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Abstract
Purpose  Human respiratory aerosols may have important implications for transmission of pathogens. The study of aerosol 
production during vigorous breathing activities such as exercise is limited. In particular, data on aerosol production during 
cardiopulmonary exercise testing (CPET) are lacking.
Methods  In this pilot project, we used a high-powered, pulsed Nd:YAG laser to illuminate a region of interest in front of 
two healthy adult subjects during CPET. Subjects exercised to the point of respiratory compensation. Images were captured 
with a high-speed, high-resolution camera to determine net exhaled particle (NEP) counts at different phases of CPET, 
including resting breathing, submaximal exercise, peak exercise, and active recovery. Experiments were performed with the 
room ventilation activated.
Results  Net exhaled particle counts remained relatively constant until late/peak exercise when they decreased prior to 
rebounding into recovery. NEP counts at resting breathing were higher than those reported using other methods of measure-
ment. Exhaled particles were in the submicron size range.
Conclusion  Our method of aerosol particle quantification enables measurement of significant quantities of ultrafine particles 
and dynamic assessment of aerosol production during CPET. The unique pattern of aerosol production observed during 
submaximal and peak exercise suggests that extension of results from resting breathing to CPET may not be appropriate.
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1  Introduction

Human breathing produces aerosols which populate the sur-
rounding ambient environment [1]. Depending on the nature 
of the expelled breaths (such as resting, vigorous, or cough-
ing) and the size of the exhaled particles, the persistence 
of these aerosols in the environment may be either short or 
prolonged [2, 3]. Exposure to such aerosols for persons in 

the immediate surrounding environment can potentially be 
harmful if the aerosol carries infectious material [4]. Wide-
spread concern over transmissibility of the SARS-CoV-2 
virus via respiratory droplets has created a tremendous and 
renewed focus on aerosol generation during various activi-
ties and medical procedures. Numerous studies measuring 
human-generated aerosols have been carried out during the 
current pandemic [4–12] and in general these studies have 
primarily focused on aerosols generated during common 
person-to-person interactions at rest such as talking, cough-
ing, and sneezing. Published studies of aerosols generated 
during vigorous breathing activities (exercise) on the other 
hand are limited.

Cardiopulmonary exercise testing (CPET) provides 
assessment of pulmonary and cardiovascular system func-
tionality by measuring the response of these systems to both 
submaximal and peak effort during exercise [13]. CPET and 
numerous other medical procedures that produce aerosols 
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and are deemed non-emergent have been postponed or sus-
pended during the current pandemic based on expert opinion 
and international guidelines [7, 13–20]. However, measure-
ment and analysis of aerosols produced during CPET are 
lacking, and applicability of aerosol data from resting 
breathing and spirometry maneuvers to CPET have not been 
adequately established.

In this study we measured aerosol generation by healthy 
human subjects using a novel high-powered pulsed-laser 
technique with the primary objective of comparing aerosol 
concentrations generated during CPET at submaximal and 
peak exercise to those generated during resting tidal breath-
ing. To our knowledge, this is the first study to objectively 
measure aerosol generation during CPET.

2 � Methods

Two healthy, human CPET trainers participated as test 
subjects in the present study after providing informed con-
sent. The testing protocol is consistent with the principles 
of the Declaration of Helsinki [21] and was approved by 
Vyaire Medical Affairs. Experiments were carried out in a 
diagnostic training lab at Vyaire Medical in Mettawa, IL, a 
leased space in a commercial office building. The building 
air conditioning (A/C) system complies with the Interna-
tional Mechanical Code, ASHRAE Standard 90.1, and the 
International Energy Conservation Code as mandated by the 
State of Illinois.

The experimental setup is shown in Fig. 1(top). A gantry 
was built to hold a flashlamp-pumped, Q-switched double-
cavity pulsed Nd:YAG laser (Quantel, Bozeman, MT) above 
the subject. (Both subjects wore protective eyewear.) A 
90-degree beam-steering mirror and a variable-beam-waist 
optic (LaVision USA, Ypsilanti, MI) were utilized to direct 

Fig. 1   Top—Experimental 
Test Setup: (1) subject, (2) 
exercise bike, (3) gantry, (4) 
CPET interface, (5) breath 
region, (6) pulsed-laser, (7) 
sheet optics, (8) laser sheet, (9) 
CMOS camera, (10) camera 
Lens. Bottom—Image Process-
ing Example—Raw Image 
(left), Processed Image (right), 
Multi-step smoothing and pixel 
threshold algorithm consisted 
of: (a) subtracting the statisti-
cal minimum pixel intensity 
from each image to remove the 
background; (b) smoothing each 
image to eliminate pixel noise; 
and (c) identification and count-
ing of particles based upon pixel 
intensity threshold
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and convert the laser beam into a light sheet to illuminate 
aerosol particles in the region of interest (ROI). A 5.5-meg-
apixel CMOS camera (LaVision USA, Ypsilanti, MI) with 
global shutter and double-frame mode was combined with 
a 60 mm f2.8 macro lens (Nikon USA, Melville, NY). Field 
of view of the camera was approximately 20 mm. Image 
acquisition was synchronized with the laser pulses using a 
PTU-X Synchronizer (LaVision USA, Ypsilanti, MI). The 
imaging ROI was located immediately downstream of the 
CPET interface to capture particles generated on a breath-
by-breath basis.

Particle imaging data were captured and processed using 
commercial image-processing software (DaVis 10, LaVision 
USA, Ypsilanti, MI). Image pairs were captured at 15 Hz for 
durations selected to match the test being performed. Parti-
cle-image velocimetry (PIV) was used to measure particle 
velocities. Velocities of the flows downstream of the CPET 
patient-interface were utilized to assign particle images to 
either inhalation or exhalation. Particle counts were calcu-
lated for each image using a multi-step smoothing and pixel-
threshold algorithm. Figure 1(bottom) shows an example 
raw particle image prior to processing (left) and a processed 
image (right).

2.1 � CPET Breath‑by‑Breath Measurements

CPET with breath-by-breath aerosol particle counting was 
performed using two different cycle-based CPET systems 
and associated patient interfaces. The first system consisted 
of a Vyntus™ CPX Metabolic Cart (Vyaire Medical, Met-
tawa, IL) using a Digital Volume Transducer (DVT) flow 
sensor (Vyaire Medical, Mettawa, IL) with head attachment 
of a 7450 Silicone Oro-Nasal mask (Hans Rudolph Inc, 
Shawnee, KS). The second system consisted of a Vmax™ 
Metabolic Cart (Vyaire Medical, Mettawa, IL) using a hot-
wire mass flow sensor (MFS, Vyaire Medical, Mettawa, 
IL), and mouthpiece and nose clip (VacuMed, Ventura, 
CA) secured to the subject with headgear (Vyaire Medical, 
Mettawa, IL). An upright cycle ergometer (Ergoline GmbH, 
Bitz, Germany) and Cardiosoft 12-lead ECG (GE Health-
care, Chicago, IL) were common to both systems. The DVT 
and MFS were secured in place such that the laser sheet 
could be aligned precisely with the outlet of each sensor. The 
subjects breathed through an extension tube placed between 
the flow sensor and the mask or mouthpiece. Figure 2 pro-
vides a schematic and a camera image of the experimental 
setup and particle counting ROI for the CPET experiments.

Two healthy trained subjects exercised using a 3-phase 
incremental ramp protocol (2 min resting breathing, 30-W 
ramp exercise, 2-min active recovery) until volitional 
stoppage due to exhaustion when the subject reached 
respiratory compensation. Particle images were taken in 
sequences of 200 image pairs at 90 s resting breathing, 

at 2-min intervals during exercise, and at reaching peak 
work-rate intensity. Following this, images were captured 
at 30 s and 2 min during recovery.

Estimation of endogenous aerosol particle generation 
during the testing followed a process of assigning particle 
counts to either inhalation or exhalation using measured 
velocities, followed by integration over each breath to 
determine the aerosol particles per unit volume generated 
at each point in the CPET regimen. Figure 3 contains a 
representative raw particle count (blue) and mean velocity 
plot (orange) from the breath-by-breath CPET measure-
ments at peak exercise. Particle count and mean velocity 
are plotted as a function of time. Inhalation and exhalation 
phases can be clearly observed as the particle count rises 
to a maximum during exhalation and returns to a baseline 
value during inhalation. The transition from inhalation to 
exhalation occurs as the mean velocity changes from posi-
tive (inhalation) to negative (exhalation).

Measured particle counts were integrated over each 
breath (area under the curve, AUC) to calculate the aer-
osol concentration in the interrogation region for both 
inhalation and exhalation. Each exhalation of particles 
is assumed to include both endogenously generated aero-
sol particles plus particles inhaled from the surrounding 
ambient region on the prior inhalation. Therefore, the net 
amount of aerosol generated per breath was determined by 
subtracting the particle count of the prior inhalation from 
each measured exhalation count. The thickness of the laser 
sheet was measured optically such that the illuminated vol-
ume could be calculated as the area of the rectangular ROI 
shown in Fig. 2 (34.3 mm X 26.7 mm) multiplied by the 
laser sheet thickness (2.62 mm). This volume was 2.4 cm3 
and enabled scaling of all aerosol particle counts to a per 
ml basis.

2.2 � Aerosol Size

A qualitative comparison of aerosol particles generated 
by the test subjects during CPET with both side-stream 
tobacco cigarette smoke particles and jet nebulizer drop-
lets enabled estimation of aerosol size; Fig. 4 compares 
images of these aerosols. Aerosol droplets generated with 
a jet nebulizer (MistyFast, Vyaire Medical, Mettawa, 
IL) have a known size range of 2–3 microns[22] and are 
observably much larger than the CPET aerosol particles. 
On the other hand, the tobacco smoke particles (with 
known size range of 0.1–0.3 microns [23]) appear very 
similar in size to the CPET-generated particles. Based on 
this similarity, we estimate that the aerosols generated in 
this study during CPET are primarily in the lower sub-
micron range (< 0.3 microns) which is consistent with 
other published literature [24–28].
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3 � Results

Demographic data for the two experimental subjects 
(designated PP1 and PP2) is provided in Table 1. Tim-
ing between subject tests was irregular and varied from 
10 min to 2 h. Table 2 contains subject exercise test data 
from the breath-by-breath CPET experiments at rest-
ing breathing and peak exercise. Figure 5 contains plots 
of net exhaled particles (NEP) per ml as a function of 
exercise phase during CPET for both subjects and inter-
faces (DVT—top, MFS—bottom). Minute ventilation for 
each subject is overlayed in each plot. For both CPET 
interfaces/flow sensors and both subjects, the NEP per 

ml reached a minimum value at peak exercise and sub-
sequently increased into recovery. NEP per ml was two 
to three times higher at resting breathing than at peak 
exercise. On a per minute basis (Fig. 6), NEP produc-
tion initially rose with exercise but declined in late and 
peak exercise, then rebounded in early recovery to values 
approximately three to four times higher than measured 
during resting breathing.

Figure 7 contains a comparison plot of NEP per ml as a 
function of CPET phase for subject PP1 with the two dif-
ferent CPET interfaces/flow sensors. There was a small but 
measurable difference in NEP between the two CPET inter-
faces; the trend of NEP per ml as a function of CPET phase 

Fig. 2   CPET breath-by-breath 
experimental measurement 
setup (top) and image of 
aerosol particle counting region 
(bottom) with digital volume 
transducer
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(i.e., reaching a minimum at peak exercise and then rising 
during recovery) was observed to be independent of CPET 
interface/flow sensor.

4 � Discussion

In this experimental study, the first of its kind to objec-
tively measure endogenous aerosol production during 
CPET, we report two important physiological findings. 
Firstly, we observed a unique pattern of endogenous 
aerosol production as subjects transitioned from resting 
breathing through submaximal exercise to peak exercise, 
followed by recovery. Exhaled aerosol particle concentra-
tion remained relatively constant until late/peak exercise, 
when it decreased. During recovery the concentration then 
rebounded to approximately resting breathing levels. This 
pattern runs counter to the expectation that increased effort 
should lead to increased aerosol production. The reasons 

Fig. 3   CPET breath-by-breath 
raw particle count (blue) and 
mean velocity (orange) as a 
function of time at peak exercise 
intensity, subject PP1. Particle 
counts rise to a maximum dur-
ing exhalation and return to a 
baseline value during inhala-
tion. Transition from inhalation 
to exhalation occurs as mean 
velocity transitions from posi-
tive to negative values

Fig. 4   Comparison of CPET aerosol particles (left) with tobacco smoke particles (center) and Jet nebulizer aerosol droplets (right)

Table 1   Volunteer test subject demographic data

Subject Sex Age (years) Race Height (cm) Weight (kg)

PP1 Male 56 Caucasian 170 102
PP2 Male 45 Caucasian 173 82
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for this pattern are unclear, but may involve relative dehy-
dration of the airways or earlier clearance of secretions 
during the submaximal portion of the testing protocol or 
a relative increase in minute ventilation compared to the 
number of exhaled particles. This would result in a dif-
ferent pattern of aerosol generation compared to resting 
respiratory maneuvers such as coughing and forced exha-
lation. This further precludes direct comparison between 
the different types of procedures. This pattern of aerosol 
production has not been previously noted with other types 
of resting respiratory maneuvers [24]. The reasons for 
the rebound in exhaled aerosol particle concentration in 
recovery are also unclear but may be related to changes in 
tidal volume and physiologic dead space ventilation. As 
the ratio of dead space ventilation to tidal volume (VD/
VT) falls in late CPET, an increasingly higher fraction of 
VT is actual alveolar ventilation. This would suggest that 
the site of particle production is not primarily alveolar in 
origin. The decrease that we see is most likely a combina-
tion of a decrease in water available in the large to mid 
airways in late exercise combined with the proportionately 
small contribution of anatomic VD to total TV. However, 
the fall in VD/VT in late exercise should be a gradual 
process, and there may even be a slight increase in VD/
VT due to hyperventilation. We did not note these findings 
during this limited pilot study. Nonetheless, our data sug-
gest that extrapolation of aerosol production results from 
resting breathing maneuvers [2, 6, 27, 29–31] to CPET, 
particularly at peak effort levels, may not be appropriate.

Secondly, we observed substantially higher exhaled par-
ticle concentrations (1–2 orders of magnitude) during both 
resting breathing and exercise in comparison to published 
literature, a result which we believe is attributed primarily 
to measurement technique and test setup. Studies in the lit-
erature have shown discrepancies of several orders of magni-
tude in reported concentrations of aerosols in exhaled breath 
[25, 27, 29, 32, 33]. The high-powered laser technique used 
in our study coupled with the relatively small area of focused 
illumination enabled counting of significant numbers of par-
ticles less than 0.3 microns in size. This is evidenced by 
a direct comparison of illuminated exhaled aerosol during 

CPET to sidestream tobacco smoke particles measured 
under the same setup (Fig. 4). Sidestream tobacco particles 
are well-established to be in the 0.1–0.3 micron size range 
[23]. This in effect allows us to ‘see’ aerosol particles that 
may remain invisible to techniques used in previously pub-
lished aerosol counting studies. For example, we note that 
in the experiments of Asadi et al. [32], the authors reported 
significantly lower exhaled aerosol concentrations during 
human talking than those measured in the present study dur-
ing various phases of CPET. However, the instrument used 
in those experiments (light-scattering spectrometer, TSI 
Model 3321) has a stated minimum aerodynamic particle 
sizing limit of 0.5 microns. For this reason, direct quantita-
tive comparison of measured aerosol concentrations is not 
appropriate in this case nor in numerous other published 
studies due to differences in both technique and instrument.

Furthermore, we note that exhaled aerosol particles are 
in the same size range as persistent ambient background 
aerosols which underscores the importance of appropri-
ately accounting for inhaled particle counts. Our novel use 
of particle velocity measurements to assign aerosol counts 
to inhalation and exhalation phases enabled us to improve 
estimation of true exhaled aerosol concentration. Although 
there is known heterogeneity between subjects in exhaled 
aerosol concentration measurement [12], this in itself is not 
sufficient to explain order of magnitude differences which 
we propose are fundamentally attributed to instrument and 
technique. The existence of larger quantities of ultrafine par-
ticles in exhaled breath during both resting breathing and 
various levels of exercise is physiologically important, and 
likely has clinically relevant implications in a number of 
important areas. We do not venture at this time to speculate 
on these; ideally our current findings will encourage addi-
tional experiments and related physiological studies.

It is also worth noting that there is essentially an absence 
of larger particle production during tidal breathing with 
CPET, as demonstrated in Fig. 4. This is in contrast to pre-
vious studies with resting respiratory maneuvers such as 
phonation, forced exhalation, or coughing. The reasons for 
this difference are unclear but may be related to the relatively 
low exhalation pressures seen in the tidal volume breathing 

Table 2   Breath-by-breath CPET subject exercise data during resting breathing and peak exercise

CPET cardiopulmonary exercise testing, W watts, HR heart rate, BPM beats per minute, MFS mass flow sensor, DVT digital volume transducer

Subject CPET interface CPET sensor Resting breathing 
minute ventila-
tion (L/min)

Peak exercise 
minute ventila-
tion (L/min)

Resting breath-
ing tidal volume 
(L)

Peak exercise 
tidal volume 
(L)

Peak exer-
cise load 
(W)

Peak exercise 
HR (BPM)

PP1 Headgear MFS 29.0 143.7 1.4 2.7 255 137
PP2 Headgear MFS 28.3 149.4 1.6 3.5 279 179
PP1 Mask DVT 31.8 125.4 1.4 2.4 261 141
PP2 Mask DVT 23.8 145.9 1.7 3.1 282 181
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with CPET even at peak exercise (Fig. 3) compared to these 
more forceful resting exaltations such as coughing. Dehy-
dration, as stated above, could also be a factor. These differ-
ences will need further study to assess both their etiology 
and potential significance.

Our study has certain limitations. For the purposes of 
this study, we have assumed that the NEPs measured from 

a breath are equal to total exhaled particles produced minus 
inhaled particles. However, the fate of inhaled particles 
is not known. Many or most particles may be trapped by 
the respiratory epithelium and therefore not contribute to 
exhaled particles. In this case, NEPs may be equal to or close 
to the number of endogenously-produced particles. Further 
studies quantifying the impact of ambient particle counts on 

Fig. 5   NEP per ml and minute 
ventilation (VE) as a function 
of CPET phase (DVT—top, 
MFS—bottom). NEP net 
exhaled particles, CPET cardio-
pulmonary exercise testing, VE 
minute ventilation, MFS mass 
flow sensor, DVT digital volume 
transducer
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NEP at varying levels of exercise may be helpful to answer 
this question. The masks used during this study may have 
imparted unanticipated variables such as airflow stagnancy 
in either the mask or the tubing. Validation of our results 
may have been accomplished through matched breaths in 
open air (no mask) into the region of interest of the laser. 
The use of a radioisotope tracer comparing inhalation with 

exhalation phases could have provided a control for our tech-
nique. There are no similar studies in the available literature 
for direct external validation due to our unique method of 
quantifying aerosol particle production during CPET. Previ-
ous studies have analyzed subjects using different technolo-
gies and measurement setups, and our data suggest that it 
would be imprudent to extrapolate those studies to CPET. 

Fig. 6   NEP per minute and 
minute ventilation as a function 
of CPET phase (DVT—top, 
MFS—bottom). NEP net 
exhaled particles, CPET cardio-
pulmonary exercise testing, VE 
minute ventilation, MFS mass 
flow sensor, DVT digital volume 
transducer
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We did not directly measure the size of particles being 
produced but leveraged surrogates of particle size, namely 
smoke [23] and nebulized water [22]. Most importantly, we 
had only a small number of test subjects, limiting generaliz-
ability of findings and increasing the chances of bias. We 
believe our findings warrant further experimental studies of 
aerosol production during CPET.

5 � Conclusions

The results of the present study illuminate a physiologi-
cally interesting pattern of aerosol production during CPET 
wherein NEP counts decrease around peak exercise to levels 
significantly below those at resting breathing. This suggests 
that extension of resting breathing aerosol data to CPET may 
not be appropriate. Exhaled particle concentrations were 
substantially higher in our experiments than those previously 
reported, a result which may be attributed to the capability 
of our measurement technique to capture ultrafine submicron 
aerosol particles.
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