first experiment, we therefore measured respiratory ven-
tilation and the concentration of aerosol particles at rest before 
and during a dynamic set of leg extensor isokinetic resistance 
exercise with 80% of the maximal voluntary contraction (MVC) 
force to exhaustion, with verbal encouragement. We chose this 
form of exercise as it is a highly controlled type of resistance train-
ing. At 80% of the MVC, volunteers were subjectively exhausted 
after 93 ± 41 s. Ventilation increased significantly from 14 ± 1.7 
L/min at rest to 46 ± 18.9 L/min during a set of dynamic, isoki-
netic resistance exercise (P < 0.05) (SI Appendix, Fig. S1). At the 
same time, the mean resting aerosol particle concentration 
increased significantly by 3.6-fold from 290 ± 600 particles/L at 
rest to 1,050 ± 1,160 particles/L (P < 0.05, Fig. 1A). In one sub-
ject, the aerosol particle concentration was about sixfold higher 
with 1,770 particles/L at rest compared to the group mean value 
and increased to 3,490 particles/L (approximately 3.5-fold higher 
than mean) during exercise, highlighting that aerosol particle 
superemission can occur in apparently healthy subjects with no 
known respiratory disease.

Next, we used the respiratory ventilation and concentration 
data to calculate the emission of aerosol particles during a set of 
isokinetic resistance exercise to voluntary fatigue (Fig. 1B). During 
the set of isokinetic resistance exercise, mean aerosol particle emis-
sion increased on average 10-fold from 5,400 ± 1,200 particles/
min at rest to 59,000 ± 69,900 particles/min (P < 0.05). The 
aerosol particle emission of a subject with exceptionally high aer-
osol particle concentration increased from 35,700 particles/min 
at rest to 195,000 particles/min during exercise. Together this 
demonstrates that aerosol particle emission increases about 10-fold 
less during a set of resistance exercise than during a graded endur-
ance exercise test to exhaustion. Moreover, it shows that some 
apparently healthy subjects can have aerosol superemission.

Comparison of Aerosol Particle Emission during an Endurance 
Cycle (i.e., Spinning) Class versus a Multi-Set Resistance Exercise 
Session. Few individuals do isokinetic resistance training in the 
gym and also aerosol particle emission may change over time 

Fig. 1. (A) Aerosol particle concentration and (B) aerosol particle emission at rest and during exercise of the isokinetic resistance exercise training measurement. 
*P < 0.05.D
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during constant load endurance exercise, e.g., due to dehydration. 
We thus aimed to obtain more “real-life” data. To do so, we 
measured in eight volunteers' aerosol particle emission during 
a full spinning endurance exercise class. A spinning exercise is a 
group exercise on stationary bikes where the participants exercise 
at variable intensity motivated by music and by the words of an 
instructor (18). We then compared the data of the spinning class to 
aerosol particle emission data obtained in eight resistance-trained 
subjects during a three-set resistance training session that was 
designed to stimulate muscle hypertrophy and strength gains in 
the arms and legs. Unfortunately, we were unable to simulate a full 
10 to 20 set resistance training session, as the head needed to be 
static during the exercise for the measurement of aerosol particle 
emission and only these three exercises fulfilled that requirement.

Fig. 2 shows the course of the average aerosol particle emission 
during the two real-life exercise classes. The maximal aerosol par-
ticle emission during the spinning class is about 3.4 times higher 
than the highest aerosol particle emission value during the resist-
ance exercise. Overall, the average aerosol particle emission per 
minute over the whole class is 4.9-fold higher in the endurance 
compared to the resistance exercise. This difference is caused by 
the higher ventilation rate as well as the higher aerosol particle 
concentration during endurance exercise (SI Appendix, Figs. S2 
and S3).

In our previous work, we generated aerosol particle emission 
data for different workloads during a graded cycle ergometry test 
to exhaustion (3). However, during a real-life exercise class, e.g., 
airway dehydration or other factors may additionally change aer-
osol particle emission over time. To find out whether the aerosol 
particle emission during a graded exercise test at a given workload 
predicts aerosol particle emission during a spinning class, we com-
pared the real-life spinning class measurements to those obtained 
during a graded exercise test (i.e., if the subject was exercising with 
300 W, we used the aerosol particle emission at 300 W for this 
time point). Data that illustrate this comparison are in the 
SI Appendix.

Aerosol particles that are expired into a room by one infected 
individual are only one factor that determines the infection risk 
during an indoor exercise class. In addition, factors including 
room size, room ventilation, and duration of the exercise session 
will additionally affect infection risk. Thus, to estimate the actual 
infection risk for an exerciser or non-exerciser during an indoor 
endurance or resistance exercise class with different mitigation 
measures, we performed a mathematical simulation of the infec-
tion risk.

Calculation of the Infection Risk and Estimation of the Effect 
of Mitigation Measures. Using the measured aerosol particle 
emission and ventilation data, we found that for the 1 h endurance 
exercise in a non-ventilated 315 m3 room (air exchange rate = 0.5 
1/h) the individual infection risk increases on average by a factor 
of 8.3 ± 5 for a non-exerciser assuming that one infected subject 
is exercising. The infection risk for a healthy, exercising person 
increases on average by a factor of 15.4 ± 10.9 if an infected 
subject is present and exercising in the same room. The difference 
between the exerciser and resting person is explained by the fact 
that the exerciser will inspire more air than the resting person. 
Depending on the aerosol particle emission of the infected subject, 
there may be a great variability in the infection risk. Using our 
measured data, we simulated that the infection risk varies from a 
3.9 to 20.6-fold increase in non-exercisers and 8.0 to 42.8-fold 
increase in healthy exercisers.

Based on the 0.45 h long resistance exercise session, we found 
that the infection risk increases on average by 5.3 ± 2.6-fold (range: 
2.3 to 9.8) for an exerciser. For a non-exercising subject, the infec-
tion risk increased by a factor of 3.2 ± 1.9 (range: 1.1 to 7.0) if 
they are in the room (315 m3, air exchange rate = 0.5 1/h) with 
an infected subject performing resistance training.

To compare the increase of infection risk between endurance and 
resistance exercise, we compared the infection risk increase after 0.45 
h. This results in higher infection risk increase factors than after  
1 h for the endurance exercise. This is caused by the exponentially 

Fig. 2. Mean aerosol particle emission during (A) the spinning class and (B) the resistance exercise (note that the y axis for aerosol particle emission is identical). 
The intensity profile for the spinning class is shaded in the background. For the resistance exercise, the sets 1 to 3 were leg extensions, 4 to 6 biceps curls, and 
7 to 9 overhead presses. Note the different timescales between A and B. This figure does not show error bars for clarity. A figure with SDs is in the SI Appendix 
(SI Appendix, Fig. S4).D
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increasing infection risk for the passive–passive reference case, which 
causes a more than 3.3 times higher infection risk after 1 h compared 
to 0.45 h. The infection risk increase for the endurance exerciser is 
about sixfold higher when compared to the resistance exerciser with 
32.6-fold for the endurance and 5.3-fold for the resistance exerciser. 
For the non-exercisers, the difference is smaller with 13.0-fold 
increase in the endurance exercise class compared to 3.2-fold in the 
resistance exercise class. This shows that even the non-exerciser in 
the endurance setting has an about 2.5-fold higher infection risk 
when compared to the resistance exerciser.

Increasing the air exchange rate reduces the infection risk in 
both endurance and resistance exercise for exercising and non-ex-
ercising subjects. This relationship is shown in Fig. 3. Increasing 
the air exchange rate from 0.5 1/h to 10 1/h reduces the simulated 
infection risk increase after 1 h from 8.3 to 3.7 for the non-exer-
ciser and 15.4 to 9.5 for the endurance exerciser. When comparing 
the infection risk increase after 0.45 h in the endurance exercise 
class, the increase can be reduced from 32.6 to 21.7 for the exer-
ciser and from 13.0 to 6.7 for the non-exerciser. In the resistance 
exercise class, the infection risk factor can be reduced from 3.2 for 
the non-exerciser and 5.3 for the exercising subject to 1.4 and 2.4, 
respectively.

Discussion

The first finding of this study is that the emission of aerosol particles 
increases ≈10-fold during one set of isokinetic leg extensor resist-
ance exercise at 80% of the MVC until exhaustion (Fig. 2). This is 
≈10-fold less than the 132-fold change of aerosol particle emission 
that we had previously reported for a graded cycle ergometer test 
to exhaustion (3). The second finding is that aerosol particle emis-
sion per minute is 4.9-fold higher during a real-life spinning cycle 
endurance class when compared to a real-life resistance training 
session. The third finding is that the simulated infection risk (based 
on the real-life exercise session data) is sixfold higher during the 
spinning cycle endurance exercise class than during the resistance 
training assuming one infected participant in the room.

Fitness training in gyms is typically a combination of endurance 
and resistance exercise, and the WHO recommends a mix of endur-
ance and resistance exercise for health. While some publications 
report aerosol particle concentrations during different types of 
endurance exercise, aerosol particle concentration and emission 
data are lacking for resistance exercise. During maximal resistance 
exercise, we found aerosol particle concentrations of 1,050 ± 

1,160 particles/L which was lower than during rapid in- and exha-
lation with 2,800 particles/L (19), but higher than particle con-
centration with 450 particles/L caused by coughing (20). Even 
though there is no comparable data for the aerosol particle emission 
during endurance or resistance exercise, there are a few studies on 
the particle concentration caused by endurance exercise. One study 
found that aerosol particle concentration increased during endur-
ance exercise at 70% of maximal heart rate (HRmax) (21). The 
aerosol particle concentration was 58-times higher at 70% of 
HRmax compared to rest. This fold increase is about six times 
higher than the one we found for resistance exercise, supporting 
the assumption that endurance exercise causes a greater particle 
emission than resistance exercise, even though the measurement 
setup was different. In all studies on aerosol particle concentration 
and endurance exercise (3, 21, 22), high interindividual differences 
were reported. The same is true for the data on aerosol particle 
concentration and emission during resistance exercise. As we see 
high interindividual variation in both male and female subjects, 
the determination of influencing factors should be substance of 
future studies. Two possible explanatory parameters of interest 
could be age and the body mass index (BMI) of the subjects, which 
correlate with the concentration of emitted aerosol particles 
(22, 23). While the ventilation seems to be generally lower during 
resistance exercise than high intensity endurance exercise, exercisers 
do perform specific breathing patterns during resistance exercise 
such as the Valsalva maneuver (17, 24). During the Valsalva maneu-
ver, air is pressed is against a closed glottis before a rapid expiration. 
The effect of the Valsalva maneuver on aerosol particle concentra-
tions and emission is currently still unknown.

The second main finding is that the average aerosol particle 
emission per minute during a real-life spinning class is 4.9-fold 
higher than during a real-life resistance training session. Key rea-
sons for the difference are that resistance exercisers ventilate less 
during the exercise and that there are several minutes long rest 
periods in-between the exercises and sets of one exercise.

Next, we used the real-life exercise session data to simulate 
infection risk during a spinning cycle endurance class session 
versus a resistance exercise session assuming one infected exer-
ciser in the room. We simulated infection risk for exercisers who 
will inhale more gas and for non-exercisers with a resting venti-
lation. We do not report the absolute risk of infection because 
the simulation is only a rough estimate, since the effect of con-
tributing variables such as number of viruses leading to an infec-
tion is only poorly understood. The risk estimates presented are 
therefore always related to the risk of infection that arises for a 
healthy person in the presence of an infected person, with both 
persons at rest. We found that the infection risk after 0.45 h of 
exercise is on average sixfold higher in the endurance exercise 
when compared to the resistance exercise, with an increase factor 
of 32.6 and 5.3, respectively. The infection risk for the non-ex-
ercisers in both exercise settings is also about fourfold higher in 
the endurance setting, with 13.0-fold increase compared to 3.2-
fold increase respectively. Even the non-exerciser in the endur-
ance exercise setting has a 2.5-fold higher infection risk compared 
to the resistance exerciser. We see four reasons for the higher 
infection risk during the spinning cycle class endurance when 
compared to the resistance exercise session. First, aerosol particle 
emission is higher during endurance than during resistance exer-
cise. Second, exercisers exercise at higher intensities for longer 
during endurance than during resistance exercise. Third, endur-
ance exercisers typically exercise continuously, whereas resistance 
exercisers perform minute-long rests between exercises and sets, 
where aerosol particle emission declines. Fourth, endurance exer-
cisers ventilate more than endurance exercisers, and this means 

Fig. 3. Infection risk increase versus air exchange rate for endurance and 
resistance exercise for both exerciser and non-exerciser in a room with 315 
m3 and an exercise time of 1 h or 0.45 h for the endurance and 0.45 h for the 
resistance exercise. Infection risk increase factor for the endurance exerciser 
after 0.45 h is higher compared to 1 h due to the exponentially increasing 
infection risk for the passive reference case (one infected and one non-infected 
subject at rest).
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that they will also inhale more pathogen and aerosol-contami-
nated air.

The infection risk for both endurance and resistance exercise 
can be lowered by increasing the air exchange rate (Fig. 3). An 
increase of air exchange rate from 0.5 1/h to 5 1/h reduces the 
simulated infection risk increase for both exercising and non-ex-
ercising individuals in both training settings by about 20 to 40%. 
An air exchange rate of 6 1/h, which is recommended for indoor 
facilities (25, 26), would be even better. The importance of air 
exchange rate for the aerosol particle concentration in the room 
and thus the infection risk has also been shown in the literature 
(27). They reported that a high-efficiency particulate air (HEPA) 
filter reduced the concentration of aerosol particles generated dur-
ing a 20-min endurance exercise trial by up to 96%, compared to 
the same 20-min endurance exercise trial without a filter. However, 
this extreme reduction in aerosol particle concentration can only 
be obtained with very high air exchange rates resembling outdoor 
settings. These results imply that high intensity endurance inter-
vals should be performed in well-ventilated rooms or outdoors at 
times where the risk of consequential infections is high.

This study has several limitations. First, the endurance and 
resistance exercise aerosol particle emission data are not obtained 
from the same subjects. The rationale behind this is that we 
wanted to investigate trained exercisers, who regularly perform 
either endurance or resistance training. Trained exercisers are 
familiar with their preferred type of exercise, and because of their 
training status, they can exercise at higher intensities than 
novices.

For the real-life spinning exercise class, we needed to select one 
of many possible intensity profiles. Our intensity profile might 
not represent the intensity profile of the “average” spinning exer-
cise class, but the average intensity profile is unknown. Thus the 
specific, used intensity profile has to be considered when inter-
preting this data.

For the real-life resistance training, we measured the aerosol 
particle emission for during three exercises that could be per-
formed in the clean air tent and where the subjects could keep 
their head in the same position which was necessary for the meas-
urement. However, a resistance exercise training session comprises 
more than three exercises with three sets each depending on the 
training status of the individual. Nonetheless, this data should 
give a good idea about aerosol particle emission during a resistance 
exercise session. Another issue of the resistance exercise session 
was that each set lasted around 30 s and so we shortened the 
sampling time to obtain data on the fluctuation of aerosol particle 
emission during and after a set of resistance exercise. The shorter 
sampling time increased the noise in the aerosol particle concen-
tration data but when averaged over all subjects, it gives a good 
idea of the time course of aerosol particle concentrations during 
a resistance exercise session.

Lastly, we measured aerosol particle emission in young, unin-
fected subjects. However, age and respiratory infections increase 
aerosol particle emission (23), and so our data will probably be 
on the lower end when compared to the whole population and 
lower than in SARS-CoV-2 infected individuals.

In conclusion, we found that during a set of isokinetic resistance 
exercise, the increase in aerosol particle emission is 1.3-fold lower 
compared to the value at maximal exercise in an endurance graded 
exercise test. Comparing real-life exercises, the difference is even 
bigger with 4.9-fold higher aerosol particle emissions during the 
endurance spinning session compared to a resistance exercise. This 
is mainly due to 2.7-fold lower ventilation rates and different 
training intervals. Maximum aerosol particle concentration values 
measured are twofold higher during resistance exercise, when 

comparing isokinetic resistance exercise to the values at maximum 
intensity at the graded exercise test, but when comparing the real-
life exercises, aerosol particle concentrations during endurance 
exercise are 1.9-fold higher. This result is further supported by the 
fact that the numerical simulations of infection risk showed mark-
edly greater increases in infection risk with endurance training 
than with resistance exercise (factor 4 to 9). Even though exercise 
seems to impose a higher risk of getting infected, exercise holds 
many health benefits and should not simply be avoided. Thus, 
during periods with many consequential infections, the first focus 
should be to, for example, limit the number of people in endur-
ance exercise classes, increase the air exchange rate of the facility, 
or to perform high intensity workouts outdoors.

Materials and Methods

We conducted an observational, monocentric human cohort study with the main 
aim to continuously measure respiratory ventilation, the concentration of aerosol 
particles in the expired air and aerosol particle emission at rest and during a 
realistic spinning class and a realistic resistance exercise with three exercises, 
each with three sets at 80% of the MVC. Also, another group performed a dynamic 
resistance leg press exercise at 80% of the MVC to exhaustion.

The subjects were young (age: 21 to 37), healthy and showed no signs of 
respiratory infections. The BMI of the participants ranged between 20.7 kg/m2 
and 37 kg/m2, with the high BMI values in the resistance exercise groups due to 
high muscle mass. In this trained group, a high BMI (BMI > 24.9 kg/m2) does 
not correlate to their health status (28). In the endurance exercise group, the 
BMI ranged from 20.7 kg/m2 to 26.5 kg/m2. The detailed participant statistics is 
shown in the SI Appendix, Table S1.

All measurements and procedures were approved by the medical ethical com-
mittee of the Technical University Munich. Prior to each test, participants and staff 
were tested for SARS-CoV-2 with an antigen test. Before any tests were performed, 
subjects signed an informed consent.

We recruited 24 participants: eight of them for the endurance training session, 
eight for a resistance training, and eight for an isokinetic resistance training. In 
each training setting, four women and four men participated.

Participants were screened for cardiovascular, pneumological, neuroplastic, 
orthopedic, metabolic, and other chronic diseases. The exclusion criteria were 
assessed during the obligatory medical pretesting, where a resting electrocar-
diogram (ECG) was taken and blood pressure was measured. Participants were 
excluded from the study if any health aspects potentially interfered with a sub-
maximal or maximal strength testing. Additionally, participants were excluded if 
they were corona positive, had just recovered from a recent corona or any other 
respiratory infection within the last 4 wk, or were aware of any chronic lung disease.

For the isokinetic resistance training, subjects were recruited based on their 
strength performance (= one repetition maximum (1 RM) of squat performance 
relative to body weight) with an inclusion performance for women of at least  
1.5 × body weight and for men 2 × body weight.

Improved Method to Measure Aerosol Particle Emission in One Experiment. 
In our previous study (3), we measured respiratory ventilation in one experiment 
and the concentration of respiratory aerosol particles in a second experiment. 
We then used the data from both near-identical experiments to calculate aerosol 
particle emission. For this study, we aimed at measuring both ventilation and the 
concentration of respiratory aerosol particles in one experiment. The improved 
experimental setup is illustrated in Fig. 4.

We used a calibrated spiroergometry device (Metalyzer; Cortex Medical™) to 
measure respiratory ventilation parameters. Aerosol particle concentration was 
measured using an optical particle counter [Palas Promo 3000 particle spec-
trometer using a Welas 2300 sensor (Palas GmbH)]. A volume flow of 5 L/min 
was extracted from the exhaled air after the spirometry sensor to the particle 
spectrometer via a controlled pump and used to determine the aerosol particle 
concentration. All measurements were performed in a clean air tent with reduced 
aerosol particle concentration (<150 particles/L compared to >30,000 particles/L 
in the ambient air). The airspace in the tent was flooded with cleaned air (H14 filter D
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quality). In addition, the subjects directly inhale filtered air (H14 filter quality) with 
less than 30 aerosol particles/L via a supply hose, a Y-valve, and a breathing mask. 
The aerosol particle emission was calculated from respiratory minute ventilation 
and aerosol particle concentration.

For the practical exercise sessions, the whole measurement equipment start-
ing with the spirometry sensor right in front of the subjects head, the valves, 
and the tubing up to the particle counter was heated to 40°C to 45°C to avoid 
condensation and the resulting particle separation on the surfaces. Only in the 
one-way valves flow separation of larger particles may have occurred due to sharp 
redirections.

Isokinetic Resistance Exercise. The resistance testing regime consisted of two 
major components:

1.  Isokinetic MVC test for leg press at 90° hip angle.
2. � One dynamic set of as many repetitions as possible at 80% of the MVC 

during which respiratory ventilation and aerosol particle emission was 
measured.

The whole test was structured as follows:
1.  Lung function test (Metalyzer; Cortex Medical™, Germany).
2.  Warm-up (5 min rowing, three sets of two preparatory movements).
3. � Isokinetic MVC [Newton(N)–(IsoMed2000, D&R Ferstl GmbH)] testing for 

leg press.
a.  Two test trials.
b.  Three trials with 4 min breaks in between.
c.  Calculation of mean of three trials—determination of load for dynamic 
set (80% MVC).

4.  Break of 5 min.
5. � Standing respiratory ventilation and aerosol particle concentration meas-

urement for 4 min (in clean space <150 particles/L compared to >30,000 
particles/L in the ambient air).

6. � Seated respiratory ventilation and aerosol particle concentration meas-
urement for 4 min.

7. � Dynamic set of leg press exercise at 80% of mean MVC until failure with 
respiratory ventilation and aerosol particle concentration measurement 
(in clean space)

8. � Seated cooldown 5 min respiratory ventilation and aerosol particle con-
centration measurement (in clean space).

During the dynamic exercise set, the force-time curve was examined throughout the 
trial to ensure proper execution. The set-length can be seen in SI Appendix, Table S2.

Practical Exercise Measurements. For an endurance exercise, we use a spin-
ning class protocol with an average intensity of 63% of the maximum power 
determined in a graded exercise test until exhaustion. The protocol consisted of 
a 5 min rest period at the beginning of the measurement as a reference and a 
1 h exercise period with 2 × 3 min short drinking breaks. At the beginning and 
toward the end of the exercise period, the intensity was increased and decreased 
in steps. Each exercise level was maintained at a constant intensity for 3 min. 
Fig. 5A shows the intensity profile of the spinning class.

The graded exercise test was performed with each subject at least 2 d apart 
to the spinning session protocol. The test started with 50 W, and the power was 
increased by 25 W every 4 min until exhaustion.

All endurance exercises were programmed and run on a cycle ergometer 
(Ergoline Ergoselect 200, Lode B.V., Netherlands). Four women and four men 
performed this cycling session during which aerosol particle concentration meas-
urement and respiratory ventilation parameters were assessed.

Both, the graded exercise test and the spinning class session were performed 
with the aerosol particle measurement system running. By using the same setting, 
it is possible to check the transferability of the results of the graded exercise test 
to the practical spinning session.

For this purpose, the respective ventilation and aerosol particle concentration 
values of the graded exercise test are used according to the power profile of the 
spinning session, so that a chronological progression can be created.

For the infection risk assessment in a typical gym, also a resistance training 
study with four women and four men and three different exercises was performed. 
As in the endurance study, the protocol started with a 5-min resting period as refer-
ence. The exercises were leg extensions, biceps curls, and overhead presses. These 
exercises were selected because they could be performed in the clean air tent, and 
also the subjects could keep their heads steady and connected to the measurement 
equipment. For each exercise, three sets with 8 to 10 repetitions were performed. 
The resistance was adjusted for each exercise and subject to approximately 80% of 
the 1 RM. Subjects started the sets every 150 s. The individual sets had a duration 
of approximately 30 s (19 to 42 s). After the third set of each exercise, the break 
was 4 min long. Fig. 5B shows the exercise protocol.

Due to the short measurement time for these exercise phases (19 to 42 s), the 
sometimes-low aerosol particle concentration (<80 particles/L), and the count-
ing efficiency of the optical particle counter, it is possible that no particle at all 
is measured during the exercise phase (19 to 42 s). In these cases, the aerosol 
particle concentration was set to the resting value.

Data Processing and Statistical Analysis. All data were extracted and 
processed with MATLAB (Version R2021b). Data were analyzed using PRISM 
[GraphPad Prism 9.0.0(121)]. Normality and sphericity were tested and accounted 
for. Either two-way ANOVA, ANOVA, or Kruskal–Wallis test was used, respectively.

Factor Calculation. Based on the practical session studies for resistance and 
endurance exercise, increase factors were calculated for the infection risk mod-
eling in comparison with the resting values of respiratory ventilation, aerosol 
particle concentration, and aerosol particle emission.

Numeric Modeling. The predictive theoretical approach proposed by refs. 29 
and 30 allows an a priori estimate of the SARS-CoV-2 risk of infection of susceptible 
individuals due to airborne transmission route when exposed to virus-laden aero-
sol particles emitted by an infected subject in an indoor environment (29). Such an 

Fig.  4. Experimental setup. Detailed image of the aerosol particle and 
respiratory ventilation measurement system—including flow sensor, mask, 
and the tubes leading to the optical particle counter.

Fig. 5. (A) Spinning session protocol. (B) Resistance exercise session. Exercise 
1 to 3: leg extension, exercise 4 to 6: biceps curls, exercise 7 to 9: overhead 
presses.D
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approach was experimentally validated against viral concentration measurements 
in a controlled environment (31) and was also able to reproduce the attack rate of 
documented outbreaks (30). Thus, this approach allowed to perform prospective 
assessments simulating different exposure scenarios (in terms of type of indoor 
environment, expiratory activity, etc.) (32–35. The approach is based on the evalu-
ation of i) the quanta emission rate (ERq), ii) the exposure to quanta concentration 
in the microenvironment, iii) the dose of quanta received by exposed susceptible 
subjects, iv) the probability of infection on the basis of a dose-response model, v) 
the individual risk of the exposed person, and, finally, vi) the event reproduction 
number. The above-mentioned “quanta” is a measure to quantify the virus emission 
or concentration, and it is defined as the infectious dose for 63% of susceptible by 
inhalation of virus-laden particles. In particular, the evaluation of the ERq (quanta 1/h) 
was described in our previous papers taking into account the viral load (cv, RNA copies 
1/mL), the infectious dose (HID63, RNA copies; i.e., the human infectious dose for 
63% of susceptible subjects), the respiratory ventilation (VE, m3/h; depending on the 
activity level), and aerosol particle volume concentration (Vd, mL/m3) expelled by the 
infectious person depending on the expiratory activity (29, 34):

	

[1]ERq =
cv ⋅ VE ⋅ Vd
HID63

(quanta 1∕h).

Viral load and infectious dose values typical of Delta/Omicron variants of concern 
were adopted (36, 37); in particular, we considered the lognormal cv distribution 
(mean and SD of 7.1 and 0.70 log10 RNA copies /mL, respectively) provided by 
ref. 38 and a HID63 value of 7 × 102 RNA copies as recently estimated by ref. 36.

Aerosol particle volume concentration for breathing expiratory activity just 
standing was obtained from refs. 20 and 39; it was equal to 2 × 10−2 mL / m3.  
Then, the effect of the intensity level on the particle concentration was included 
by multiplying the concentration for standing by the ratios measured for dif-
ferent intensity levels and reported in the results section. Similarly, expiration/
inhalation rate for a standing person while breathing was obtained from 
refs. 40 and 41 and it was equal to 0.54 m3/h. Then, the effect of the intensity 
level on the inhalation rate was included by multiplying the VE for standing 
by the ratios measured for different intensity levels and reported in the results 
section. The variability of viral load, aerosol particle concentration, and inhala-
tion rate were taken into account by calculating the product of the two Gaussian 
variables then obtaining a distribution of ERqs, i.e., the probability density func-
tion of ERq. We point out that the quanta emission model represents a major 
step forward to properly simulate and predict infection risk in different indoor 
environments via airborne transmission since previous studies were performed 
adopting ERqs obtained from rough estimates based on retrospective assess-
ments of infectious outbreaks only at the end of an epidemic (42, 43).

The indoor quanta concentration over time, n(t,ERq), is evaluated, for each 
possible ERq value, adopting a simplified mass balance equation as
�

[2]

n
(

t, ERq
)

=n0 ⋅e
−(AER+k+�)⋅t

+
ERq ⋅ I

(

AER+k+�
)

⋅V
⋅

(

1−e−(AER+k+�)⋅t
)

(quanta∕m3),

where n0 represents the initial quanta concentration (i.e., at time t = 0), air 
exchange rate (1/h) is the air exchange rate, k (1/h) is the particle deposition 
rate on surfaces, λ (1/h) is the viral inactivation rate, I is the number of infectious 
subjects, and V (m3) is the volume of the indoor environment.

The dose of quanta (Dq) received by a susceptible subject exposed to a certain 
quanta concentration for a certain time interval, T, can be evaluated by integrating 
the quanta concentration over time as

	
[3]Dq

(

ERq
)

= VE

T

∫
0

n
(

t, ERq
)

dt (quanta),

where VE (m3/h) is the inhalation rate of the exposed subject which is a function 
of the subject’s activity level and age (40, 41). The inhalation rates of the exposed 
subjects doing exercise were calculated by multiplying the VE for standing by the 
ratios measured for different intensity levels and reported in the results section, 
whereas for exposed subject just attending the lesson (not doing the exercise) 
was adopted an inhalation rate of 0.54 m3/h (i.e., standing activity).

The probability of infection [PI(ERq),%] of exposed persons is the conditional 
probability of the infection, given a certain ERq, and it is evaluated on the basis 
of simple Poisson dose-response model (44, 45) as

	
[4]PI

(

ERq
)

= 1 − e−Dq(ERq) (%).

The individual risk of infection (R) of an exposed person for a given exposure 
scenario is then calculated integrating, over for all the possible ERq values, the 
product between the conditional probability of the infection for each ERq [PI(ERq)] 
and the probability of occurrence of each ERq value (PERq):

	
[5]R = ∫ERq

(

PI
(

ERq
)

⋅ PERq

)

dERq (% ) .

Modeled Scenarios. The estimates of the risk of infection were provided 
for two different exercises: endurance (1 h) and resistance (0.45 h). The 
intensity levels of the two exercises are reported in Fig. 5. Both the exer-
cises were carried out in a 315 m3 gym room. Simulations were performed 
considering one infected subject for both the exercises; all the subjects 
(infected and exposed) were considered breathing during the exercise. 
The infection risk was calculated for both cases (endurance and resistance 
training) considering each tested subject once as infected and calculating 
the risk of infection for a simultaneous exercising subject with the median 
minute ventilation. As a comparison, the infection risk was also calculated 
for a passive non-exerciser present in the room during the exercise. The 
infection risk increase factors are calculated by dividing the individual infec-
tion risks through the infection risk of a non-exerciser present in the same 
setting when the infected person is also a passive non-exerciser, which is 
considered as the lower baseline.

RNA copy concentrations, dose received by exposed subject, and their indi-
vidual risk were evaluated for different air exchange rates, ranging from 0.5 
[typical of room not equipped with mechanical ventilation systems (46)] to 
101/h.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.

ACKNOWLEDGMENTS. We thank Luisa Semmler and Dr. med. Elke Lorenz 
for the evaluation of exercise testing for eligibility of the subjects. We also 
thank Marius Meinold for his advice on strength training. Furthermore, 
we thank Dr. Fabian Stöcker (Center for Teaching and Learning, Technical 
University of Munich) and Daniela Schranner. Our work was mainly funded 
by the Deutsche Forschungsgemeinschaft (DFG; German research foundation; 
grant number: KA1808/37-1) and partially by the German Federal Institute 
of Sport Science (Bundesinstitut für Sportwissenschaft (BISp); grant number: 
ZMVI4-070115/20-21).

Author affiliations: aInstitute of Fluid Mechanics and Aerodynamics, Universität der 
Bundeswehr München, 85577 Neubiberg, Germany; bInstitute of Sport Science, 
Universität der Bundeswehr München, 85577 Neubiberg, Germany; cAssociate 
Professorship of Exercise Biology, Technische Universität München, 80809 Munich, 
Germany; dUniversity of Cassino and Southern Lazio, Department of Civil and Mechanical 
Engineering, 03043 Cassino, Italy; and eQueensland University of Technology, 4000 QLD, 
Australia

1.	 H. Loe, S. Steinshamn, U. Wisløff, Cardio-respiratory reference data in 4631 healthy men and women 
20–90 years: The HUNT 3 fitness study. PLoS One 9, e113884 (2014), 10.1371/journal.pone.0113884.

2.	 J. M. Clark, F. C. Hagerman, R. Gelfand, Breathing patterns during submaximal and maximal 
exercise in elite oarsmen. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 55, 440–446 (1983), 
10.1152/jappl.1983.55.2.440.

3.	 B. Mutsch et al., Aerosol particle emission increases exponentially above moderate exercise intensity 
resulting in superemission during maximal exercise. Proc. Natl. Acad. Sci. U.S.A. 119, e2202521119 
(2022), 10.1073/pnas.2202521119.

4.	 M. Valtonen et al., Increased risk of respiratory viral infections in elite athletes: A controlled study. 
PLoS One 16, e0250907 (2021), 10.1371/journal.pone.0250907.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 1

37
.1

93
.2

00
.5

9 
on

 F
eb

ru
ar

y 
27

, 2
02

3 
fr

om
 I

P 
ad

dr
es

s 
13

7.
19

3.
20

0.
59

.

http://www.pnas.org/lookup/doi/10.1073/pnas.2220882120#supplementary-materials
http://doi.org/10.1371/journal.pone.0113884
http://doi.org/10.1152/jappl.1983.55.2.440
http://doi.org/10.1073/pnas.2202521119
http://doi.org/10.1371/journal.pone.0250907


8 of 8   https://doi.org/10.1073/pnas.2220882120� pnas.org

5.	 Z. Peng et al., Practical indicators for risk of airborne transmission in shared indoor environments 
and their application to COVID-19 outbreaks. Environ. Sci. Technol. 56, 1125–1137 (2022), 
10.1021/acs.est.1c06531.

6.	 J. Medeiros, The science behind Chris Froome and Team Sky's tour de France preparations. https://
www.wired.co.uk/article/tour-de-france-science-behind-team-sky. Accessed 30 January 2023.).

7.	 Imperial College London. EIS and collaborators aim to reduce the impact of respiratory illness on 
athletes' training and competition availability. https://eis2win.co.uk/article/eis-and-collaborators-
aim-to-reduce-the-impact-of-respiratory-illness-on-athletes-training-and-competition-availability/. 
Accessed 30 January 2023.).

8.	 A. Gupta et al., Extrapulmonary manifestations of COVID-19. Nat. Med. 26, 1017–1032 (2020), 
10.1038/s41591-020-0968-3.

9.	 M. Lopes-Pacheco et al., Pathogenesis of multiple organ injury in COVID-19 and potential 
therapeutic strategies. Front. Physiol. 12, 593223 (2021), 10.3389/fphys.2021.593223.

10.	 M. Halle et al., Exercise and sports after COVID-19-Guidance from a clinical perspective. Transl. 
Sports Med. 4, 310–318 (2021), 10.1002/tsm2.247.

11.	 P. Schellhorn, K. Klingel, C. Burgstahler, Return to sports after COVID-19 infection. Eur. Heart J. 41, 
4382–4384 (2020), 10.1093/eurheartj/ehaa448.

12.	 A. N. Kochi, A. P. Tagliari, G. B. Forleo, G. M. Fassini, C. Tondo, Cardiac and arrhythmic complications in 
patients with COVID-19. J. Cardiovasc. Electrophysiol. 31, 1003–1008 (2020), 10.1111/jce.14479.

13.	 B. J. Maron, J. J. Doerer, T. S. Haas, D. M. Tierney, F. O. Mueller, Sudden deaths in young competitive 
athletes: Analysis of 1866 deaths in the United States, 1980–2006. Circulation 119, 1085–1092 
(2009), 10.1161/CIRCULATIONAHA.108.804617.

14.	 T. Byers et al., COVID-19 impacts on sport governance and management: A global, critical realist 
perspective. Managing Sport and Leisure 27, 99–107 (2022), 10.1080/23750472.2020.1867002.

15.	 F. C. Bull et al., World Health Organization 2020 guidelines on physical activity and sedentary 
behaviour. Br. J. Sports Med. 54, 1451–1462 (2020), 10.1136/bjsports-2020-102955.

16.	 A. F. Vallejo, E. T. Schroeder, L. Zheng, N. E. Jensky, F. R. Sattler, Cardiopulmonary responses to 
eccentric and concentric resistance exercise in older adults. Age Ageing. 35, 291–297 (2006), 
10.1093/ageing/afj082.

17.	 D. A. Hackett, C.-M. Chow, The Valsalva maneuver: Its effect on intra-abdominal pressure and 
safety issues during resistance exercise. J. Strength Cond. Res. 27, 2338–2345 (2013), 10.1519/
JSC.0b013e31827de07d.

18.	 M. A. Caria, F. Tangianu, A. Concu, A. Crisafulli, O. Mameli, Quantification of Spinning 
bike performance during a standard 50-minute class. J. Sports Sci. 25, 421–429 (2007), 
10.1080/02640410600718533.

19.	 G. R. Johnson, L. Morawska, The mechanism of breath aerosol formation. J. Aerosol. Med. Pulm. 
Drug Deliv. 22, 229–237 (2009), 10.1089/jamp.2008.0720.

20.	 L. Morawska et al., Size distribution and sites of origin of droplets expelled from the human 
respiratory tract during expiratory activities. J. Aerosol Sci. 40, 256–269 (2009), 10.1016/j.
jaerosci.2008.11.002.

21.	 N. M. Wilson et al., The effect of respiratory activity, non-invasive respiratory support and facemasks 
on aerosol generation and its relevance to COVID-19. Anaesthesia 76, 1465–1474 (2021), 10.1111/
anae.15475.

22.	 C. E. George et al., COVID-19 symptoms are reduced by targeted hydration of the nose, larynx and 
trachea. Sci. Rep. 12, 4599 (2022), 10.1038/s41598-022-08609-y.

23.	 D. A. Edwards et al., Exhaled aerosol increases with COVID-19 infection, age, and obesity. Proc. Natl. 
Acad. Sci. U.S.A. 118, e2021830118 (2021), 10.1073/pnas.2021830118.

24.	 J. D. MacDougall et al., Factors affecting blood pressure during heavy weight lifting and static 
contractions. J. Appl. Physiol. 1985, 1590–1597 (1992), 10.1152/jappl.1992.73.4.1590.

25.	 Guidebook sports accomodations (in Dutch), Handboek Sportaccomodaties; J. P. E. Ariens, T. A. 
Joosten, W. Schriemer, et al., Ed. (ISA Sport, NOC*NSF, Arko Sports Media BV, 2008).

26.	 Stichting Onbeperk Sportief, Guidelines for Acces Indoor Sports Accomodations (In Dutch, 
Richtlijnen Toegankelijkheid Indoor Sportaccomodaties, 2014).

27.	 A. Garzona-Navas et al., Mitigation of aerosols generated during exercise testing with a portable 
high-efficiency particulate air filter with fume hood. Chest 160, 1388–1396 (2021), 10.1016/j.
chest.2021.04.023.

28.	 C. B. Weir, Arif Jan, BMI classification percentile and cut off points in StatPearls (StatPearls 
Publishing, 2019).

29.	 G. Buonanno, L. Morawska, L. Stabile, Quantitative assessment of the risk of airborne transmission 
of SARS-CoV-2 infection: Prospective and retrospective applications. Environ. Int. 145, 106112 
(2020), 10.1016/j.envint.2020.106112.

30.	 G. Buonanno, L. Stabile, L. Morawska, Estimation of airborne viral emission: Quanta emission 
rate of SARS-CoV-2 for infection risk assessment. Environ. Int. 141, 105794 (2020), 10.1016/j.
envint.2020.105794.

31.	 G. Buonanno et al., Link between SARS-CoV-2 emissions and airborne concentrations: Closing the 
gap in understanding. J. Hazard. Mater. 428, 128279 (2022), 10.1016/j.jhazmat.2022.128279.

32.	 F. Arpino et al., Risk of SARS-CoV-2 in a car cabin assessed through 3D CFD simulations. Indoor Air 
32, e13012 (2022), 10.1111/ina.13012.

33.	 L. Stabile, A. Pacitto, A. Mikszewski, L. Morawska, G. Buonanno, Ventilation procedures to minimize 
the airborne transmission of viruses in classrooms. Build. Environ. 202, 108042 (2021), 10.1016/j.
buildenv.2021.108042.

34.	 A. Mikszewski, L. Stabile, G. Buonanno, L. Morawska, The airborne contagiousness of respiratory 
viruses: A comparative analysis and implications for mitigation. Geosci. Front. 20, 101285 (2021), 
10.1016/j.gsf.2021.101285.

35.	 A. Mikszewski, L. Stabile, G. Buonanno, L. Morawska, Increased close proximity airborne 
transmission of the SARS-CoV-2 Delta variant. Sci. Total Environ. 816, 151499 (2022), 10.1016/j.
scitotenv.2021.151499.

36.	 P. Gale, Thermodynamic equilibrium dose-response models for MERS-CoV infection reveal a 
potential protective role of human lung mucus but not for SARS-CoV-2. Microb. Risk Anal. 16, 
100140 (2020), 10.1016/j.mran.2020.100140.

37.	 A. Henriques et al., Modelling airborne transmission of SARS-CoV-2 using CARA: Risk assessment 
for enclosed spaces. Interface Focus 12, 20210076 (2022), 10.1098/rsfs.2021.0076.

38.	 C. von Wintersdorff et al., Infections with the SARS-CoV-2 Delta variant exhibit fourfold increased 
viral loads in the upper airways compared to Alpha or non-variants of concern. Sci Rep. 12, 13922 
(2021).

39.	 V. Stadnytskyi, C. E. Bax, A. Bax, P. Anfinrud, The airborne lifetime of small speech droplets and their 
potential importance in SARS-CoV-2 transmission. Proc. Natl. Acad. Sci. U. S. A. 117, 11875–11877 
(2020), 10.1073/pnas.2006874117.

40.	 W. C. Adams, Measurement of breathing rate and volume in routinely performed daily activities: 
Final report; Davis (1993).

41.	 International Commission on Radiological Protection, Human respiratory tract model for 
radiological protection. A report of a Task Group of the International Commission on Radiological 
Protection. Ann ICRP 24, 1–482 (1994), 10.1016/0146-6453(94)90029-9.

42.	 S. N. Rudnick, D. K. Milton, Risk of indoor airborne infection transmission estimated 
from carbon dioxide concentration. Indoor Air 13, 237–245 (2003), 10.1034/j.1600-
0668.2003.00189.x.

43.	 B. G. Wagner, B. J. Coburn, S. Blower, Calculating the potential for within-flight transmission of 
influenza A (H1N1). BMC Med. 7, 81 (2009), 10.1186/1741-7015-7-81.

44.	 G. N. Sze To, C. Y. H. Chao, Review and comparison between the Wells-Riley and dose-response 
approaches to risk assessment of infectious respiratory diseases. Indoor Air 20, 2–16 (2010), 
10.1111/j.1600-0668.2009.00621.x.

45.	 T. Watanabe, T. A. Bartrand, M. H. Weir, T. Omura, C. N. Haas, Development of a dose-response model 
for SARS coronavirus. Risk Anal. 30, 1129–1138 (2010), 10.1111/j.1539-6924.2010.01427.x.

46.	 L. Stabile, G. Buonanno, A. Frattolillo, M. Dell’Isola, The effect of the ventilation retrofit in a school 
on CO2, airborne particles, and energy consumptions. Build. Environ. 156, 1–11 (2019), 10.1016/j.
buildenv.2019.04.001.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
37

.1
93

.2
00

.5
9 

on
 F

eb
ru

ar
y 

27
, 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

13
7.

19
3.

20
0.

59
.

http://doi.org/10.1021/acs.est.1c06531
https://www.wired.co.uk/article/tour-de-france-science-behind-team-sky
https://www.wired.co.uk/article/tour-de-france-science-behind-team-sky
https://eis2win.co.uk/article/eis-and-collaborators-aim-to-reduce-the-impact-of-respiratory-illness-on-athletes-training-and-competition-availability/
https://eis2win.co.uk/article/eis-and-collaborators-aim-to-reduce-the-impact-of-respiratory-illness-on-athletes-training-and-competition-availability/
http://doi.org/10.1038/s41591-020-0968-3
http://doi.org/10.3389/fphys.2021.593223
http://doi.org/10.1002/tsm2.247
http://doi.org/10.1093/eurheartj/ehaa448
http://doi.org/10.1111/jce.14479
http://doi.org/10.1161/CIRCULATIONAHA.108.804617
http://doi.org/10.1080/23750472.2020.1867002
http://doi.org/10.1136/bjsports-2020-102955
http://doi.org/10.1093/ageing/afj082
http://doi.org/10.1519/JSC.0b013e31827de07d
http://doi.org/10.1519/JSC.0b013e31827de07d
http://doi.org/10.1080/02640410600718533
http://doi.org/10.1089/jamp.2008.0720
http://doi.org/10.1016/j.jaerosci.2008.11.002
http://doi.org/10.1016/j.jaerosci.2008.11.002
http://doi.org/10.1111/anae.15475
http://doi.org/10.1111/anae.15475
http://doi.org/10.1038/s41598-022-08609-y
http://doi.org/10.1073/pnas.2021830118
http://doi.org/10.1152/jappl.1992.73.4.1590
http://doi.org/10.1016/j.chest.2021.04.023
http://doi.org/10.1016/j.chest.2021.04.023
http://doi.org/10.1016/j.envint.2020.106112
http://doi.org/10.1016/j.envint.2020.105794
http://doi.org/10.1016/j.envint.2020.105794
http://doi.org/10.1016/j.jhazmat.2022.128279
http://doi.org/10.1111/ina.13012
http://doi.org/10.1016/j.buildenv.2021.108042
http://doi.org/10.1016/j.buildenv.2021.108042
http://doi.org/10.1016/j.gsf.2021.101285
http://doi.org/10.1016/j.scitotenv.2021.151499
http://doi.org/10.1016/j.scitotenv.2021.151499
http://doi.org/10.1016/j.mran.2020.100140
http://doi.org/10.1098/rsfs.2021.0076
http://doi.org/10.1073/pnas.2006874117
http://doi.org/10.1016/0146-6453(94)90029-9
http://doi.org/10.1034/j.1600-0668.2003.00189.x
http://doi.org/10.1034/j.1600-0668.2003.00189.x
http://doi.org/10.1186/1741-7015-7-81
http://doi.org/10.1111/j.1600-0668.2009.00621.x
http://doi.org/10.1111/j.1539-6924.2010.01427.x
http://doi.org/10.1016/j.buildenv.2019.04.001
http://doi.org/10.1016/j.buildenv.2019.04.001

	Respiratory aerosol particle emission and simulated infection risk is greater during indoor endurance than resistance exercise
	Significance
	Results
	Aerosol Particle Emission during a Bout of Isokinetic Resistance Exercise.
	Comparison of Aerosol Particle Emission during an Endurance Cycle (i.e., Spinning) Class versus a Multi-Set Resistance Exercise Session.
	Calculation of the Infection Risk and Estimation of the Effect of Mitigation Measures.

	Discussion
	Materials and Methods
	Improved Method to Measure Aerosol Particle Emission in One Experiment.
	Isokinetic Resistance Exercise.
	Practical Exercise Measurements.
	Data Processing and Statistical Analysis.
	Factor Calculation.
	Numeric Modeling.
	Modeled Scenarios.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 26



