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Abstract 

Physical activity and ventilation rates have an effect on an individual’s dose and may be 

important to consider in exposure-response relationships; however, these factors are often 

ignored in environmental epidemiology studies. The aim of this study was to evaluate methods 

to estimate the inhaled dose of air pollution and understand variability, in the absence of a 

true gold standard metric. Five types of methods were identified: (1) methods using (physical) 

activity types; (2) methods based on energy expenditure, METs (metabolic equivalents of task) 

and oxygen consumption; (3) methods based on heart rate or (4) breathing rate; and (5) 

methods that combine heart and breathing rate. Methods were compared using a real-life 

dataset of 122 adults who wore devices to track movement, black carbon air pollution and 

physiological health markers for three weeks in three European cities. Different methods to 

estimate minute ventilation performed well in relative terms with high correlations among 

different methods. But in absolute terms, ignoring increased ventilation during day to day 

activities could lead to an underestimation of daily dose by a factor 0.08 to 1.78. There is no 

single best method and a multitude of methods are currently being used to approximate dose. 

The choice of a suitable method to determine dose in future studies will depend both on the 

size and the objectives of the study. 

 

 

Keywords: air pollution, black carbon, physical activity, minute ventilation, inhaled dose, 

intake, active mobility 
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Introduction 

The scientific panel of the Health Effects Institute (HEI) concluded already in 2010 that 

sufficient evidence is available to support the statement on a causal relationship between 

traffic-related air pollution (TRAP) and exacerbation of asthma. Further evidence suggests a 

causal relationship between TRAP and the onset of childhood asthma, as well as other 

respiratory symptoms, lung function and cardiovascular mortality and morbidity 1. Though, in 

large-scale epidemiological studies on which these statements are based exposure assessment 

at an individual level is often non-specific because it relies on measurements at fixed-site 

monitoring stations or estimates of ambient air pollution at the home location. Determining 

exposure more accurately is the best way to enhance our knowledge on exposure-response 

relationships, and it will help us in quantifying effect sizes more precisely 2, 3. Parallel to the 

large-scale studies, panel studies in up to a few hundreds of participants have been performed. 

Panel studies have the advantage that it is feasible to look at specific subclinical health 

markers, complementing large scale epidemiological studies with clues for mechanistic effects 
4. Study participants can be tracked using mobile devices for air pollution exposure, time-

activity patterns, geo-location, or physical activity levels, and this way limiting exposure 

misclassification 5, 6.  

Recently, research and policy on active mobility in cities, as a means of increasing physical 

activity levels and health, has intensified. Some health impacts may be worse in cyclists or 

pedestrians due to the higher dose of air pollution they breathe while being physically active; 

other effects could be offset by the physiological changes (benefits) associated with an 

increase in physical activity 7-10. However, ventilation changes are rarely accounted for in 

current epidemiological studies: the amount of pollution reaching the lungs and the 

cardiovascular system is assumed independent from the volume of air breathed. Using 

exposure instead of dose can cause measurement error and therefore bias exposure-response 

relationships. Ideally a facemask is used to measure ventilation, but this is uncomfortable and 

may affect breathing itself 11, 12. Alternatively chest straps and commercially available heart 

rate and/or breathing rate monitors may provide an opportunity to improve estimates of 

minute ventilation and inhaled dose in panel studies. 

The objective of this paper is to compare minute ventilation and inhaled dose across methods 

in a panel study, using non-obtrusive, wearable and commercially available sensors. Methods 

were identified from an extensive literature search while only considering ecologically-valid 

studies (the settings of the study had to approximate the real world). 
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The quantification of inhaled dose is useful for future analyses on the relationship between 

dose and health outcomes. It will help in understanding exposure-response relationships as a 

result of being physically active on a daily basis in a polluted environment taking into account 

increased physical activity as well as increased exposure to air pollution.  
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Materials & methods 

Data collection & processing 

A panel study was conducted with 122 healthy adult volunteers (approximately 40 participants 

per city) wearing personal monitoring devices in Antwerp, Barcelona and London during three 

separate weeks between February 2015 and March 2016 13. Participants were equipped with a 

microAeth black carbon aerosol monitor (AE51, AethLabs, USA) to measure personal exposure 

to TRAP on a 5-minute time resolution. They also wore a GPS (I-GOTU GT-600) and a 

smartphone (Samsung Galaxy SII, Korea) for obtaining instantaneous data on geo-localization 

and accelerometry. The monitoring kit was extended with two multi-sensor systems combining 

multiple physiological and mechanical sensors: a SenseWear (model MF-SW, BodyMedia, USA) 

for physical activity registration, and a Zephyr BioHarness 3 (Zephyr Technology Corporation, 

USA) for real-time breathing rate, breathing wave amplitude (thoracic movement) and heart 

rate 14. Participants carried the devices for seven consecutive days to reflect habitual 

behaviour over a week; the Zephyr BioHarness was worn only for two days during waking 

hours because the chest strap was uncomfortable to wear for a longer period. In the beginning 

and at the end of the week, every participant performed a lung function test using the 

EasyOne spirometer (ndd Medizintechnik AG, Switzerland) to determine forced vital capacity 

(FVC) amongst other lung function parameters. Every participant took part in three different 

seasons – intermediate, cold, warm – mainly to anticipate variations in black carbon 

concentrations, totalling to 21 monitoring days per participant. Sensor data was cleaned, 

anonymised and loaded into a central database. For the microAeth, the optimized noise-

reduction algorithm 15 was applied together with some additional cleaning to filter out 

erroneous measurements. The SenseWear (software version 8.0) used propriety algorithms to 

derive activity types and calculate metabolic equivalents of task (METs; the ratio of the energy 

cost during a specific activity to the energy cost at rest) and energy expenditure. The Zephyr 

BioHarness collected data on a 1-second time resolution; heart rate and breathing rate data 

were cleaned according to a number of rules as specified by Bigazzi and Figliozzi 16. All real-

time sensor data was aggregated on a 1-minute time resolution. Only cases with complete 

availability of all sensors were considered (i.e. coinciding wearing-time periods of microAeth, 

SenseWear, and Zephyr BioHarness).  

Participants gave prior written informed consent, and received a small financial compensation 

for study participation. This panel study was performed as part of the European project (EU 

FP7) Physical Activity through Sustainable Transport Approaches ‘PASTA’ 13, 17. 
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Minute ventilation and dose calculation 

Minute ventilation (expressed in L/min) is associated with the metabolic oxygen needs of the 

body. It depends on personal characteristics such as age, sex, body mass index (BMI), and on 

activity levels. Exposure was defined as the concentration measured by the microAeth black 

carbon aerosol monitor near the breathing zone of a person. A dose occurred if a pollutant 

crossed a physical boundary, i.e. when a human being inhaled or ingested the pollutant 18. The 

term dose, as referred to in this manuscript, does not take into account the amount of 

pollutant that was exhaled again, or expelled from the respiratory tract lining by coughing or 

sneezing. The inhaled dose was calculated on a 1-minute time resolution as the product of the 

black carbon concentration and minute ventilation, and then linearly extrapolated to estimate 

the inhaled dose per day.  

Methods to estimate minute ventilation for air pollution exposure assessment were identified 

from a literature review (Supporting Information), and were then applied to the dataset from 

our panel study. The methods could be grouped based on available data: time-activity diaries, 

physical activity level, or direct physiological measures (Table 1).  

 

Table 1: Overview of 16 selected methods used to derive estimates of minute ventilation 

categorized by method and parameters used. 

Method  Source Formula 
(Physical) activity 
type 

1.1 Dons, 2012 19 Fixed values per activity type (Supporting Information Table S2a) 
1.2 Johnson, 2002 20 Fixed values per METs level (Supporting Information Table S2b) 
1.3 Tainio, 2016; WHO, 

2011 10, 21 
Fixed values per activity type (Supporting Information Table S2c) 

Energy expenditure, 
METs and VO2 

2.1 Johnson, 2002 20 VO2 = ECF ∗ EE 
VE BM⁄ = ea + b∗ln(VO2 BM⁄ )  $ 

Heart rate 3.1 Zuurbier, 2009 22 Male: VE = e1.03+(0.021∗HR) 
Female: VE = e0.57+(0.023∗HR) 

3.2 Hart, 1998 23 VE = e0.01894 (HR−HRrest)+0.01052(Weight+1.9008) 
3.3 Satoh, 1989 24 VE = 10(9.38∗(HR−HRrest)+4.22∗Height+1.19∗Weight+2.22∗Age+HRrest)∗10−3 −0.0439 
3.4 Cozza, 2015 25 VE = e0.58+(0.025∗HR) 
3.5 Ramos, 2015 26 Male: VE = e1.17+(0.02∗HR) 

Female: VE = e0.99+(0.02∗HR) 
3.6 Do Vale, 2015 27 VE = 0.00071 ∗ HR2.17 
3.7 Greenwald, 2016 28 VE = �−3.859 + (0.101 ∗ HR)� ∗ FVC  

Breathing rate 4.1 McArdle, 2001 29 VT = 1.8028 ∗ ln(BR) − 3.8881 
VE = BR ∗ VT 

4.2 Bigazzi and 
Figliozzi,2015 16 

VT = −0.5702 + (16.454 ∗ BRamplitude) 
VE = BR ∗ VT 

4.3 Greenwald, 2016 28 VE = �−1.913 + (0.439 ∗ BR)� ∗ FVC 
Heart rate and 
breathing rate 

5.1 Greenwald, 2016 28 VE = �−4.247 + (0.0595 ∗ HR) + (0.226 ∗ BR)� ∗ FVC 
5.2 Adams, 1993 30 Formulae per activity type (Supporting Information Table S2d) 

Abbreviations: VE=ventilation; VO2=oxygen uptake; ECF=energy conversion factor; EE=energy expenditure; BM=body mass; HR=heart 
rate; HRrest=resting heart rate; FVC=forced vital capacity; BR=breathing rate; BRamplitude=breathing wave amplitude; VT=tidal volume 
$ Male, age 18-44, a=3.991, b=1.197; Male, age 45-64, a=4.018, b=1.165; Female, age 18-44, a=4.357, b=1.276; Female, age 45-64, 
a=3.454, b=1.021 20 
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Analysis - Comparison of methods 

Different minute ventilation methods and inhaled doses were compared pairwise using several 

statistical metrics. Minute ventilation methods were compared on a minute by minute basis 

(all 1-minute data pooled), and on the aggregated level of a participant, i.e. average minute 

ventilation per person taking into account the time-activity pattern. Firstly, to assess the 

correlation between the methods, Pearson’s correlation coefficients were calculated. 

Secondly, Lin’s concordance correlation coefficients (ρc) were determined, which assesses the 

correlation between the methods while accounting for the correspondence between methods 

in terms of absolute values 31. Bland-Altman plots were generated; the mean difference 

between any two methods (μd), and the correlation between the mean minute ventilation of 

two methods and the difference between the two methods (ρdm) were calculated 32. Several 

sensitivity analyses were performed to check whether ventilation rate estimates varied across 

methods by type of activity, level of intensity, and between sexes or cities.  

R-3.2.4 was used for data processing and analyses 33. 

  



8 

 

Results 

General data 

Participant characteristics are summarized in Table 2. 45% of our sample was male, with a 

median age of 34 years (range 18-61). All participants had a healthy BMI (22.8 ± 2.8, self-

reported, at entry of the study). FVC was 3.9 ± 0.6 L in females, and 5.4 ± 0.7 L in males. Our 

sample consisted of relatively active and fit participants. Three participants stopped 

participation after one or two measurement weeks. 

 

Table 2: Participant characteristics 

Characteristics All participants (N=122) 
City 
   Antwerp (N) 
   Barcelona (N) 
   London (N) 

 
41 
41 
40 

Season 
   Summer (N) 
   Intermediate (N) 
   Winter (N) 

 
120 
120 
121 

Male (%) 45 
Age, years [median (range)] 34 (18-61) 
Caucasian (%) 94 
BMI (kg/m³) [mean ± SD] 22.8 ± 2.8 
 

Participants had on average 50 ± 20 hours of concurrent measurements with all devices, only 

during waking hours and spread over three seasons. Average resting heart rate in all 

participants was 76 ± 14 beats/min (Table 3). Heart rate while driving was on average 83 ± 17 

beats/min, while road biking 104 ± 27 beats/min, and while walking 88 ± 19 beats/min. Heart 

rate during all other activities combined was 85 ± 19 beats/min. Breathing rate was highest 

while running (22 ± 8 breaths/min) and biking (21 ± 7 breaths/min). The average resting 

breathing rate was 17 ± 4 breaths/min, while driving this increased to 18 ± 5 breaths/min and 

while walking to 20 ± 7 breaths/min. Minute by minute Pearson’s correlation between heart 

rate and breathing rate was 0.27. Breathing wave amplitude as measured by the Zephyr 

BioHarness is only indicative and it proved to be highly person-specific, most probably related 

to how participants wore the chest strap (location and tightness) 16. Average METs values per 

activity type as estimated by the SenseWear monitor corresponded well to the reference 

values from Ainsworth et al. 34. Mean black carbon exposure over all participants in coinciding 

time periods was 1636 ± 673 ng/m³. Personal exposure to black carbon was significantly higher 

in Barcelona; and elevated concentrations were measured while travelling in all cities – all in 

line with previous studies 35-37. In our dataset, the average black carbon exposure increased 

with increasing levels of physical activity, mainly driven by walking and cycling in urban areas 
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close to traffic (METs <1.5: BC=1391 ng/m³; METs 1.5-3: BC=1687 ng/m³; METs 3-6: BC=2180 

ng/m³; METs >6: BC=2261 ng/m³). When FVC was larger, average breathing rate in that person 

tended to be lower, in men and women combined (r=-0.36). A similar relationship was 

observed between FVC and heart rate (r=-0.39). 

 

Table 3: Mean ± SD of heart rate, breathing rate, breathing wave amplitude, and METs per 

activity. 

Activity type$ Heart rate* 
[beats/min] 

Breathing rate* 
[breaths/min] 

Breathing wave amplitude* 
[V] 

METs$ 

Sleeping (during daytime) 73.0 ± 17.2 16.8 ± 4.8 53.4 ± 79.0 1.0 ± 0.1 
Resting 76.2 ± 14.5 17.1 ± 4.5 60.6 ± 93.0 1.5 ± 0.4 
Motoring 82.8 ± 17.0 18.3 ± 5.0 81.3 ± 113.4 1.5 ± 0.8 
Walking 88.4 ± 19.4 20.2 ± 6.9 82.8 ± 161.8 3.7 ± 1.0 
Resistance 88.4 ± 18.1 17.3 ± 5.7 91.7 ± 122.9 4.2 ± 0.9 
Stationary biking 89.3 ± 17.9 17.9 ± 6.1 90.6 ± 115.6 6.3 ± 1.5 
Elliptical training 92.8 ± 24.1 21.0 ± 7.3 59.7 ± 56.6 6.3 ± 1.1  
Running / brisk walking 101.3 ± 27.0 22.0 ± 8.0 67.8 ± 93.3 6.8 ± 2.0 
Road biking 104.3 ± 27.4 21.2 ± 6.9 105.3 ± 114.3 7.3 ± 1.7 
* Measured with the Zephyr BioHarness 
$ Measured with the SenseWear 
 

 

Minute ventilation 

Figure 1 illustrates the estimation of minute ventilation for one participant over one day, using 

the 16 different estimation methods. This particular test person rode a bicycle in the morning 

and evening and was at rest during working hours. Methods using the same input data were 

usually well correlated, although absolute values could differ. One exception was method 4.2 

using the breathing wave amplitude from the Zephyr BioHarness; this method sometimes 

predicted negative values for minute ventilation which is impossible. 
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Figure 1: Top panel (a): Measurements of heart rate, breathing rate (both from Zephyr 

BioHarness) and energy expenditure (from SenseWear) for one participant over one day. Lower 

panels (b-f): Derived minute ventilation using 16 different formulae grouped by method (see 

Table 1 for formulae). 
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Average minute ventilation per person using the different measures is shown in Figure 2a. 

Methods Ve1.2 and Ve2.1 that both used METs as input data (the former as a categorical, the 

latter as a continuous variable) were well correlated, both on an aggregated person-level and 

on 1-minute data, and there was only a small systematic and proportional error (μd = -0.94 

L/min, ρdm = -0.09 on person-level). Method Ve1.3 correlated well with methods Ve1.1-2 

(activity type) and Ve2.1 (energy expenditure, METs and VO2), but Lin’s concordance 

correlation coefficient was lower (ρc>0.33) due to the narrower range in predicted minute 

ventilations. The methods using heart rate data (Ve3.1-Ve3.7) showed a mutual maximum 

difference of a factor of two, and an average Pearson correlation coefficient of 0.58. 

Comparisons between the heart rate methods differed quite a lot from the identity line, 

however, with an average Lin’s concordance correlation coefficient of 0.33, and a mean 

absolute difference of 4.12 ± 2.58 L/min. The formulae of Hart 23 (Ve3.2) resulted in higher 

predicted minute ventilations, while the function of Do Vale 27 (Ve3.6) was at the lower end. 

The methods using breathing rate from the Zephyr BioHarness predicted the highest minute 

ventilations, except for method 4.2 that additionally used breathing wave amplitude. Method 

4.2 had a very low concordance correlation coefficient compared to all other methods with 

ρc<0.08, and the Bland-Altman plots revealed proportional (mean ρdm close to 1) and 

systematic (mean μd = 6.69 ± 5.19 L/min) errors. A large variation was present in predicted 

ventilation rates. Methods Ve4.1 and Ve4.3 showed larger systematic errors (Ve4.1 mean μd = 

9.58 ± 4.06 L/min; Ve4.3 mean μd = 12.29 ± 4.45 L/min), but the proportional error was 

somewhat smaller. Method Ve5.1 predicted elevated minute ventilation rates with a mean 

difference of 6.79 ± 3.26 L/min. Only the most important correlations and differences between 

methods are discussed here; full correlation and difference matrices, and Bland-Altman plots 

are published in the Supporting Information Table S3-S6 and Figure S1. The same trends 

appeared when doing the analysis on 1-minute data rather than on person average data 

(Supporting Information Table S7-10). 
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Figure 2: (a) Mean minute ventilation and (b) inhaled 24h black carbon dose per person of all 

participants (N=122) using 16 different methods (see Table 1 for formulae). 

 

An analysis per activity type (Figure 3) and per physical activity level showed that methods 

Ve1.1, Ve1.2, Ve1.3, and Ve2.1 tended to give a lower minute ventilation estimate during low-

MET activities compared to all other methods, while they gave a higher minute ventilation 

estimate when people were physically active (running, biking; METs>6). Within the heart rate 

method, ratios were consistent when looking at different activities separately: method Ve3.6 

was at the lower end in general, but also per activity type this method was consistently lower. 

Highest minute ventilations were observed while cycling and running, and lowest while resting. 

Method Ve1.1 overestimated minute ventilation while walking by a factor of two when 

compared to all other methods; this should be adapted to better reflect walking at a moderate 

pace during a regular day. 
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Figure 3: Comparison of ventilation estimates using 16 different formulae for different activity 

types and transport modes. 

 

City or sex did not notably impact the ventilation estimates (Supporting Information Table 

S11), except for Ve4.2 that predicted lower ventilation in Barcelona and in males. Ventilation 

was slightly higher in Antwerp which can be explained by the higher share of male participants, 

possibly in combination with reported differences in cycling speed between the cities 12, 38, 39. 

Four methods estimated higher average ventilation in women compared to men: Ve3.4, Ve3.6, 

Ve4.1, and Ve4.2. These were all methods that did not stratify between sexes, or did not 

include a variable like height, weight or FVC. 

 

Inhaled dose 

Inhaled black carbon dose was estimated for a 24h-period based on monitoring during waking 

hours only; therefore extrapolation to a full day will overestimate inhaled dose (lower 

ventilation and lower black carbon concentrations at night). When excluding method Ve4.2, 

doses estimated using the different methods correlated well (r > 0.54 on aggregated person-

level; Supporting Information Table S12, S13), but absolute differences between methods 

mounted up to a factor of 2.6 (Table 4). The general trends compared well to the observations 

made for the estimation of minute ventilation (Figure 2b). 
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Outliers (more than 2SD from the mean) were primarily due to high black carbon exposures, 

and not so much to high ventilation rates (Figure 2, Table 4). There were a few exceptions with 

individuals having normal black carbon levels combined with high average METs or heart rates, 

or relatively high black carbon combined with relatively high METs or heart rates. 

When minute ventilation was assumed constant at 10 L/min (similar to resting in HEAT 21) and 

method Ve4.2 was excluded, dose will be underestimated by a factor 0.08 to 1.78 (2 to 42 

µg/day) compared to when dynamic minute ventilation was being used. 

 

Table 4: Mean minute ventilation and inhaled 24h black carbon dose per person of all 

participants (N=122) using 16 different methods (see Table 1 for formulae). 

 Minute ventilation (L/min) Inhaled black carbon dose (µg/day) 
 Mean ± SD Min / max Mean ± SD Min / max 
Ve1.1 11.7 ± 2.3 7.5 / 18.5 31.5 ± 16.5 2.9 / 119.5 
Ve1.2 10.4 ± 3.2 4.8 / 21.9 27.9 ± 15.6 5.8 / 115.2 
Ve1.3 12.0 ± 1.3 9.8 / 16.3 30.4 ±13.4 4.3 / 97.9 
Ve2.1 9.4 ± 3.1 4.0 / 18.9 25.4 ± 15.0 2.9 / 108.0 
Ve3.1 13.3 ± 2.8 6.1 / 23.0 34.6 ± 16.9 5.8 / 138.2 
Ve3.2 19.5 ± 3.5 12.9 / 30.1 49.7 ± 24.2 11.5 / 198.7 
Ve3.3 12.2 ± 2.3 8.0 / 19.7 31.4 ± 16.2 8.6 / 141.1 
Ve3.4 14.0 ± 3.1 7.0 / 22.3 36.9 ± 17.4 7.2 / 126.7 
Ve3.5 14.9 ± 2.6 7.9 / 23.8 38.2 ± 17.8 7.2 / 145.4 
Ve3.6 9.7 ± 2.2 4.0 / 15.0 25.3 ± 12.0 4.3 / 89.3 
Ve3.7 18.3 ± 4.6 7.8 / 33.2 47.3 ± 25.4 8.6 / 214.6 
Ve4.1 23.2 ± 5.8 10.6 / 40.0 60.7 ± 26.4 4.3 / 172.8 
Ve4.2 8.3 ± 12.7 NA* / 87.2 22.5 ± 34.8 NA* / 269.3 
Ve4.3 26.1 ± 5.5 14.3 / 42.1 65.3 ± 29.9 7.2 / 208.8 
Ve5.1 19.7 ± 3.8 12.4 / 30.6 50.7 ± 24.2 7.2 / 188.6 
Ve5.2 10.3 ± 1.6 7.2 / 14.3 25.8 ± 12.6 2.9 / 87.8 
Fixed Ve 10.0 10.0 / 10.0 23.5 ± 9.7 4.3 / 79.2 
* NA indicates an erroneous negative value. 
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Discussion 

This study aimed to evaluate methods to estimate the inhaled dose of air pollution. As no 

reference method exists, the aim was to understand the variability between different 

methods, and not to determine the best method. Methods considered included only 

technologies feasible for deployment in observational panel studies.  

 

Methods using physical activity categories predicted comparable minute ventilation estimates 

over longer time periods compared to continuous methods, but substantial deviations (higher 

or lower estimates) existed during specific activities or when considering shorter time periods. 

Individual variation and changes in minute ventilation were better reflected when using 

continuous measures. Heart rate can be physiologically linked to ventilation, but several other 

factors also play a role: emotional stress, perceived risk, bated breathing, meteorological 

variables, traffic noise and activity nearby 24, 40-42. Using solely the heart rate signal to calculate 

dose can thus give unexpected results – especially at lower heart rate values below 90-100 

bpm that are affected by the sympathetic nervous system 41. Combining heart rate with 

accelerometry may improve the measurement of physical activity and the estimation of 

ventilation rates 43, 44. Heart rate changes tend to lead ventilation changes by around 20 

seconds 16: taking into account our minimum time resolution of one minute, we decided to 

ignore this. Over longer averaging times, heart rate is expected to be the major determinant of 

minute ventilation 11. According to Bernmark 41 exponential functions to estimate minute 

ventilation from heart rate are to be preferred when considering longer time periods with 

varying heart rates; methods Ve3.6 and Ve3.7 were not exponential functions. Also, method 

Ve3.6 was originally developed on one person only; our study revealed that the formula is not 

universally valid and systematically gives lower minute ventilation estimates. Intuitively, 

breathing parameters are closest to minute ventilation. Breathing rate combined with tidal 

volume determines minute ventilation, but unobtrusive monitoring leads to uncertainty in 

both factors. Tidal volume can be determined from breathing rate (when breathing rate is 

higher, tidal volume is usually higher), or can be estimated from the breathing wave 

amplitude. The device used here, the Zephyr BioHarness, uses single band respiration through 

smart fabric sensors; this leads to more uncertainty compared to dual band systems. Tightness 

and location of the strap impact the measurement of breathing wave amplitude and breathing 

rate. Especially when using the formula with breathing wave amplitude from Bigazzi & Figliozzi 
16, method Ve4.2, individual calibration is needed and should be considered an inherent part of 

this method making it impractical for large panel studies. Formulas for methods Ve3.7, Ve4.3 
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and Ve5.1 were all developed by Greenwald on a sample of 15-18 year olds 28. In their analysis 

method Ve5.1, using both heart rate and breathing rate, outperformed methods Ve3.7 and 

Ve4.3. In our analysis all three methods predicted rather high minute ventilations, with 

method Ve5.1 in between the other two measures. Individual calibration of equations in 

laboratory exercise tests can improve the accuracy of the formulae as was done in many 

previous studies 22, 25, 41. In larger panel studies this is not feasible and therefore only equations 

that were considered broadly valid and did not need individual calibration were compared 

here. There is some evidence for a feedback loop between ventilation and air pollution inhaled 

dose, in such that air pollution exposure may marginally augment or attenuate ventilation 45, 

but it is not expected that this interaction will affect daily inhaled doses significantly, except in 

very highly polluted environments and in very active people 46. 

Mean daily inhaled doses in this study were slightly higher compared to values reported by de 

Nazelle 36 and Rivas 47 in Barcelona, Spain; though black carbon concentrations were similar. 

The elevated levels can be explained by the extrapolation we had to use due to the lack of 

nighttime measurements. Inhaled doses in Cassino, Italy 48 and Shanghai, China 49 are higher, 

but so were the concentrations. In our study, a few outliers were detected that were not 

reported in other studies; it concerned mainly very active people with high black carbon 

exposure. 

 

In this paper, inhaled dose was defined as the concentration inhaled through the mouth or 

nose without taking into account air that is exhaled again or expelled from the respiratory tract 

lining. A variety of methods exist to more accurately determine the amount of particles 

reaching the target tissue, often described as the effective dose. Deposition models, like the 

human respiratory tract model developed by the International Commission for Radiological 

Protection (ICRP), calculate the deposited fraction in each part of the lung 50-52. The effective 

dose is much less frequently studied in field studies in free-living populations, and only a few 

scripted studies have done this 42, 53, 54. When physical effort plays a role in the study, the 

effective dose will be impacted by nasal/oral breathing patterns; moreover inter-individual 

differences in nasal/oral breathing make it hard to adjust for this in large panel studies 46. The 

nose works as a filter, and more oral breathing leads to increased effective doses; though this 

holds mainly for larger particles and soluble vapours and not so much for black carbon 26, 46, 55. 

Increased airflow can carry pollutants deeper into the respiratory tract into the lower airways, 

affecting deposited fraction and impact location 55, 56. An alternative approach to determine 
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inhaled dose over longer time spans would be to use a dose biomarker, e.g. by sampling lower 

airway macrophages and analyse them for black carbon content 57. 

 

A limitation of this study is that ventilation was only assessed during waking hours as some of 

the sensors are not convenient to wear for 24 hours. For the same reason, facemasks or 

mouthpieces were not applied. A validation study could complement the current study, 

whereby the methods presented in this paper would be validated against facemask 

measurements during specific activities. We chose not to use an activity diary, but the time-

activity pattern was automatically determined by the SenseWear armband (based on 

accelerometry and propriety algorithms). The activity classification could be further improved 

by combining it with GPS data which we also collected. We did not quantitatively assess the 

exposure measurement error; in a population study Ragettli et al. 58 showed that the size and 

sort of bias can change when either exposures or inhaled doses are used as exposure estimate 

in epidemiologic inference. The latter authors also showed that the size of the bias depends on 

the minute ventilation method used, suggesting that the choice for one method or another can 

significantly alter dose-response relationships in air pollution epidemiology. In these studies, it 

would be advisable to perform a sensitivity analysis, e.g. by testing the robustness of the effect 

while changing the inhaled dose estimate.  

 

In our study, we have quantitatively evaluated the whole spectrum of existing methods to 

estimate inhaled dose and highlighted the differences between them. We have done so based 

on a large and unique dataset collected in three different cities over three different seasons, 

therefore covering a range of personal factors, meteorological and local conditions. This 

independent relative comparison of methods can therefore cast a new light on results 

obtained in previous studies that have used one of these methods (mostly without considering 

any other method). Based on our experimental set-up, we recommend not to use method 

Ve3.6 of Do Vale using heart rate (developed on one person only; not an exponential function), 

method Ve3.7 of Greenwald also using heart rate (not an exponential function) and method 

Ve4.2 using breathing rate (breathing wave amplitude needs individual calibration); and to 

reassess and lower the fixed minute ventilation for the activity type walking in method Ve1.1.  

In conclusion, differences between methods are present in absolute terms, but overall 

methods performed well in relative terms with high correlations among different methods 

pointing to a good level of consistency within methods. A systematic bias during a specific 

activity is problematic (e.g. walking in method Ve1.1) and this should be avoided. Given the 
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good comparability of methods in relative terms, and given our observation that air pollution 

tends to be higher while physically active, we recommend the use of inhaled dose as an 

exposure metric in environmental epidemiology studies The choice of a suitable method to 

determine dose in future studies will depend both on the size and the objectives of the study. 

When the size of the study allows it, continuous methods using energy expenditure, heart rate 

or breathing rate should be preferred, but only when air pollution is monitored at a similar 

high temporal resolution. A heart and/or breathing rate monitor was considered more 

burdensome by volunteers than wearing a SenseWear armband or carrying a GPS making it 

impracticable for longer term monitoring, though recent advances like wrist-worn heart rate 

monitors may further reduce this burden. Considering all of the above and considering 

methods and devices available at the time of the study would favor method Ve2.1 using the 

SenseWear armband to determine energy expenditure and the formulas from Johnson 20 to 

estimate minute ventilation.  
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Literature review on minute ventilation methods; Additional information as a supplement with 

Table 1; Full correlation and difference matrices; Bland-Altman plots for method Ve2.1; 

Sensitivity analyses for sex and city. 
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