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Abstract

:

Modeling of airborne virus transmission and protection against it requires knowledge of the amount of biofluid emitted into the atmosphere and its viral load. Whereas viral concentrations in biofluids are readily measured by quantitative PCR, the total volume of fluids aerosolized during speaking, as measured by different researchers using various technologies, differs by several orders of magnitude. We compared collection methods in which the aerosols first enter into a low-humidity chamber either by direct injection or via commonly used funnel and tubing arrangements, followed by standard optical particle sizer measurement. This “collect first, measure later” approach sacrifices the recording of the temporal correlation between aerosol generation and sound types such as plosives and vowels. However, the direct-injection mode prevents inertia deposition associated with the funnel arrangements and reveals far more intermediate-size (5–20 μm in diameter) particles that can dominate the total mass of ejected respiratory aerosol. The larger aerosol mass observed with our method partially reconciles the large discrepancy between the SARS-CoV-2 infectious dose estimated from superspreader event analyses and that from human challenge data. Our results also impact measures to combat airborne virus transmission because they indicate that aerosols that settle faster than good room ventilation rates can dominate this process.
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1. Introduction


Sources of respiratory aerosol that have been implicated in virus transmission include breathing, coughing, sneezing, and other sound-producing activities such as talking, singing, and laughing [1,2,3]. Whereas disease transmission associated with symptomatic coughing and sneezing activities had long been widely recognized [4], symptomless transmission involving breath and speech aerosols has proved far more insidious and has been regarded as the primary challenge in containing COVID-19 [5,6]. Breath aerosols consist of deep lung airway lining fluid, aerosolized during the opening of transiently closed small airways [7]. Because such particles are generated in the distal airways, they will only carry viruses if their epithelium is infected, which is typically associated with symptoms [8]. By default, vocal activity therefore remains as the prime culprit behind asymptomatic transmission.



Numerous studies at different levels of sophistication have modeled airborne virus transmission, with important implications for disease prevention [9,10,11,12,13,14,15,16]. Key parameters in such analyses include the total mass of respiratory aerosol generated by the infected person, the concentration of virions inside such aerosols, and N0, the infectious dose, which is the number of virions that, if inhaled, results in a 63% probability of generating an infection. Using the Wells–Riley model of infection, the probability of infection upon inhalation of N virions is given by


  P  ( N )  = 1 −  e  − N /  N 0     



(1)







N0 is often referred to as a ‘quantum’, which allows the modeling of transmission without assigning a numerical value to N0 [17,18]. From the observed infection probability among attendees at superspreader events and their known air intake, an estimate of the number of quanta emitted by the infected person can be generated, provided parameters such as total room volume, room ventilation rate, and sedimentation rates of the virus-containing aerosols are available [10,11,14].



The aerosolized respiratory emissions for various activities have been extensively measured using aerosol detection equipment, most commonly by aerodynamic particle sizers (APSs). The total dried mass per second ranged from a median of 5.6 pg/s for breathing adults, to a “top whisker” of 1.3 ng/s for singing children [19]. Under the widely used assumption that virus concentration in the emitted fluid droplets equals that of the respiratory fluids from which these particles derive, the concentration of virions encapsulated in the aerosols is estimated from quantitative polymerase chain reaction (PCR) measurements of bulk respiratory fluid. Since the modeling-derived number of quanta produced by the infected person corresponds to their total number of aerosolized virions, i.e., the aerosol mass times its viral concentration, N0 can be estimated from these values.



Analysis of multiple well-documented COVID-19 superspreader events yielded N0 values of 10–100 virions [9,11]. However, such a low infectious dose is incompatible with cell culture work [20], with what is known for other viruses [21], and most importantly, with the human challenge data of Killingley et al. [22], which all point to N0 values that are at least three orders of magnitude higher. In other words, these modeling results appear inconsistent with virus transmission through air.



Prentiss et al. [14] and Mikszewski et al. [15] recognized this large infectious dose inconsistency and used the ca. 1000-fold larger but rather approximate ejected particle mass derived from light scattering aerosol counts and particle sedimentation velocities [23], rather than the precise and carefully documented APS aerosol mass measured by multiple groups [19,24,25,26,27,28]. Another study used both APS and light scattering video observations of the respiratory aerosol, finding particle counts consistent with prior APS measurements but also observing impressive clouds of particles that appeared to contain numerous aerosols much larger than observed by their APS [29]. However, precise measurements of the sizes and trajectories of ejected particles from high-speed video are limited by their often rather narrow field of view and remain restricted to technologically highly advanced laboratories [30,31,32,33,34].



In our own work, we adopted a “collect first, measure later” method, where droplets were first injected through a large opening into a dehydration chamber, followed by conventional analysis of the chamber contents by an optical particle sizer (OPS) [35]. In contrast to the prevailing literature based on particle sizer (APS and OPS) measurements, we found that the mass of ejected aerosols for speaking was dominated by particles with diameters larger than 5 μm, but small enough to remain airborne for many minutes [35]. However, for breathing and vowel vocalization, the aerosol numbers and total mass were similar to those reported by others [35]. While both our “collect first, measure later” and recent measurements in the literature were based on particle sizers, the methods differ in how the particles are guided to the instrument. In our measurements, particles generated by a brief burst (10–15 s) of vocal or other respiratory activity are first collected with near 100% efficiency into a reservoir of clean, dry air, from which the OPS withdraws air at a fixed rate.



Our method differs from most measurements in the literature which employed a funnel to guide respiratory emissions, via tubing, directly to the particle sizer. This latter, more direct approach has the advantage of providing a temporal correlation between respiratory activity and observed particles, simplifying the study of specific sounds [26]. On the other hand, this more direct approach suffers from a mismatch between the constant air intake by the particle sizer and the highly fluctuating airflow generated by respiratory activities such as coughing and speaking. In particular, both plosive sounds and coughing are associated with the emission of brief bursts of air. When emitted into the funnel, such bursts of high-speed respiratory air will greatly perturb the laminar flow pattern of air drawn into the funnel, thereby causing mixing with room air and generating particle losses.



A second concern relates to the respiratory air becoming super-saturated upon cooling to room temperature, potentially resulting in rapid particle growth due to nucleated condensation [36]. Even if these particles, enhanced in size by nucleated condensation, do not sediment during their travel through tubing to the particle sizer, their precise hydration status remains unknown and highly hydrated medium-sized (5–20 μm) particles are strongly undercounted by APS instrumentation [37,38].



A third concern relates to the impaction of emitted particles on the funnel surface. High-speed video analysis of speech particles showed that, in particular, larger speech particles retained high velocities for distances that greatly exceed the diameter of typically used funnels [29]. A quantitative analysis of speech particles at ~17 mm in front of the lips yielded an average velocity of 3.4 m/s, with a maximum of 29 m/s, with dehydration at 80% RH requiring more than 100 ms for the vast majority of droplets [34]. With the distance of the lips to the funnel surface in many experimental setups being only a few centimeters, the Stokes number for many of the larger hydrated droplets will be greater than one. Such a high Stokes number, in particular for the larger particles, implies a high probability of impaction on the funnel surface. Although numerical calculations on such a chaotic system are very challenging, experimental measurements of particle losses between entering and exiting the funnel are straightforward and are the focus of the current study.



Our experimental setup compares the aerosol volume emitted into the atmosphere by several respiratory activities with the quantity measured when using the common funnel-and-tubing arrangement for guiding aerosols to a particle sizer. By passing the particles through a low-humidity chamber, ambiguity regarding the hydration status of detected aerosols is effectively removed. Our measurements are minimally affected by impaction or by sedimentation of hydrated particles, resulting in a substantially larger total mass of detected aerosols, in particular for speech activity with strongly modulated airflows.




2. Materials and Methods


2.1. Human Subject


The National Institutes of Health, USA, Institutional Review Board provided an exemption of clinical research for comparing aerosol collection methods for a single volunteer and allowed for replicates to evaluate the reproducibility of the detection method (IRB Exemption Number 000276; iRIS Reference Number 551429).




2.2. Experimental Setup


A factory-calibrated TSI-3330 OPS was used for quantitative aerosol analysis. This instrument drew air at 1 L/min from a 7 L cylindrical dehydration chamber, prefilled with ultraclean dry (<1% RH) air. Air was cycled from the chamber through the OPS and returned to the chamber after HEPA filtering. Prior to the respiratory activity, the chamber particle background registered < 1 L−1. The cylinder’s inner surfaces were coated with static-shielding polyethylene (McMASTER-CARR, part number 4663T9). The OPS counts particles in 16 bins, sized from 0.3–10 μm, with an “oversize bin” for particles > 10 μm. We used an average diameter of 10.3 μm for oversize-bin particles, based on the fit of the experimental correlation between sedimentation velocity and particle size for diameters < 10 μm (vide infra).



Our entire setup (Figure 1; Supplementary Material Figure S1) was located in a large (80 m2) pulsed laser facility regulated at 21.0 ± 0.3 °C, relative humidity (RH) in the 19–23% range, and a background < 900 particles/L in the main area. Within this area, sections surrounding optical tables are surrounded by plastic curtains, with air supplied from above through two large 60 cm × 120 cm HEPA filters suspended from the ceiling, each supplying the enclosed area with 50 m3 of air for ca. 10 air changes per hour. With the volunteer present, donned in polyethylene/polypropylene protective clothing, the background in the enclosed area was <20 particles/L. The background decreased to <5 particles/L in the absence of the volunteer.



Respiratory aerosol was entered through a 10 cm diameter plastic funnel, connected by either 7.5 of 12.7 mm inner diameter (ID) tubing, or 100 cm conductive tubing (TSI Inc., Shoreview, MN, USA; product number 3001788), ID 5 mm, to the top of the dehydration chamber. The cylinder orientation was switched from a 35° orientation during the respiratory activity to vertical (90°) during actual OPS measurements. The funnel geometry and its 7.5 cm tubing mimic the setup of Asadi et al. [25]; longer tubing was used by others [19,27]. The funnel and tubing were coated by electric heating elements and externally covered by thermal insulation. This arrangement enabled switching of the funnel and tubing temperature from room temperature to ≥40 °C. To evaluate whether supersaturation of exhaled air leads to condensation on the tubing walls and to particle growth caused by nucleated condensation during transit to the chamber, data were acquired with and without heating.



A second mode of aerosol entry into the dehydration chamber, referred to as “direct injection”, was through a 4.5 cm inner diameter (ID) tube of 3.3 cm length, with the lips of the volunteer positioned inside the tube during the respiratory activity.



During the respiratory activity, a vacuum line near the chamber’s center draws air into the chamber through the breathing port at a flow rate of 5 L/min for 12 s, starting just prior to the vocalization. This flow rate matches that of the TSI 3312A and 3321 APS instruments used in the widely cited literature [19,24,25,26,27,29], but is well below our average respiratory exhalation flow of 12 ± 2 L/min following a deep inhalation and a 1 s breath-hold. For respiratory activity ≥ 5 L/min, the excess exhaled air simply did not enter the dehydration chamber when using the funnel. For “direct injection”, excess air escaped from the chamber through the inlet port, causing a greater fraction of expired air to enter the chamber than when using the funnel arrangement. The actual amount of exhaled air entered into the dehydration chamber was determined from the increase in chamber humidity, assuming an absolute humidity of 33 mg/L for the exhaled breath [24].




2.3. Expiratory Activities


Measurements were carried out for breathing and three vocal activities, an extended ‘aah’ vowel, counting 1–12, and six repeats of the word ‘popeye’, with each of these four activities applied during the 12 s interval that air was drawn into the dehydration chamber. Sounds were at a high loudness level that proved easiest to reproduce quantitatively (87 ± 1.5 dBA at 50 cm). The word ‘popeye’ was used because it contains two/p/plosives that generate numerous droplets from fluid covering the lips [39], while the ‘eye’ generates the puff of air carrying these droplets forward. “Popeye” is phonetically similar to ‘papa’, a word evaluated by Asadi et al. [26], who found that it yielded minimal aerosols. The large contrast between Asadi’s funnel-APS collection method and the videos of Abkarian [39], as well as our prior measurements [35], made this a good case for exploring the source of these large differences. To evaluate whether the large differences we observed in particle distributions between direct and funnel-guided injection were unique to plosive-rich words, we also carried out measurements for breathing, for loud vowel vocalization (‘aah’), and for loud counting from 1 to 12, each during a single 12 s exhalation that followed deep inhalation.




2.4. Uncertainty in Aerosol Counts


Variations in respiratory aerosol counts for the five repeats of each measurement often were outside the statistical uncertainty of ±√N, for N counts in any given bin, and therefore are dominated by the variation in aerosols produced by the volunteer upon repeating the same respiratory activity. Reported values are the geometric means with errors corresponding to the standard deviation from the geometric mean, and do not include uncertainties in the amount of breath captured or statistical uncertainties that were small relative to the variation in separate measurements.




2.5. Aerosol Detection Methods


Because our study focuses on a comparison of the aerosol detection methods, not on a statistical survey of bioaerosol emission expected for the wider population, all measurements were carried out for the same volunteer but repeated five times to validate that differences observed between the collection protocols were reproducible. Measurements were carried out with each of five methods: (1) direct injection; (2) heated funnel and short tubing; (3) heated funnel and long tubing; (4) room temperature funnel and short tubing; (5) room temperature funnel and long tubing. This series of measurements was carried out in an interleaved manner, i.e., once with each of these collection methods per series, with this entire series repeated five times. This protocol minimizes the time lapse between different aerosol collection methods, thereby minimizing the effect of variations in the number of particles ejected per activity that occur on a time scale of hours or days.




2.6. Aerosol Sedimentation Velocity


The loss in the particle number concentration, CN,D(t), of diameter D as a function of time, t, was obtained from non-linear least squares fitting of the particle counts, measured over a duration of six minutes. The experimental input data and Python analysis code can be accessed at https://zenodo.org/records/11094850 (accessed on 5 May 2024).





3. Results


3.1. Condensation during Transport


For the arrangement involving the heated funnel and tubing, which have surface temperatures above body temperature, no vapor condensation takes place during the transport of exhaled breath into the cylinder. Indeed, the observed increase in RH for the heated setup with short tubing is consistent with the value expected in the absence of vapor losses for the transport of one liter of exhaled breath into the chamber (Figure 2a). This result indicates that during continuous exhalation at a rate that is more than double that of the airstream pulled into the cylinder, the air pulled into the chamber only consists of exhaled breath. A slightly lower increase in humidity is observed when using the 1 m length heated tubing (Figure 2a). We attribute this small loss of water vapor during transport to absorption on the highly dehydrated inner surface of the tubing after it had been flushed with 0% humidity air for several minutes. By contrast, a considerably smaller increase in relative humidity is observed when exhaling in the absence of heating through the short tubing arrangement, indicative of condensation on the funnel surface and tubing wall, pointing to the super-saturation of air that is drawn into the chamber. As expected, the condensation losses further increase when the long tubing is used in the absence of heating (Figure 2a).



For vocalization of the ‘aah’ sound, the increase in chamber humidity closely mirrors that of continuous breathing because this loud ‘aah’ also corresponds to a steady airstream that still exceeds the intake by the funnel, albeit at a slightly lower flow rate of ca. 10 L/min (Figure 2b). On the other hand, for the vocalization of ‘popeye’, the humidity increases in the chamber are ca. 25% below the increases seen for the ‘aah’ sound, even while the total quantity of exhaled air (ca. 2.4 L) greatly exceeds the amount of air pulled from the funnel into the chamber. Because air is drawn into the chamber at a constant rate of 5 L/min, we attribute this incomplete entry of exhaled air into the chamber to its mixing with low-humidity (RH ca. 21%) room air inside the cone section of the funnel during the bursts of exhaled breath associated with plosive sounds. An even smaller RH increase is seen upon loud counting, which points to even more extensive mixing of the exhaled air bursts with room air, prior to being drawn into the chamber, with less than 60% of the air pulled through the funnel corresponding to exhaled breath (Figure 2b).



For all respiratory activities, direct entry of exhaled air into the chamber resulted in RH increases that exceeded the expected increase for the 1 L of breath being pulled into the chamber (Figure 2c). This result therefore indicates that more breath enters the chamber than is actively pulled into it by its vacuum port. Here, the greatest increase in RH is observed for the breathing exhalation, presumably because the total volume of exhaled air was the largest. A substantially elevated RH increase is also obtained for the ‘popeye’ activity, where the plosive bursts of air may penetrate the chamber more deeply (Figure 2c). These results indicate that dry air must have exited the chamber through the entry port when exhaling or speaking into it without making a seal.



The actual amount of air entering into the chamber by direct injection is derived from the RH increase under the simplifying assumption of instantaneous complete mixing and no condensation. Under these assumptions, the AH in the chamber (AHc) upon entering a breath volume, Vb, increases as:


AHc(Vb) = AHb [1 − exp(Vb/Vc)]



(2)




where Vc is the volume of the dehydration chamber and AHb is the absolute humidity of exhaled breath (33 mg/L). The actual volumes of breath, entered by the direct injection activities, all exceeded 1 L and are largest for the breathing and ‘popeye’ activities (Figure 2d).




3.2. Sedimentation during Measurement


The OPS draws air from the 7 L chamber at a flow rate of 1 L/min and returns it to the chamber after HEPA filtering. Under the assumption of homogenous mixing inside the chamber, aided by convection, the particle density in the chamber decreases exponentially with a rate constant, λ, given by


λ = αOPS + αwall + v/H



(3)




where αOPS is the sum of the chamber ventilation rate (1/7 min−1), αwall represents particle losses due to deposition on the chamber wall and ceiling, and v/H is the gravitational sedimentation rate. Here, H is the chamber height (30.5 cm) and v is the gravitational sedimentation velocity in air, which scales with the square of particle diameter. For a spherical particle of diameter D (μm) and density ρ (g/cm3) in room air, v ≈ 2.7 ρ D2 ×10−3 cm/s.



For particles with diameters ≤ 3 μm, αOPS and αwall dominate the decrease in particle concentration observed during sampling by the OPS, but v/H dominates for particles in the 6.5–10 μm bin (Figure 3a). For the oversize bin, for which the OPS is unable to estimate size, λ equals 0.77 ± 0.1 min−1 (Figure 3a). Using a linear fit of the observed λ values against D2 (Figure 3b), the λ value for the oversize bin corresponds to a particle diameter of 10.3 ± 0.6 μm. The fitted slope of Figure 3b corresponds to a particle density ρ = 1.07 g/cm3, somewhat lower than expected for a fully dehydrated particle consisting of solid organic matter. This slightly lower-than-expected sedimentation velocity is tentatively attributed to the deviation from spherical shape for fully dehydrated particles, observed experimentally [40,41], which increases air resistance relative to a spherical particle of the same volume. Extrapolation of the linear regression to D = 0 yields λ = 0.2 min−1, which is faster than the expected chamber ventilation rate of 0.14 min−1 for the withdrawal of air from the chamber by the OPS. This difference corresponds to αwall = 0.06 min−1 and is known to be elevated in stirred aerosols [42]. In our chamber, the stirring is induced by the return air from the OPS that enters the chamber at a speed of 0.85 m/s.



The total fraction of chamber aerosol sampled by the OPS, f, corresponds to the integral of αOPS×exp(−λt) for the duration, T, that air is sampled from the chamber:


f = (αOPS/λ) [1 − exp(–λT)].



(4)







The total quantity of aerosols present in the chamber at the start of sampling is then obtained by dividing the OPS particle counts by f (Figure 3c). For the T = 3 min sampling durations used in our aerosol measurements, the applied correction factor ranges from f = 0.33 for particles ≤ 3 μm to f = 0.16 for the oversize bin of particles with diameters ≥10 μm (Figure 3b).




3.3. Breathing


Breath aerosol was collected following a single large volume (ca. 2.5 L) exhalation of 12 s duration, preceded by deep inhalation but not the deep exhalation maneuver that causes a large increase in breath droplets [43].



As discussed above, for both breathing and ‘aah’ vocalization guided through a heated funnel with short tubing, the chamber RH increase was consistent with 1 L of exhaled breath entering the chamber, and this volume was therefore used for analysis of both heated and unheated funnel-guided measurements. For ‘direct injection’, the total amount of breath that entered the chamber was derived from the RH increase and exceeded, by 1.3- to 1.6-fold, the volume pulled into the chamber at the 5 L/min rate.



After making these adjustments for the actual volume of breath entering the chamber, the distribution of both the number and volume of breath particles observed with the direct and funnel injection methods were found to be very similar, and more than 300-fold above the background (1.9 ± 1 fL/L) measured in the presence of the volunteer carrying out identical movements but holding their breath rather than exhaling or vocalizing (Figure 4a). The total volumes of all breath particles, derived from the summed values of particles of known diameter collected in each bin, show that the five different modes of collecting breath particles yield values that are very similar (Figure 4c). This result indicates that the quantitative measurement of the total breath particle volume is not significantly affected by losses from particle impaction on the funnel surface, nor from gravitational sedimentation associated with nucleated condensation of supersaturated air during transport to the dehydration chamber.




3.4. Vowel ‘aah’


Loud vowel sounds are often considered representative of singing and were shown to produce large numbers of small aerosols [24,25,26], thus providing another useful test for comparing the different detection methods. As was observed in previous measurements [24,25,35], particle sizes are small with very few counts for diameters ≥ 5 μm (Figure 4d). A ca. three-fold decrease in particle counts for diameters larger than ca. 3 μm is seen for funnel collection with 100 cm tubing in the absence of heating, indicative of some sedimentation for these droplets that increased in size due to nucleated condensation during transport. This caused a modest reduction in dried aerosol volume per liter of exhaled air (Figure 4d,e). With heating, direct and funnel/tubing collection resulted in similar efficiencies, with the long tubing only marginally lowering the counts relative to short tubing. The total particle volumes collected (Figure 4f) per liter of exhaled breath are ca. 15-fold higher than for the breathing activity (Figure 4c), with the exception of collection through the unheated funnel with 1 m tubing, which showed a lower, ca. five-fold, increase due to the loss of particles with diameters greater than ~3 μm (Figure 4d,e).




3.5. Plosives


As discussed above, some mixing of room air with exhaled breath occurs during ‘popeye’ and counting activities due to the bursts of air entering the front face of the funnel, diluting the number of aerosols entering the chamber compared to direct injection. For direct injection, the volume of breath entering the chamber exceeded 1 L, but results were normalized to 1 L of breath using Equation (2).



As seen in Figure 4g, the size distribution of aerosol particles observed for the plosive-rich ‘popeye’ depends strongly on the injection method. Slightly lower values seen for diameters ≤ 2 μm for the funnel-guided arrangements reflect the above-noted mixing with room air. Aerosol counts for these small particles are comparable to those seen for ‘aah’ vocalization (Figure 4d). In contrast to direct injection, for larger diameters, the funnel-guided collection methods yielded a rapidly decreasing number of particles with increasing size. Indeed, the total aerosol volume obtained via direct injection is larger by ca. 30-fold compared to the funnel collections with the 7.5 cm tubing, and by about 100-fold compared to the long tubing (Figure 4i). This result suggests that inertia impaction on the funnel surface of these droplets that exit the mouth at considerable speeds [34,39] dominates their fate and thereby curbs their entry into the chamber.




3.6. Counting


Counting the numbers 1–12 is more representative of regular speech than repeats of the plosive-rich ‘popeye’. As was observed for ‘popeye’, the humidity increase of the chamber after counting exceeded 1 L but results were adjusted for that. As was the case for ‘popeye’, some mixing with room air took place upon counting, somewhat lowering the counts observed for the funnel/tubing collection of the small aerosols compared to direct injection (Figure 4j). Similar to ‘popeye’, the size distribution for larger aerosols strongly diverges between the direct injection and funnel-guided methods, albeit to a lesser extent than seen for ‘popeye’. This result indicates that inertia impaction again causes substantial losses in the number of particles that reach the aerosol detector. As was the case for ‘popeye’, the total volume of emitted particles for counting is dominated by coarse aerosol, i.e., particles ≥ 5 μm (Figure 4h,k).





4. Discussion


In prior analyses, funnels were widely used to guide exhaled aerosols into the narrow inlet port of the detector [19,25,26,27,29]. Such an arrangement works well for counting small particles exiting the mouth at a low velocity, such as generated by breathing or by vowel sounds that then follow the airflow. Indeed, our funnel-guided and direct injection measurements yield very similar profiles for these activities and agree fairly well with the prior literature [37,44]. However, this funnel-guided mode fails for larger speech droplets generated at the front of the oral cavity (lips and teeth) [45] that exit the mouth at speeds as high as 30 m/s [32], while having a mass that exceeds their dehydrated mass by up to two orders of magnitude [37]. With the lips less than ~7 cm from the funnel surface, the Stokes number for such droplets is greater than one, making them subject to impaction or “splatter”. Indeed, for the ‘popeye’ and counting measurements, the particle size distributions remain nearly flat up to diameters of ~10 μm, covered by our OPS instrument (Figure 4g,j), whereas a strong drop-off at D ≥ 4 μm is observed for the funnel-guided measurements. While the difference relative to the funnel-guided measurements may not appear dramatic at first sight, its actual impact can be seen when considering the total aerosol volumes per liter of exhaled breath that are one to two orders of magnitude smaller for the funnel-guided measurements than for direct injection.



While our measurements relied on an OPS, which counts particles ranging in size from 0.3–10 μm with an “oversize bin” for particles > 10 μm, most studies in the literature involved an APS with a 20 μm upper limit cutoff. Such APS instruments have decreased detection efficiency at larger sizes [37], in particular for ‘sticky’ particles that have not completely dehydrated [38], as may be the case after traveling under saturated humidity through the tubing. This lowered APS detection efficiency will further magnify the difference between our direct-injection OPS observations and funnel-guided APS values in the literature.



For a typical respiration rate of 10 L/min, consisting of half inspiration and half expiration, the average expiration rate of 20 L/min, with a peak that is higher than that, can substantially exceed the constant intake of air through the funnel drawn by the particle sizer. While in several such measurements, the air intake by the funnel was increased above that of the 5 L/min intake by a single APS instrument [27,29], and corrections can be made if the difference between exhalation and funnel intake rates is known, there remains considerable uncertainty in the actual amount of exhaled breath entering the detector due to mixing with room air in the funnel cone. In our measurements, the humidity data (Figure 3) indicated that this effect was largest for the ‘popeye’ and counting activities, which involved a strongly modulated exhalation airflow.



4.1. Impact on Disease Transmission


While it may be argued that aerosols greater than ~5 μm have shorter airborne lifetimes due to their faster gravitational deposition, the sedimentation velocity is only ca. 0.3 cm/s even for a 10 μm particle. This corresponds to an exponential decay constant of ~1000 s, or more than 15 min, for the concentration of such particles in a well-mixed room with a 3 m ceiling height.



Particles ≤ 5 μm are often considered most relevant to disease transmission because this size represents the cutoff for entering the deep lung, where infection causes pneumonia, which is associated with severe disease [46,47]. However, the now almost universally present Omicron variants of SARS-CoV-2 promote infection of the upper respiratory tract, from where they can enter the lungs through micro-aspiration [48] or, speculatively, snoring-generated aerosols of upper respiratory tract fluids [49]. Therefore, the deposition of the larger particles in the upper respiratory tract, including the trachea and the bronchi, can represent an effective infection mechanism.



The need to avoid nucleated condensation for accurate sizing of respiratory particles has long been recognized. The effect can be mitigated by conducting measurements in a climate chamber regulated above body temperature [50]. Others prevented condensation by heating all measurement equipment and tubing to above 40 °C [51,52]. Unless complete dehydration of the respiratory particles is achieved, it can be challenging to estimate the actual amount of respiratory fluids from which the particles originated. The time needed for full dehydration is a function of size, shape, and relative humidity, and can also be impacted by the surface composition of the droplet. Therefore, unless special precautions are taken, the hydration state of particles, guided to an aerosol detector by a funnel and tubing, can be difficult to define. The use of a low-humidity collection chamber in our setup ensured full dehydration of the particles prior to measurement. Considering that dehydration reduces the volume of respiratory aerosols by 30- to 100-fold, measuring them in a fully dehydrated state removes a high degree of uncertainty regarding the actual amount of respiratory fluids that the aerosols represent. We note that several advanced modeling studies used the aerosol volumes reported by Morawska et al. [24] as a direct measure for respiratory fluid, without accounting for the unknown degree of dehydration [10,53]. This approach then required the assumption of extremely high viral loads of the respiratory fluid to obtain consistency with observed infection rates at superspreader events.



Indeed, prior modeling of airborne virus transmission partially compensated for the low literature values of respiratory aerosol mass by assuming extreme viral loads, as high as 1011 RNA copies/mL, to reach an infectious dose of N0 = 1000 virions [10], or a less extreme value of 109 copies/mL to find N0 = 10 virions [11]. The latter is about four to five orders of magnitude lower than found in a human challenge study [22], and therefore unrealistic. Two factors dominate this large discrepancy in infectious dose: (1) as shown above, the amount of respiratory aerosol resulting from speaking is about one to two orders of magnitude larger than previously measured by funnel-guided aerosol detectors; (2) patient viral loads reported in the medical literature refer to copies per mL of fluid but, with some exceptions [16], have been used without correction as input for the viral load in the partially or fully dehydrated aerosols. Virus concentrations in dehydrated particles can be up to two orders of magnitude higher than in the respiratory fluid because the volume of the ejected droplets shrinks by that much after entering the atmosphere [37].




4.2. Impact on Ventilation Requirements


Our ‘collect first, measure later’ method [23,35] indicates that, while particles larger than ~5 μm represent the dominant volume fraction of aerosols, the vast majority of them do not get counted when using the common funnel-and-tubing arrangement to guide aerosols to the detector. Our finding that the airborne mass is dominated by these larger particles, which settle on the time scale of minutes, not hours, has important implications for methods employed to curb virus transmission. High ventilation will substantially mitigate transmission only if the air turnover rate is much higher than the sedimentation rate, which may be difficult to achieve for these larger aerosols. For example, in the Marin County superspreading event, an unmasked teacher infected more than 75% of students near the front of a highly ventilated classroom, but far fewer in the back [35,54]. Fortunately, emission of these larger aerosols is easily blocked by facemasks [13], with mask leakage [55] less of a concern for the corresponding, even larger, hydrated droplets as these will mostly inertia-deposit on the mask rather than follow the airflow that escapes around the mask’s edges.




4.3. Limitations


Limited by an IRB exemption that permitted the study of respiratory aerosol detection methods for only a single person, our measured aerosol volumes may not be representative of the general population. However, we note that for breathing and the ‘aah’ vowel sound, they are comparable to values reported by Morawska et al. [24]. After correction for dehydration, our values are also comparable to those reported based on laser light scattering [23] and involving a different speaker. We also note that both our present and earlier reports involved speaking at a very loud level, 85–88 dB, which is known to increase the emission of speech aerosols [19,25,29]. However, such a loud level of speaking is not uncommon in crowded places such as cocktail receptions, bars, and restaurants, which have been implicated in numerous superspreader events [2,56]. It is possible that the loudness of our voicing activities increased the degree of impaction and thereby losses in the funnel-guided measurements. On the other hand, we note that the average particle velocities measured by Roth et al. at the mouth opening showed only a modest increase between speaking at 85 dB and shouting at 107 dB [34].



With a total volume of only 7 L, the linear dimensions of our dehydration chamber are fairly small. Despite the rapid dehydration in the low-humidity air of the chamber compared to the high-humidity air inside a funnel cone, impaction of the larger and faster speech particles may have occurred in our direct injection measurements. It therefore is plausible that the onset of a rapid decrease in speech aerosol counts at diameters above 10 μm (Figure 4g,j) is caused by such impaction. Indeed, neither light scattering measurements that covered particles up to diameters of 100 μm [35] nor the classic measurements by Loudon and Roberts [57] showed evidence for such an abrupt decline. The use of a dehydration chamber larger than that employed in our study and a particle detector that extends accurate sizing to diameters larger than 10 μm therefore seems desirable.





5. Concluding Remarks


Our measurements showed that guiding small respiratory aerosols through a funnel and tubing towards a dehydration chamber provides very similar results compared to directly entering this respiratory aerosol into the chamber. The use of a funnel and tubing to guide particles to a detector therefore is an adequate method for evaluating particles generated by breathing and by ‘aah’ vowel sounds that both involve small particles and an exhaled airstream that is not strongly modulated. By contrast, far fewer large particles are detected when using the funnel and tubing for collecting aerosols generated by regular speaking than by directly injecting this speech air into the chamber. This finding is consistent with the dearth of particles larger than ca. five microns in funnel-guided speech aerosol measurements, which contrasts with the classic measurements of Duguid [4], Loudon and Roberts [57], historic photographic observations [58], and numerous recent video recordings [23,29,30,39,59]. Despite the faster sedimentation rates of aerosols larger than 5 μm, they can dominate the total airborne mass and thereby the disease transmission probability. These larger particles cannot directly enter the deep lung and the pathogens they contain will primarily cause infections of the upper respiratory tract. However, subsequent transfer of upper respiratory tract fluids, which then are enriched in these pathogens, into the lung can cause pneumonia.
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Abbreviations




	AH
	absolute humidity



	AHb
	absolute humidity of exhaled breath



	AHc
	absolute humidity of air in chamber



	αOPS
	chamber ventilation rate by the OPS



	αwall
	rate of particle losses due to non-gravitational deposition chamber walls



	APS
	aerodynamic particle sizer



	CN,D(t)
	particle number concentration at time t



	D
	particle diameter



	ID
	inner diameter



	ΔRH
	increase in chamber relative humidity



	f
	fraction of chamber aerosol sampled



	fL
	femtoliter



	H
	chamber height



	HEPA
	high efficiency particulate air [filter]



	λ
	total rate of particle depletion in chamber



	N
	number of virions



	N0
	infectious dose number of virions



	OPS
	optical particle sizer



	P(N)
	probability of infection upon inhaling N virions



	PCR
	polymerase chain reaction



	ρ
	particle mass density



	RH
	relative humidity



	RHc
	relative humidity in detection chamber



	RNA
	ribonucleic acid



	s
	second



	t
	Time



	T
	duration of chamber sampling by OPS



	v
	particle gravitational velocity



	Vb
	exhaled breath volume



	Vc
	chamber volume
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Figure 1. Experimental setup for aerosol measurements. (a) Analysis of respiratory aerosols by an OPS after direct injection into a dehydration chamber (top), via a funnel and 7.5 cm of tubing (center), or via a funnel connected by 1 m of conductive tubing (bottom). The funnel and tubing are coated by heating elements that can raise their temperatures to 40 °C. (b) Details of the dehydration chamber. A vacuum line draws air at 5 L/min into the chamber for the 12 s duration of the respiratory activity. For direct injection, the actual amount of air entering the chamber is derived from the RH increase, measured with a rapid response Honeywell HIH-5030 humidity sensor and a thermocouple sensor. The OPS withdraws air from the 7 L chamber at 1 L/min for three minutes after terminating the respiratory activity, with this air returned into the chamber after HEPA filtering. For photographs of the experimental setup, see Supplementary Materials. 
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Figure 2. Increase in relative humidity, ΔRH, inside the dehydration chamber resulting from respiratory activity. RH ≤ 1% prior to each activity. (a) For continuous slow exhalation at a rate of ca. 0.2 L/s into the unheated funnel and short tubing (UFST); the heated funnel and short tubing (HFST); the unheated funnel and 1 m length tubing (UFLT); and the heated funnel and long tubing (HFLT). (b) Comparison of ΔRH for different respiratory activities (silent exhalation, ‘aah’, ‘popeye’, and counting 1–12), all using the heated funnel with short tubing setup. (c) ΔRH by direct injection for four respiratory activities: silent exhalation, ‘aah’, ‘popeye’, and counting 1–12. (d) Volumes, Vc, of exhaled air entering into the chamber derived from these direct-inject ΔRH values. Error bars correspond to standard deviations over the five repeats, and for (d), do not include the up to 20% variation in the reported humidity of exhaled air [24]. 
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Figure 3. Sedimentation of speech particles. (a) Curves represent the best-fitted mono-exponential decay of the normalized concentration, CN,D(t)/CN,D(0), of speech particles of diameter D in the dehydration chamber at time t after the start of the measurement, ca. 10 s after the end of the respiratory activity. The black dashed line represents the exp(−0.14t) loss in particle concentration due to the OPS recycling air (after HEPA filtering) back into the chamber at a rate of 1 L/min. (b) Best-fitted exponential decay rates, λ, as a function of D2. Error bars represent the residual standard errors obtained from non-linear least-squares fits in panel (a). The dashed line represents the best linear fit to the decay rates of particles for which the size was known (black circles). The rate measured for the oversize bin (purple circle) then corresponds to D = 10.3 ± 0.6 μm. (c) Fraction, f, of aerosols collected from the dehydration chamber by three minutes of OPS sampling. 
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Figure 4. Analyses of aerosols per liter of exhaled breath measured after four respiratory activities (breath, ‘aah’, ‘popeye’, counting) and five collection modes: direct injection (purple); a room temperature funnel with short tubing (blue); the same but both funnel and tubing heated to 40 °C (red); a funnel followed by 100 cm tubing, both at room temperature (green); the same at 40 °C (orange). Respiratory activities: (a–c) Breath; (d–f) a 12 s continuous loud (87 ± 1.5 dBA) ‘aah’ sound; (g–i) six repeats of the word ‘popeye’ (87.5 ± 1.5 dBA) spoken over a duration of ca. 11 s after one deep inhalation; (j–l) counting 1–12 in a single breath (87 ± 2 dBA). The grey line represents ambient background contamination when the volunteer goes through the same motions as used for breathing but without exhaling. Symbols represent geometric averages, with bin counts of zero replaced by the linear average over all five measurements to permit calculation of a geometric average for bins in which at least one of the five measurements had non-zero counts. (a,d,g) Particle size distributions versus particle diameter, D, derived from the 17 bin counts of the TSI-OPS. Counts are corrected for the quantity of exhaled breath actually entering the chamber and for the fraction (35%) of chamber air sampled, and for size-dependent particle sedimentation in the chamber during the 3 min OPS sampling (c.f. Equation (4)). The rightmost bin contains particles too large for accurate sizing by the OPS, but whose size is estimated at 10.3 ± 0.6 μm from their gravitational sedimentation rate (Figure 3b). (b,e,h,k) Corresponding dehydrated volumes versus particle diameter. (c,f,i,l) Total dehydrated particle volumes per liter of exhaled breath, measured by the five collection modes. 






Figure 4. Analyses of aerosols per liter of exhaled breath measured after four respiratory activities (breath, ‘aah’, ‘popeye’, counting) and five collection modes: direct injection (purple); a room temperature funnel with short tubing (blue); the same but both funnel and tubing heated to 40 °C (red); a funnel followed by 100 cm tubing, both at room temperature (green); the same at 40 °C (orange). Respiratory activities: (a–c) Breath; (d–f) a 12 s continuous loud (87 ± 1.5 dBA) ‘aah’ sound; (g–i) six repeats of the word ‘popeye’ (87.5 ± 1.5 dBA) spoken over a duration of ca. 11 s after one deep inhalation; (j–l) counting 1–12 in a single breath (87 ± 2 dBA). The grey line represents ambient background contamination when the volunteer goes through the same motions as used for breathing but without exhaling. Symbols represent geometric averages, with bin counts of zero replaced by the linear average over all five measurements to permit calculation of a geometric average for bins in which at least one of the five measurements had non-zero counts. (a,d,g) Particle size distributions versus particle diameter, D, derived from the 17 bin counts of the TSI-OPS. Counts are corrected for the quantity of exhaled breath actually entering the chamber and for the fraction (35%) of chamber air sampled, and for size-dependent particle sedimentation in the chamber during the 3 min OPS sampling (c.f. Equation (4)). The rightmost bin contains particles too large for accurate sizing by the OPS, but whose size is estimated at 10.3 ± 0.6 μm from their gravitational sedimentation rate (Figure 3b). (b,e,h,k) Corresponding dehydrated volumes versus particle diameter. (c,f,i,l) Total dehydrated particle volumes per liter of exhaled breath, measured by the five collection modes.



[image: Atmosphere 15 00570 g004]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
(%) HYV

(%) HYV






nav.xhtml


  atmosphere-15-00570


  
    		
      atmosphere-15-00570
    


  




  





media/file2.png
b
¢ (3" heated m)\‘ éﬁ,,—@g' heated hose )
(TS13330 retumV respiratory port )

vacuum

clean air 1.75"

Rasem )/ T (i) T\ (Tsism0

12"






media/file5.jpg
Ch,o(t)/Cn,p(0)

A (min-1)

1.0 4, ——-losstoOPS @ 42:65um a
X ® 0327um @ 6510um
® 27-42ym  ® =1lo0um
0.0
0 1 2 3. 4 5 6
t (min)
oz b
0.8 ‘i/
0.6 1 /1,/"
0.4 1 ¥ #a