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6. INHALATION RATES
6.1. INTRODUCTION

Ambient and indoor air are potential sources of
exposure to toxic substances. Adults and children can
be exposed to contaminated air during a variety of
activities in different environments. They may be
exposed to contaminants in ambient air and may also
inhale chemicals from the indoor use of various
sources (e.g., stoves, heaters, fireplaces, and
consumer products) as well as from those that
infiltrate from ambient air.

The Agency defines exposure as the chemical
concentration at the boundary of the body (U.S. EPA,
1992). In the case of inhalation, the situation is
complicated by the fact that oxygen exchange with
carbon dioxide takes place in the distal portion of the
lung. The anatomy and physiology of the respiratory
system as well as the characteristics of the inhaled
agent diminishes the pollutant concentration in
inspired air (potential dose) such that the amount of a
pollutant that actually enters the body through the
upper respiratory tract (especially the
nasal-pharyngeal and tracheo-bronchial regions) and
lung (internal dose) is less than that measured at the
boundary of the body. A detailed discussion of this
concept can be found in Guidelines for Exposure
Assessment (U.S. EPA, 1992). Suggestions for further
reading on the anatomy and physiology of the
respiratory system include Phalen et al. (1990), Bates
(1989), Cherniack (1972), Forster et al. (1986), and
West (2008a, b). When constructing risk assessments
that concern the inhalation route of exposure, one
must be aware of any adjustments that have been
employed in the estimation of the pollutant
concentration to account for this reduction in
potential dose.

There are also a number of resources available in
the literature describing various approaches and
techniques related to inhalation rate estimates,
including Ridley et al. (2008), Ridley and Olds
(2008), Speakman and Selman (2003), Thompson et
al. (2009), and Westerterp (2003).

Inclusion of this chapter in the Exposure Factors
Handbook does not imply that assessors will always
need to select and use inhalation rates when
evaluating exposure to air contaminants. For
example, it is unnecessary to calculate inhaled dose
when using dose-response factors from the Integrated
Risk Information System (IRIS) (U.S. EPA, 1994),
because the IRIS methodology accounts for
inhalation rates in the development of
“dose-response” relationships. Information in this
chapter may be used by toxicologists in their
derivation of human equivalent concentrations
(HECs), where adjustments are usually required to

account for differences in exposure scenarios or
populations (U.S. EPA, 1994). Inhalation dosimetry
and the factors affecting the disposition of particles
and gases that may be deposited or taken up in the
respiratory tract are discussed in more detail in the
U.S. Environmental Protection Agency’s (EPA’s)
report on Methods for Derivation of Inhalation
Reference Concentrations (RfCs) and Application of
Inhalation Dosimetry (U.S. EPA, 1994). When using
IRIS for inhalation risk assessments, “dose-response”
relationships  require only an average air
concentration to evaluate health concerns:

* For non-carcinogens, IRIS uses Reference
Concentrations (RfCs), which are expressed in
concentration units. Hazard is evaluated by
comparing the inspired air concentration to the
RfC.

* For carcinogens, IRIS uses unit risk values,
which are expressed in inverse concentration
units. Risk is evaluated by multiplying the
unit risk by the inspired air concentration.

Detailed descriptions of the IRIS methodology for
derivation of inhalation RfCs can be found in two
methods manuals produced by the Agency (U.S.
EPA, 1994, 1992).

The Superfund Program has also updated its
approach for determining inhalation risk, eliminating
the use of inhalation rates when evaluating exposure
to air contaminants (U.S. EPA, 2009b). The current
methodology recommends that risk assessors use the
concentration of the chemical in air as the exposure
metric (e.g., mg/m®), instead of the intake of a
contaminant in air based on inhalation rate and body
weight (e.g., mg/kg-day).

Due to their size, physiology, behavior, and
activity level, the inhalation rates of children differ
from those of adults. Infants and children have a
higher resting metabolic rate and oxygen
consumption rate per unit of body weight than adults
because of their rapid growth and relatively larger
lung surface area (SA) per unit of body weight. For
example, the oxygen consumption rate for a resting
infant between 1 week and 1 year of age is
7 milliliters per kilogram of body weight (mL/kg) per
minute, while the rate for an adult under the same
conditions is 3—5 mL/kg per minute (WHO, 1986).
Thus, while greater amounts of air and pollutants are
inhaled by adults than children over similar time
periods on an absolute basis, the relative volume of
air passing through the lungs of a resting infant is up
to twice that of a resting adult on a body-weight
basis. It should be noted that lung volume is
correlated, among other factors, with a person’s
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height. Also, people living in higher altitudes have
larger lung capacity than those living at sea level.

Children’s inhalation dosimetry and health effects
were topics of discussion at a U.S. Environmental
Protection Agency workshop held in June 2006 (Foos
and Sonawane, 2008). Age-related differences in lung
structure and function, breathing patterns, and how
these affect the inhaled dose and the deposition of
particles in the lung are important factors in assessing
risks from inhalation exposures (Foos et al., 2008).
Children more often than adults, breathe through
their mouths and, therefore, may have a lesser nasal
contribution to breathing during rest and while
performing various activities. The uptake of particles
in the nasal airways is also less efficient in children
(Bennett et al., 2008). Thus, the deposition of
particles in the lower respiratory tract may be greater
in children (Foos et al., 2008). In addition, the rate of
fine particle deposition has been significantly
correlated with increased body mass index (BMI), an
important point as childhood obesity becomes a
greater issue (Bennett and Zeman, 2004).

Recommended inhalation rates (both long- and
short-term) for adults and children are provided in
Section 6.2, along with the confidence ratings for
these recommendations, which are based on four key
studies identified by U.S. EPA for this factor.
Long-term inhalation is repeated exposure for more
than 30 days, up to approximately 10% of the life
span in humans (more than 30 days). Long-term
inhalation rates for adults and children (including
infants) are presented as daily rates (m*/day).
Short-term exposure is repeated exposure for more
than 24 hours, up to 30 days. Short-term inhalation
rates are reported for adults and children (including
infants) performing various activities in m*/minute.
Following the recommendations, the available studies
(both key and relevant studies) on inhalation rates are
summarized.

6.2. RECOMMENDATIONS

The recommended inhalation rates for adults and
children are based on three recent studies (U.S. EPA,
2009a; Stifelman, 2007; Brochu et al., 2006b), as
well as an additional study of children (Arcus-Arth
and Blaisdell, 2007). These studies represent an
improvement upon those previously used for
recommended inhalation rates in earlier versions of
this handbook, because they use a large data set that
is representative of the United States as a whole and
consider the correlation between body weight and
inhalation rate.

The selection of inhalation rates to be used for
exposure assessments depends on the age of the
exposed population and the specific activity levels of
this population during various exposure scenarios.
Table 6-1 presents the recommended long-term

values for adults and children (including infants) for
use in various exposure scenarios. For children, the
age groups included are from U.S. EPA’s Guidance
on Selecting Age Groups for Monitoring and
Assessing Childhood Exposures to Environmental
Contaminants (U.S. EPA, 2005a). Section 6.3.5
describes how key studies were combined to derive
the mean and 95" percentile inhalation rate values
and the concordance between the age groupings used
for adults and children in this chapter and the original
age groups in the key studies.

As shown in Table 6-1, the daily average
inhalation rates for long-term exposures for children
(males and females combined, unadjusted for body
weight) range from 3.5 m*/day for children from 1 to
<3 months to 16.3 m*/day for children aged 16 to <21
years. Mean values for adults range from 12.2 m*/day
(81 years and older) to 16.0 m*day (31 to <51 years).
The 95" percentile values for children range from
5.8 m*/day (1 to <3 months) to 24.6 m*/day (16 to
<21 years) and for adults range from 15.7 m*/day
(81 years and older) to 21.4 m%day (31 to <41 years).
The mean and 95" percentile values shown in
Table 6-1 represent averages of the inhalation rate
data from the key studies for which data were
available for selected age groups.

It should be noted that there may be a high degree
of uncertainty associated with the upper percentiles.
These values represent unusually high estimates of
caloric intake per day and are not representative of
the average adult or child. For example, using
Layton’s equation (Layton, 1993) for estimating
metabolically consistent inhalation rates to calculate
caloric equivalence (see Section 6.4.9), the
95" percentile value for 16 to <21-year-old children
is greater than 4,000 kcal/day (Stifelman, 2003). All
of the 95" percentile values listed in Table 6-1
represent unusually high inhalation rates for
long-term exposures, even for the upper end of the
distribution, but were included in this handbook to
provide exposure assessors a sense of the possible
range of inhalation rates for adults and children.
These values should be used with caution when
estimating long-term exposures.

Short-term mean and 95" percentile data in
m*/minute are provided in Table 6-2 for males and
females combined for adults and children for whom
activity patterns are known. These values represent
averages of the activity level data from the one key
study from which short-term inhalation rate data were
available (U.S. EPA, 2009a).

Table 6-3 shows the confidence ratings for the
inhalation  rate  recommendations.  Table 6-4,
Table 6-6 through Table 6-8, Table 6-10, Table 6-14,
Table 6-15, and Table 6-17 through Table 6-20
provide multiple percentiles for long- and short-term
inhalation rates for both males and females.
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Table 6-1. Recommended Long-Term Exposure Values for Inhalation (males and females combined)

Sources Sources Used
Mean Used for 95" Percentile” for 95
Age Group® (m*/day) Means (m*/day) Percentiles Multiple Percentiles
Birth to <1 3.6 c 7.1 c
month
1 to <3 months 3.5 c,d 5.8 c,d
3 to <6 months 4.1 c, d 6.1 c, d
6 to <12 months 54 c, d 8.0 c, d
Birth to <1 year 5.4 c,def 9.2 c,de
1to <2 years 8.0 c,def 12.8 c,de
2 to <3 years 8.9 c,def 13.7 c,de
See Table 6-4, Table 6-6
3 to <6 years 10.1 c,def 13.8 c,de through Table 6-8,
6 to <11 years 12.0 c,def 16.6 c,de Table 6-10, Table 6-14
Table 6-15 [none

16 to <21 years 16.3 c,d e f 24.6 c,d, e (2007)]
21 to <31 years 15.7 d,e,f 21.3 d, e
31 to <41 years 16.0 d,ef 21.4 d, e
41 to <51 years 16.0 d,ef 21.2 d, e
51 to <61 years 15.7 d,ef 21.3 d, e
61 to <71 years 14.2 d,ef 18.1 d, e
71 to <81 years 12.9 d, e 16.6 d, e
>81 years 12.2 d, e 15.7 d, e

a

When age groupings in the original reference did not match the U.S. EPA groupings used for this

handbook, means from all age groupings in the original reference that overlapped U.S. EPA’s age
groupings by more than one year were averaged, weighted by the number of observations
contributed from each age group. Similar calculations were performed for the 95" percentiles.
See Table 6-25 for concordance with U.S. EPA age groupings.

person.

- ® a o

Arcus-Arth and Blaisdell (2007).
Brochu et al. (2006b).

U.S. EPA (2009a).
Stifelman (2007).

Some 95™ percentile values may be unrealistically high and not representative of the average
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Table 6-2. Recommended Short-Term Exposure Values for Inhalation (males and females combined)

Age Group Mean 95" Percentile

Activity Level (years) (m*/minute) (m*/minute) Multiple Percentiles
Sleep or Nap Birth to <1 3.0E-03 4.6E-03
lto<2 4.5E-03 6.4E-03
2t0<3 4.6E-03 6.4E-03
3to<6 4.3E-03 5.8E-03
6to <11 4.5E-03 6.3E-03
11 to <16 5.0E-03 7.4E-03
16 to <21 4.9E-03 7.1E-03
21to <31 4.3E-03 6.5E-03
3lto <4l 4.6E-03 6.6E-03
41 to <51 5.0E-03 7.1E-03
51 to <61 5.2E-03 7.5E-03
61 to <71 5.2E-03 7.2E-03
71to <81 5.3E-03 7.2E-03
>81 5.2E-03 7.0E-03
Sedentary/ Birth to <1 3.1E-03 4.7E-03
Passive 1t0<2 4.7E-03 6.5E-03
2t0<3 4.8E-03 6.5E-03

310.<6 45E-03 5.8E-03 See Teble 017 and
6to<l1 4.8E-03 6.4E-03
11 to <16 5.4E-03 7.5E-03
16 to <21 5.3E-03 7.2E-03
21to <31 4.2E-03 6.5E-03
3lto <4l 4.3E-03 6.6E-03
41to <51 4.8E-03 7.0E-03
51to <61 5.0E-03 7.3E-03
61to <71 4.9E-03 7.3E-03
71to <81 5.0E-03 7.2E-03
>81 4.9E-03 7.0E-03
Light Intensity  Birth to <1 7.6E-03 1.1E-02
lto<2 1.2E-02 1.6E-02
2to<3 1.2E-02 1.6E-02
3to<6 1.1E-02 1.4E-02
6 to <11 1.1E-02 1.5E-02
11to <16 1.3E-02 1.7E-02
16 to <21 1.2E-02 1.6E-02
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Table 6-2. Recommended Short-Term Exposure Values for Inhalation (males and females combined)

(continued)

Age Group Mean 95" Percentile
Activity Level (year) (m*/minute) (m*/minute) Multiple Percentiles
Light Intensity 21 to <31 1.2E-02 1.6E-02
(continued) 31 15 <41 1.2E-02 1.6E-02
4110 <51 1.3E-02 1.6E-02
51 to <61 1.3E-02 1.7E-02
61to <71 1.2E-02 1.6E-02
71to <81 1.2E-02 1.5E-02
>81 1.2E-02 1.5E-02
Moderate Birth to <1 1.4E-02 2.2E-02
Intensity 4 15 < 2.1E-02 2.9E-02
2t0<3 2.1E-02 2.9E-02
3to<6 2.1E-02 2.7E-02
6to <11 2.2E-02 2.9E-02
11 to <16 2.5E-02 3.4E-02
16 to <21 2.6E-02 3.7E-02
21to <31 2.6E-02 3.8E-02
31lto <41 2.7E-02 3.7E-02
41 to <51 2.8E-02 3.9E-02
51to <61 2.9E-02 4.0E-02
61to <71 2.6E-02 3.4E-02
71to <81 2.5E-02 3.2E-02
>81 2.5E-02 3.1E-02
High Intensity  Birth to <1 2.6E-02 4.1E-02
lto<2 3.8E-02 5.2E-02
2to<3 3.9E-02 5.3E-02
3to<6 3.7E-02 4.8E-02
6to<l1 4.2E-02 5.9E-02
11to <16 4.9E-02 7.0E-02
16 to <21 4.9E-02 7.3E-02
21to <31 5.0E-02 7.6E-02
3lto <41 4.9E-02 7.2E-02
4110 <51 5.2E-02 7.6E-02
51to <61 5.3E-02 7.8E-02
61to <71 4.7E-02 6.6E—02
71to <81 4.7E-02 6.5E-02
>81 4.8E-02 6.8E-02

Source: U.S. EPA (2009a).
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Table 6-3. Confidence in Recommendations for Long- and Short-Term Inhalation Rates

General Assessment Factors Rationale Rating
Soundness Medium
Adequacy of Approach The survey methodology and data analysis was
adequate. Measurements were made by indirect
methods. The studies analyzed existing primary
data.
Minimal (or defined) Bias Potential bias within the studies was fairly well
documented.
Applicability and Utility High
Exposure Factor of Interest The studies focused on inhalation rates and factors
influencing them.
Representativeness The studies focused on the U.S. population. A wide
range of age groups were included.
Currency The studies were published during 2006 and 2009
and represent current exposure conditions.
Data-Collection Period The data-collection period for the studies may not be
representative of long-term exposures.
Clarity and Completeness Medium
Accessibility All key studies are available from the peer-reviewed
literature.
Reproducibility The methodologies were clearly presented; enough
information was included to reproduce most results.
Quality Assurance Information on ensuring data quality in the key
studies was limited.
Variability and Uncertainty Medium
Variability in Population In general, the key studies addressed variability in
inhalation rates based on age and activity level.
Although some factors affecting inhalation rate, such
as body mass, are discussed, other factors (e.g.,
ethnicity) are omitted.
Uncertainty Multiple sources of uncertainty exist for these
studies. Assumptions associated with energy
expenditure (EE)-based estimation procedures are a
source of uncertainty in inhalation rate estimates.
Evaluation and Review High
Peer Review Three of the key studies appeared in peer-reviewed
journals, and one key study is a U.S. EPA peer-
reviewed report.
Number and Agreement of Studies There are four key studies. The results of studies
from different researchers are in general agreement.
Overall Rating Medium
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6.3. KEY INHALATION RATE STUDIES

6.3.1. Brochu et al. (2006b)—Physiological
Daily Inhalation Rates for Free-Living
Individuals Aged 1 Month to 96 Years,
Using Data From Doubly Labeled Water
Measurements: A Proposal for Air
Quality Criteria, Standard Calculations,
and Health Risk Assessment

Brochu et al. (2006b) calculated physiological
daily inhalation rates (PDIRs) for 2,210 individuals
aged 3 weeks to 96 years using the reported
disappearance rates of oral doses of doubly labeled
water (DLW) (°*H,0 and H,'®0) in urine, monitored
by gas-isotope-ratio mass spectrometry for an
aggregate period of more than 30,000 days. DLW
data were complemented with indirect calorimetry
and nutritional balance measurements.

In the DLW method, the disappearance of the
stable isotopes deuterium (*H) and heavy oxygen-18
(*80) are monitored in urine, saliva, or blood samples
over a long period of time (from 7 to 21 days) after
subjects receive oral doses of H,0 and H,®0. The
disappearance rate of ?H reflects water output and
that of 'O represents water output plus carbon
dioxide (CO,) production rates. The CO, production
rate is then calculated by finding the difference
between the two disappearance rates. Total daily
energy expenditures (TDEEs) are determined from
CO, production rates using classic respirometry
formulas, in which values for the respiratory quotient
(RQ = CO2 produced/O2 consumed) are derived from the
composition of the diet during the period of time of
each study. The DLW method also allows for
measurement of the energy cost of growth (ECG).
TDEE and ECG measurements can be converted into
PDIR values using the following equation developed
by Layton (1993):

PDIR = (TDEE + ECG) x H x VQ x 10 (Egn. 6-1)

where:

PDIR = physiological daily inhalation
rates (m*/day):

TDEE = total daily energy expenditure
(kcal/day);

ECG = stored daily energy cost for
growth (kcal/day);

H = oxygen uptake factor, volume

of 021 L of oxygen (at
standard  temperature  and
pressure, dry air) consumed to
produce 1 kcal of energy
expended;

VQ = ventilatory equivalent (ratio of
the minute volume [Vg] at
body temperature pressure
saturation to the oxygen uptake
rate  [VO,] at standard
temperature and pressure, dry
air) Ve/VO, = 27; and

10 conversion factor (L/m?).

Brochu et al. (2006b) calculated daily inhalation
rates (DIRs) (expressed in m%day and m*/kg-day) for
the following age groups and physiological
conditions: (1) healthy newborns aged 3 to 5 weeks
old (N = 33), (2) healthy normal-weight males and
females aged 2.6 months to 96 years (N = 1,252),
(3) low-BMI subjects (underweight women, N = 17;
adults from less affluent societies N =59) and
(4) overweight/obese individuals (N =679), as well
as (5) athletes, explorers, and soldiers when reaching
very high energy expenditures (N = 170). Published
data on BMI, body weight, basal metabolic rate
(BMR), ECG, and TDEE measurements (based on
DLW method and indirect calorimetry) for subjects
aged 2.6 months to 96 years were used. Data for
underweight, healthy normal-weight, and
overweight/obese individuals were gathered and
defined according to BMI cutoffs. Data for newborns
were included regardless of BMI values because they
were clinically evaluated as being healthy infants.

Table 6-4 to Table 6-8 present the distribution of
daily inhalation rates for normal-weight and
overweight/obese individuals by sex and age groups.
Table 6-9 presents mean inhalation rates for
newborns. Due to the insufficient number of subjects,
no distributions were derived for this group.

An advantage of this study is that data are
provided for age groups of less than 1 year. A
limitation of this study is that data for individuals
with pre-existing medical conditions were lacking.

6.3.2.  Arcus-Arth and Blaisdell (2007)—
Statistical Distributions of Daily
Breathing Rates for Narrow Age Groups
of Infants and Children

Arcus-Arth and Blaisdell (2007) derived daily
breathing rates for narrow age ranges of children
using the metabolic conversion method of Layton
(1993) and energy intake (El) data adjusted to
represent the U.S. population from the Continuing
Survey of Food Intake for Individuals (CSFII)
1994-1996, 1998. Normalized (m*/kg-day) and non-
normalized (m%day) breathing rates for children
0-18 years of age were derived using the general
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equation developed by Layton (1993) to calculate
energy-dependent inhalation rates:

Ve=HxVQ x EE (Egn. 6-2)
where:
Ve = volume of air breathed per day
(m°/day),
H = volume of oxygen consumed to

produce 1 kcal of energy (m®/kcal),

VQ = ratio of the volume of air to the
volume of oxygen breathed per unit
time (unitless), and

EE = energy (kcal) expended per day.

Arcus-Arth and Blaisdell (2007) calculated H
values of 0.22 and 0.21 for infants and non-infant
children, respectively, using the 1977-1978
Nationwide Food Consumption Survey (NFCS) and
CSFII data sets. Ventilatory equivalent (VQ) data,
including those for infants, were obtained from
13 studies that reported VQ data for children aged
4-8 years. Separate preadolescent (4—8 years) and
adolescent (9—18 years) VQ values were calculated in
addition to separate VQ values for adolescent boys
and girls. Two-day-averaged daily EI values reported
in the CSFII data set were used as a surrogate for EE.
CSFII records that did not report body weight and
those for children who consumed breast milk or were
breast-fed were excluded from their analyses. The Els
of children 9 years of age and older were multiplied
by 1.2, the value calculated by Layton (1993) to
adjust for potential bias related to under-reporting of
dietary intakes by older children. For infants, El
values were adjusted by subtracting the amount of
energy put into storage by infants as estimated by
Scrimshaw et al. (1996). Self-reported body weights
for each individual from the CSFII data set were used
to calculate non-normalized (m*day) and normalized
(m*/kg-day) breathing rates, which decreased the
variability in the resulting breathing rate data. Daily
breathing rates were grouped into three 1-month
groups for infants, 1-year age groups for children 1 to
18 years of age, and the age groups recommended by
U.S. EPA Supplemental Guidance for Assessing
Susceptibility  from  Early-Life  Exposure to
Carcinogens (U.S. EPA, 2005b) to receive greater
weighting for mutagenic carcinogens (0 to <2 years
of age, and 2 to <16 years of age). Data were also
presented for adolescent boys and girls, aged 9 to
18 years (see Table 6-10). For each age and age-sex
group, Arcus-Arth and Blaisdell (2007) calculated the

arithmetic mean, standard error of the mean,
percentiles (50", 90", and 95"), geometric mean,
standard deviation, and best-fit parametric models of
the breathing rate distributions. Overall, the
CSFll-derived non-normalized  breathing rates
progressively increased with age from infancy
through 18 years of age, while normalized breathing
rates progressively decreased. The data are presented
in Table 6-11 in units of m%day. There were
statistical differences between boys and girls 9 to
18 years of age, both for these years combined
(p<0.00) and for each year of age separately
(p <0.05). The authors reasoned that since the
fat-free mass (basically muscle mass) of boys
typically increases during adolescence, and because
fat-free mass is highly correlated to basal metabolism
which accounts for the majority of EE, non-
normalized breathing rates for adolescent boys may
be expected to increase with increasing age.
Table 6-11 presents the mean and 95" percentile
values for males and females combined, averaged to
fit within the standard U.S. EPA age groups.

The CSFII-derived mean breathing rates derived
by Arcus-Arth and Blaisdell (2007) were compared to
the mean breathing rates estimated in studies that
utilized DLW technique EE data that had been
coupled with the Layton (1993) method. Infants’
breathing rates estimated using the CSFII data were
15 to 27% greater than the comparison DLW EE
breathing rates. In contrast, the children’s CSFII
breathing rates ranged from 23% less to 14% greater
than comparison rates. Arcus-Arth and Blaisdell
(2007) concluded that taking into account the
differences in methods, data, and some age
definitions between the two sets of breathing rates,
the CSFII and comparison rates were similar across
age groups.

An advantage of this study is that it provides
breathing rates specific to narrow age ranges, which
can be useful for assessing inhalation dose during
periods of greatest susceptibility. However, the study
is limited by the potential for misreporting,
underestimating, or overestimating of food intake
data in the CSFII. In addition to underreporting of
food intake by adolescents, EI values for younger
children may be under- or overestimated. Overweight
children (or their parents) may also under-report food
intakes. In addition, adolescents who misreport food
intake may have also misreported body weights.
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6.3.3.  Stifelman (2007)—Using Doubly Labeled
Water Measurements of Human Energy
Expenditure to Estimate Inhalation Rates

Stifelman (2007) estimated inhalation rates using
DLW energy data. The DLW method administers two
forms of stable isotopically labeled water:
deuterium-labeled (*H,0) and *®oxygen-labeled
(H,*®0). The difference in disappearance rates
between the two isotopes represents the energy
expended over a period of 1-3half-lives of the
labeled water (Stifelman, 2007). The resulting
duration of observation is typically 1-3 weeks,
depending on the size and activity level.

The DLW database contains subjects from areas
around the world and represents diversity in ethnicity,
age, activity, body type, and fitness level. DLW data
have been compiled by the Institute of Medicine
(IOM) Panel on Macronutrients and the Food and
Agriculture Organization of the United Nations.
Stifelman (2007) used the equation of Layton (1993)
to convert the recommended energy levels of IOM
for the active to very-active people to their equivalent
inhalation rates. The IOM reports recommend energy
expenditure levels organized by sex, age, and body
size (Stifelman, 2007).

The equivalent inhalation rates are shown in Table
6-12. Shown in Table 6-13 are the mean values for
the IOM “active” energy level category, averaged to
fit within the standard U.S. EPA age groups.
Stifelman (2007) noted that the estimates based on
the DLW are consistent with previous findings of
Layton (1993) and the Exposure Factors Handbook
(U.S. EPA, 1997) and that inhalation rates based on
the IOM active classification are consistent with the
mean inhalation rate in the handbook.

The advantages of this study are that the
inhalation rates were estimated using the DLW data
from a large data set. Stifelman (2007) noted that
DLW methods are advantageous; the data are robust,
measurements are direct and avoid errors associated
with indirect measurements (heart rate [HR]),
subjects are free-living, and the period of observation
is longer than what is possible from staged activity
measures. Observations over a longer period of time
reduce the uncertainties associated with using short
duration studies to infer long-term inhalation rates. A
limitation with the study is that the inhalation rates
that are presented are for active/very active persons
only.

6.3.4. U.S. EPA (2009a)—Metabolically Derived
Human Ventilation Rates: A Revised
Approach Based Upon Oxygen
Consumption Rates

U.S. EPA (2009a) conducted a study to ascertain
inhalation rates for children and adults. Specifically,
U.S. EPA sought to improve upon the methodology
used by Layton (1993) and other studies that relied
upon the VQ and a linear relationship between
oxygen consumption and fitness rate. A revised
approach, developed by U.S.EPA’s National
Exposure Research Laboratory, was used, in which
an individual’s inhalation rate was derived from his
or her assumed oxygen consumption rate. U.S. EPA
applied this revised approach using body-weight data
from the 1999-2002 National Health and Nutrition
Examination Survey (NHANES) and metabolic
equivalents of work (METS) data from U.S. EPA’s
Consolidated Human Activity Database (CHAD). In
this database, metabolic cost is given in units of
“METS” or “metabolic equivalents of work,” an
energy expenditure metric used by exercise
physiologists and clinical nutritionists to represent
activity levels. An activity’s METS value represents a
dimensionless ratio of its metabolic rate (energy
expenditure) to a person’s resting, or BMR.

NHANES provided age, sex, and body-weight
data for 19,022 individuals from throughout the
United States. From these data, BMR was estimated
using an age-specific linear equation used in the
Exposure Factors Handbook (U.S. EPA, 1997), and
in several other studies and reference works.

The CHAD database is a compilation of several
databases of human activity patterns. U.S. EPA used
one of these studies, the National Human Activity
Pattern Survey (NHAPS), as its source for METS
values because it was more representative of the
entire U.S. population than the other studies in the
database. The NHAPS data set included activity data
for 9,196 individuals, each of which provided
24 hours of activity pattern data using a diary-based
questionnaire. While NHAPS was identified as the
best available data source for activity patterns, there
were some shortcomings in the quality of the data.
Study respondents did not provide body weights;
instead, body weights were simulated using statistical
sampling. Also, the NHAPS data extracted from
CHAD could not be corrected to account for
non-random sampling of study participants and
survey days.

NHANES and NHAPS data were grouped
according to the age categories presented elsewhere
in this handbook, with the exception that children
under the age of 1 year were placed into a single
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category to preserve an adequate sample size within
the category. For each NHANES participant, a
“simulated” 24-hour activity pattern was generated
by randomly sampling activity patterns from the set
of NHAPS participants with the same sex and age
category as the NHANES participant. Twenty such
patterns were selected at random for each NHANES
participant, resulting in 480 hours of simulated
activity data for each NHANES participant. The data
were then scaled down to a 24-hour time frame to
yield an average 24-hour activity pattern for each of
the 19,022 NHANES individuals.

Each activity was assigned a METS value based
on statistical sampling of the distribution assigned by
CHAD to each activity code. For most codes, these
distributions were not age dependent, but age was a
factor for some activities for which intensity level
varies strongly with age. Using statistical software,
equations for METS based on normal, lognormal,
exponential, triangular, and uniform distributions
were generated as needed for the various activity
codes. The METS values were then translated into
EE by multiplying the METS by the BMR, which
was calculated as a linear function of body weight.
The oxygen consumption rate (VO,) was calculated
by multiplying EE by H, the volume of oxygen
consumed per unit of energy. VO, was calculated
both as volume per time and as volume per time per
unit of body weight.

The inhalation rate for each activity within the
24-hour simulated activity pattern for each individual
was estimated as a function of VO,, body weight,
age, and sex. Following this, the average inhalation
rate was calculated for each individual for the entire
24-hour period, as well as for four separate classes of
activities based on METS value (sedentary/passive
[METS less than or equal to 1.5], light intensity
[METS greater than 1.5 and less than or equal to 3.0],
moderate intensity [METS greater than 3.0 and less
than or equal to 6.0], and high intensity [METS
greater than 6.0]). Data for individuals were then
used to generate summary tables based on sex and
age categories.

U.S. EPA (2009a) also conducted a validation
exercise using the Air Pollutants Exposure Model to
estimate ventilation rates (VRs) and compared results
with recently published estimates of ventilation rates
from Brochu et al. (2006b; 2006a) and Arcus-Arth
and Blaisdell (2007). The results compared
reasonably well when ventilation rates were
normalized by BMI.

Table 6-14 through Table 6-22 present data from
this study. Table 6-14 and Table 6-15 present, for
male and female subjects, respectively, summary
statistics for daily average inhalation rate by age

category on a volumetric (m®/day) and body-weight
adjusted (m®day-kg) basis. Table 6-16 presents the
mean and 95" percentile values for males, females,
and males and females combined. Table 6-17 through
Table 6-20 present, for male and female subjects,
respectively, mean ventilation rates by age category
on a volumetric (m¥minute) and body-weight
adjusted (m*/minute-kg) basis for the five different
activity level ranges described above. Table 6-21 and
Table 6-22 present the number of hours spent per day
at each activity level by males and females.

An advantage of this study is the large sample
size. In addition, the data sets used, NHAPS and
NHANES, are representative of the U.S. general
population. One limitation is that the NHAPS data
are more than 15 years old. Also, day-to-day
variability cannot be characterized because data were
collected over a 24-hour period. There is also
uncertainty in the METs randomization, all of which
were noted by the authors. In addition, the approach
does not take into consideration correlations that may
exist between body weight and activity patterns.
Therefore, high physical activity levels can be
associated with individuals of high body weight,
leading to unrealistically high inhalation rates at the
upper percentile levels. The validation exercise
presented in U.S. EPA (2009a) used normal-weight
individuals. It is unclear if similar results would be
obtained for overweight individuals.

6.3.5. Key Studies Combined

In order to provide the recommended long-term
inhalation rates shown in Table 6-1, data from the
four key studies were combined. Mean and
95™ percentile inhalation rate values for the four key
studies are shown in Table 6-23 and Table 6-24,
respectively. The data from each study were averaged
by sex and grouped according to the age groups
selected for use in this handbook, when possible.
Table 6-25 shows concordance between the age
groupings used in this handbook and the original age
groups in the key studies.

6.4. RELEVANT INHALATION RATE
STUDIES

6.4.1. International Commission on
Radiological Protection (ICRP) (1981)—
Report of the Task Group on Reference
Man

The International Commission on Radiological
Protection (ICRP, 1981) estimated daily inhalation
rates for reference adult males and females, children
(10 years old), infants (1 year old), and newborn
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babies by using a time-activity-ventilation approach.
This approach for estimating an inhalation rate over a
specified period of time was based on calculating a
time weighted average of inhalation rates associated
with physical activities of varying durations (see
Table 6-26). ICRP (1981) compiled reference values
(see Table 6-27) of minute volume/inhalation rates
from various literature sources. ICRP (1981) assumed
that the daily activities of a reference male, female,
and child (10 years of age) consisted of 8 hours of
rest and 16 hours of light activities. It was also
assumed that for adults only, the 16 hours of light
activities were divided evenly between occupational
and non-occupational activities. It was assumed that a
day consisted of 14 hours resting and 10 hours light
activity for an infant (1 year). A newborn’s daily
activities consisted of 23 hours resting and 1-hour
light activity. The estimated inhalation rates were
22.8 m*/day for adult males, 21.1 m*day for adult
females, 14.8 m®day for children (age 10 years),
3.76 m*/day for infants (age 1 year), and 0.78 m*/day
for newborns (see Table 6-26).

The advantages of this study are that they account
fairly well for time and activity, and are sex specific.
A limitation associated with this study is that it is
almost 30 years old. In addition, the validity and
accuracy of the inhalation rate data used in the
compilation of reference values were not specified.
This introduces some degree of uncertainty in the
results obtained. Also, the approach used required
that assumptions be made regarding the hours spent
by various age/sex cohorts in specific activities.
These assumptions may over-/under-estimate the
inhalation rates obtained.

6.4.2. U.S. EPA (1985)—Development of
Statistical Distributions or Ranges of
Standard Factors Used in Exposure
Assessment

The U.S. EPA (1985) compiled measured values
of minute ventilation for various age/sex cohorts
from early studies. The data compiled by the
U.S. EPA (1985) for each of the age/sex cohorts were
obtained at various activity levels (see Table 6-28).
These levels were categorized as light, moderate, or
heavy according to the criteria developed by the
U.S. EPA Office of Environmental Criteria and
Assessment for the Ozone Criteria Document. These
criteria were developed for a reference male adult
with a body weight of 70kg (U.S. EPA, 1985).
Table 6-29 details the estimated minute ventilation
rates for adult males based on these activity level
categories.

Table 6-28 presents a summary of inhalation rates
by age and activity level. A description of activities
included in each activity level is also presented in
Table 6-28. Table 6-28 indicates that at rest, the
average adult inhalation rate is 0.5 m*hour.
Table 6-28 indicates that at rest, the mean inhalation
rate for children, ages 6 and 10 years, is 0.4 m*/hour.
Table 6-30 presents activity pattern data aggregated
for three microenvironments by activity level for all
age groups. The total average hours spent indoors
was 20.4, outdoors was 1.77, and in a transportation
vehicle was 1.77. Based on the data presented in
Table 6-28 and Table 6-30, a daily inhalation rate was
calculated for adults and children by using a
time-activity-ventilation approach. These data are
presented for adults and children in Table 6-31. The
calculated average daily inhalation rate is 16 m*/day
for adults. The average daily inhalation rate for 6-
and 10-year-old children is 16.74 and 21.02 m*/day,
respectively.

Limitations associated with this study are its age
and that many of the values used in the data
compilation were from early studies. The accuracy
and/or validity of the values used and data collection
method were not presented in U.S. EPA (1985). This
introduces uncertainty in the results obtained. An
advantage of this study is that the data are actual
measurement data for a large number of adults and
children.

6.4.3. Shamoo et al. (1990)—Improved
Quantitation of Air Pollution Dose Rates
by Improved Estimation of Ventilation
Rate

Shamoo et al. (1990) conducted a study to
develop and validate new methods to accurately
estimate ventilation rates for typical individuals
during their normal activities. Two practical
approaches were tested for estimating ventilation
rates indirectly: (1) volunteers were trained to
estimate their own VR at various controlled levels of
exercise; and (2) individual VR and HR relationships
were determined in another set of volunteers during
supervised exercise sessions (Shamoo et al., 1990). In
the first approach, the training session involved
9 volunteers (3 females and 6 males) from 21 to
37 years old. Initially the subjects were trained on a
treadmill with regularly increasing speeds. VR
measurements were recorded during the last minute
of the 3-minute interval at each speed. VR was
reported to the subjects as low (1.4 m*/hour), medium
(1.5-2.3 m*/hour), heavy (2.4-3.8 m*/hour), and very
heavy (3.8 m*/hour or higher) (Shamoo et al., 1990).
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Following the initial test, treadmill training
sessions were conducted on a different day in which
7 different speeds were presented, each for 3 minutes
in arbitrary order. VR was measured, and the subjects
were given feedback with the four ventilation ranges
provided previously. After resting, a treadmill testing
session was conducted in which seven speeds were
presented in different arbitrary order from the
training session. VR was measured, and each subject
estimated their own ventilation level at each speed.
The correct level was then revealed to each subject
after his/her own estimate. Subsequently, two 3-hour
outdoor supervised exercise sessions were conducted
in the summer on 2 consecutive days. Each hour
consisted of 15 minutes each of rest, slow walking,
jogging, and fast walking. The subjects’ ventilation
level and VR were recorded; however, no feedback
was given to the subjects. Electrocardiograms were
recorded via direct connection or telemetry, and HR
was measured concurrently with  ventilation
measurement for all treadmill sessions.

The second approach consisted of two protocol
phases (indoor/outdoor exercise sessions and field
testing). Twenty outdoor adult workers between 19
and 50 years old were recruited. Indoor and outdoor
supervised exercises similar to the protocols in the
first approach were conducted; however, there were
no feedbacks. Also, in this approach,
electrocardiograms were recorded, and HR was
measured concurrently with VR. During the field
testing phase, subjects were trained to record their
activities during three different 24-hour periods
during 1 week. These periods included their most
active working and non-working days. HR was
measured quasi-continuously during the 24-hour
periods that activities were recorded. The subjects
recorded in a diary all changes in physical activity,
location, and exercise levels during waking hours.
Self-estimated activities in supervised exercises and
field studies were categorized as slow (resting, slow
walking or equivalent), medium (fast walking or
equivalent), and fast (jogging or equivalent).

Inhalation rates were not presented in this study.
In the first approach, about 68% of all self-estimates
were correct for the 9 subjects sampled (Shamoo et
al., 1990). Inaccurate self-estimates occurred in the
younger male population who were highly physically
fit and were competitive aerobic trainers. This subset
of the sample population tended to underestimate
their own physical activity levels at higher VR
ranges. Shamoo et al. (1990) attributed this to a
“macho effect,” in which these younger male subjects
were reluctant to report “very heavy” exercise even
when it was obvious to an observer, because they
considered it an admission of poor physical

condition. In the second approach, a regression
analysis was conducted that related the logarithm of
VR to HR. The logarithm of VR correlated better
with HR than VR itself (Shamoo et al., 1990).

Limitations associated with this study are its age
and that the population sampled is not representative
of the general U.S. population. Also, ventilation rates
were not presented. Training individuals to estimate
their VR may contribute to uncertainty in the results
because the estimates are subjective. Another
limitation is that calibration data were not obtained at
extreme  conditions; therefore, the VR/HR
relationship obtained may be biased. An additional
limitation is that training subjects may be too
labor-intensive for widespread use in exposure
assessment studies. An advantage of this study is that
HR recordings are useful in predicting ventilation
rates, which, in turn, are useful in estimating
exposure.

6.4.4. Shamoo et al. (1991)—Activity Patterns in
a Panel of Outdoor Workers Exposed to
Oxidant Pollution

Shamoo et al. (1991) investigated summer
activity patterns in 20 adult volunteers with
potentially high exposure to ambient oxidant
pollution. The selected volunteer subjects were
15 men and 5 women ages 19-50 years from the Los
Angeles area. All volunteers worked outdoors at least
10 hours per week. The experimental approach
involved two stages: (1) indirect objective estimation
of VR from HR measurements,  and
(2) self-estimation of inhalation/ventilation rates
recorded by subjects in diaries during their normal
activities.

The approach consisted of calibrating the
relationship between VR and HR for each test subject
in controlled exercise; monitoring by subjects of their
own normal activities with diaries and electronic HR
recorders; and then relating VR with the activities
described in the diaries (Shamoo et al., 1991).
Calibration tests were conducted for indoor and
outdoor supervised exercises to determine individual
relationships between VR and HR. Indoors, each
subject was tested on a treadmill at rest and at
increasing speeds. HR and VR were measured at the
third minute at each 3-minute interval speed. In
addition, subjects were tested while walking a
90-meter course in a corridor at 3 self-selected speeds
(normal, slower than normal, and faster than normal)
for 3 minutes.

Two outdoor testing sessions (1 hour each) were
conducted for each subject, 7 days apart. Subjects
exercised on a 260-meter asphalt course. A session
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involved 15 minutes each of rest, slow walking,
jogging, and fast walking during the first hour. The
sequence was also repeated during the second hour.
HR and VR measurements were recorded starting at
the 8" minute of each 15-minute segment. Following
the calibration tests, a field study was conducted in
which subjects self-monitored their activities by
filling out activity diary booklets, self-estimated their
breathing rates, and their HR. Breathing rates were
defined as sleep; slow (slow or normal walking);
medium (fast walking); and fast (running) (Shamoo
et al.,, 1991). Changes in location, activity, or
breathing rates during three 24-hour periods within a
week were recorded. These periods included their
most active working and non-working days. Each
subject wore Heart Watches, which recorded their HR
once per minute during the field study. Ventilation
rates were estimated for the following categories:
sleep, slow, medium, and fast.

Calibration data were fit to the equation log
(VR) = intercept + (slope x HR), each individual’s
intercept and slope were determined separately to
provide a specific equation that predicts each
subject’s VR from measured HR (Shamoo et al.,
1991). The average measured VRs were 0.48, 0.90,
1.68, and 4.02 m®hour for rest, slow walking or
normal walking, fast walking, and jogging,
respectively (Shamoo et al., 1991). Collectively, the
diary recordings showed that sleep occupied about
33% of the subject's time; slow activity 59%;
medium activity 7%; and fast activity 1%. The diary
data covered an average of 69 hours per subject
(Shamoo et al., 1991). Table 6-32 presents the
distribution pattern of predicted ventilation rates and
equivalent ventilation rates (EVR) obtained at the
four activity levels. EVR was defined as the VR per
square meter of body surface area, and also as a
percentage of the subjects average VR over the entire
field monitoring period (Shamoo et al., 1991). The
overall mean predicted VR was 0.42 m*hour for
sleep; 0.71 m*hour for slow activity; 0.84 m*hour
for medium activity; and 2.63 mhour for fast
activity.

Table 6-33 presents the mean predicted VR and
standard deviation, and the percentage of time spent
in each combination of VR, activity type (essential
and non-essential), and location (indoor and outdoor).
Essential activities include income-related work,
household chores, child care, study and other school
activities, personal care, and destination-oriented
travel. Non-essential activities include sports and
active leisure, passive leisure, some travel, and social
or civic activities (Shamoo et al., 1991). Table 6-33
shows that inhalation rates were higher outdoors than
indoors at slow, medium, and fast activity levels.

Also, inhalation rates were higher for outdoor
non-essential activities than for indoor non-essential
activity levels at slow, medium, and fast self-reported
breathing rates (see Table 6-33).

An advantage of this study is that subjective
activity diary data can provide exposure modelers
with useful rough estimates of VR for groups of
generally healthy people. A limitation of this study is
its age and that the results obtained show high
within-person and between-person variability in VR
at each diary-recorded level, indicating that VR
estimates from diary reports could potentially be
substantially misleading in individual cases. Another
limitation of this study is that elevated HR data of
slow activity at the second hour of the exercise
session reflect persistent effects of exercise and/or
heat stress. Therefore, predictions of VR from the
VR/HR relationship may be biased.

6.4.5. Linnetal. (1992)—Documentation of
Activity Patterns in “High-Risk Groups
Exposed to Ozone in the Los Angeles
Area

Linn et al. (1992) conducted a study that
estimated the inhalation rates for ‘“high-risk”
population groups exposed to ozone in their daily
activities in the Los Angeles area. The population
surveyed consisted of seven subject panels: Panel 1:
20 healthy outdoor workers (15 males, 5 females,
ages 19-50 years); Panel 2: 17 healthy elementary
school students (5 males, 12 females, ages
10-12 years); Panel 3: 19 healthy high school
students (7 males, 12 females, ages 13-17 years);
Panel 4: 49 asthmatic adults (clinically mild,
moderate, and severe, 15 males, 34 females, ages
18-50 years); Panel 5: 24 asthmatic adults from
2 neighborhoods of contrasting Oz air quality
(10 males, 14 females, ages 19-46 years); Panel 6:
13 young asthmatics (7 males, 6 females, ages
11-16 years); and Panel 7: construction workers
(7 males, ages 26—34 years). An initial calibration
test was conducted, followed by a training session.
Finally, a field study that involved the subjects
collecting their own HRs and diary data was
conducted. During the calibration tests, VR,
breathing rate, and HR were measured
simultaneously at each exercise level. From the
calibration data, an equation was developed using
linear regression analysis to predict VR from
measured HR.

In the field study, each subject (except
construction workers) recorded in diaries their daily
activities, change in locations (indoors, outdoors, or
in a vehicle), self-estimated breathing rates during
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each activity/location, and time spent at each
activity/location. Healthy subjects recorded their HR
once every 60 seconds using a Heart Watch, an
automated system consisting of a transmitter and
receiver worn on the body. Asthmatic subjects
recorded their diary information once every hour.
Subjective breathing rates were defined as slow
(walking at their normal pace), medium (faster than
normal walking), and fast (running or similarly
strenuous exercise). Table 6-34 presents the
calibration and field protocols for self-monitoring of
activities for each subject panel.

Table 6-35 presents the mean, 99" percentile, and
mean VR at each subjective activity level (slow,
medium, fast). The mean and 99" percentile VR were
derived from all HR recordings that appeared to be
valid, without considering the diary data. Each of the
three activity levels was determined from both the
concurrent diary data and HR recordings by direct
calculation or regression. The mean VR for healthy
adults was 0.78 m*hour, while the mean VR for
asthmatic adults was 1.02 m*/hour (see Table 6-35).
The preliminary data for construction workers
indicated that during a 10-hour work shift, their mean
VR (1.50 m*hour) exceeded the VRs of all other
subject panels (see Table 6-35). The authors reported
that the diary data showed that on a typical day, most
individuals spent most of their time indoors at slow
activity level. During slow activity, asthmatic
subjects had higher VRs than healthy subjects (see
Table 6-35). The authors also reported that in every
panel, the predicted VR correlated significantly with
the subjective estimates of activity levels.

A limitation of this study is that calibration
data may overestimate the predictive power of HR
during actual field monitoring. The wide variety of
exercises in everyday activities may result in greater
variation of the VR-HR relationship than was
calibrated. Another limitation is the small sample size
of each population surveyed. An advantage of this
study is that diary data can provide rough estimates
of ventilation patterns, which are useful in exposure
assessments. Another advantage is that inhalation
rates were presented for various populations (i.e.,
healthy outdoor adult workers, healthy children,
asthmatics, and construction workers).

6.4.6. Shamoo et al. (1992)—Effectiveness of
Training Subjects to Estimate Their Level
of Ventilation

Shamoo et al. (1992) conducted a study where
nine non-sedentary subjects in good health were
trained on a treadmill to estimate their own
ventilation rates at four activity levels: low, medium,

heavy, and very heavy. The purpose of the study was
to train the subjects’ self-estimation of ventilation in
the field and to assess the effectiveness of the training
(Shamoo et al.,, 1992). The subjects included
3 females and 6 males between 21 to 37 years of age.
The tests were conducted in four stages. First, an
initial treadmill pretest was conducted indoors at
various speeds until the four ventilation levels were
experienced by each subject; VR was measured and
feedback was given to the subjects. Second, two
treadmill training sessions, which involved seven
3-minute segments of varying speeds based on initial
tests, were conducted; VR was measured and
feedback was given to the subjects. Another similar
session was conducted; however, the subjects
estimated their own ventilation level during the last
20 seconds of each segment and VR was measured
during the last minute of each segment. Immediate
feedback was given to the subject’s estimate; and the
third and fourth stages involved 2 outdoor sessions of
3 hours each. Each hour comprised 15 minutes each
of rest, slow walking, jogging, and fast walking. The
subjects estimated their own ventilation level at the
middle of each segment. The subject's estimate was
verified by a respirometer, which measured VR in the
middle of each 15-minute activity. No feedback was
given to the subject. The overall percent correct score
obtained for all ventilation levels was 68% (Shamoo
et al., 1992). Therefore, Shamoo et al. (1992)
concluded that this training protocol was effective in
training subjects to correctly estimate their minute
ventilation levels.

For this handbook, inhalation rates were analyzed
from the raw data provided by Shamoo et al. (1992).
Table 6-36 presents the mean inhalation rates
obtained from this analysis at four ventilation levels
in two microenvironments (i.e., indoors and
outdoors) for all subjects. The mean inhalation rates
for all subjects were 0.93, 1.92, 3.01, and 4.80
m*hour for low, medium, heavy, and very heavy
activities, respectively.

Limitations of this study are its age and the
population sample size used in this study was small
and was not selected to represent the general U.S.
population. The training approach employed may not
be cost effective because it was labor intensive;
therefore, this approach may not be viable in field
studies especially for field studies within large
sample sizes.
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6.4.7. Spier et al. (1992)—Activity Patterns in
Elementary and High School Students
Exposed to Oxidant Pollution

Spier et al. (1992) investigated the activity
patterns of 17 elementary school students
(10-12 years old) and 19 high school students
(13—17 years old) in suburban Los Angeles from late
September to October (oxidant pollution season).
Calibration tests were conducted in supervised
outdoor exercise sessions. The exercise sessions
consisted of 5 minutes each of rest, slow walking,
jogging, and fast walking. HR and VR were
measured during the last 2 minutes of each exercise.
Individual VR and HR relationships for each
individual were determined by fitting a regression
line to HR values and log VR values. Each subject
recorded their daily activities, changes in location,
and breathing rates in diaries for 3 consecutive days.
Self-estimated breathing rates were recorded as slow
(slow walking), medium (walking faster than
normal), and fast (running). HR was recorded once
per minute during the 3 days using a Heart Watch.
VR values for each self-estimated breathing rate and
activity type were estimated from the HR recordings
by employing the VR and HR equation obtained from
the calibration tests.

The data shown in Table 6-37 represent HR
distribution patterns and corresponding predicted VR
for each age group during hours spent awake. At the
same self-reported activity levels for both age groups,
inhalation rates were higher for outdoor activities
than for indoor activities. The total number of hours
spent indoors was higher for high school students
(21.2 hours) than for elementary school students
(19.6 hours). The converse was true for outdoor
activities: 2.7 hours for high school students and 4.4
hours for elementary school students (see
Table 6-38). Table 6-39 describes the distribution
patterns of daily inhalation rates for elementary and
high school students grouped by activity level.

A limitation of this study is the small sample size.
The results may not be representative of all children
in these age groups. Another limitation is that the
accuracy of the self-estimated breathing rates
reported by younger age groups is uncertain. This
may affect the validity of the data set generated. An
advantage of this study is that inhalation rates were
determined for children and adolescents.

6.4.8. Adams (1993)—Measurement of
Breathing Rate and Volume in Routinely
Performed Daily Activities, Final Report

Adams (1993) conducted research to accomplish
two main objectives: (1) identification of mean and

ranges of inhalation rates for various age/sex cohorts
and specific activities, and (2) derivation of simple
linear and multiple regression equations that could be
used to predict inhalation rates through other
measured variables: breathing frequency (fg) and
oxygen consumption. A total of 160 subjects
participated in the primary study. There were four
age-dependent groups: (1) children 6 to 12.9 years
old, (2) adolescents between 13 and 18.9 years old,
(3) adults between 19 and 59.9 years old, and (4)
seniors >60 years old (Adams, 1993). An additional
40 children from 6 to 12.9 years old and 12 young
children from 3 to 5.9 years old were identified as
subjects for pilot testing purposes.

Resting protocols conducted in the laboratory for
all age groups consisted of three phases (25 minutes
each) of lying, sitting, and standing. The phases were
categorized as resting and sedentary activities. Two
active protocols—moderate (walking) and heavy
(jogging/running) phases—were performed on a
treadmill over a progressive continuum of intensity
levels made up of 6-minute intervals at three speeds
ranging from slow to moderately fast. All protocols
involved measuring VR, HR, fz, and VO,
Measurements were taken in the last 5 minutes of
each phase of the resting protocol and the last 3
minutes of the 6-minute intervals at each speed
designated in the active protocols.

In the field, all children completed spontaneous
play protocols. The older adolescent population (16
to 18 years) completed car driving and riding, car
maintenance (males), and housework (females)
protocols. All adult females (19 to 60 years) and most
of the senior (60 to 77 years) females completed
housework, yardwork, and car driving and riding
protocols. Adult and senior males completed car
driving and riding, yardwork, and mowing protocols.
HR, VR, and fz were measured during each protocol.
Most protocols were conducted for 30 minutes. All
the active field protocols were conducted twice.

During all activities in either the laboratory or
field protocols, VR for the children’s group revealed
no significant sex differences, but those for the adult
groups demonstrated sex differences. Therefore,
inhalation rate (IR) data presented in Table 6-40 and
Table 6-41 were categorized as young children,
children (no sex), and adult female, and adult male,
and adult combined by activity type (lying, sitting,
standing, walking, and running). These categorized
data from Table 6-40 and Table 6-41 are summarized
as inhalation rates in Table 6-42 and Table 6-43.
Table 6-42 shows the laboratory protocols.
Table 6-43 presents the mean inhalation rates by
group and for moderate activity levels in field
protocols. A comparison of the data shown in
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Table 6-42 and Table 6-43 suggest that during light
and sedentary activities in laboratory and field
protocols, similar inhalation rates were obtained for
adult females and adult males. Accurate predictions
of inhalation rates across all population groups and
activity types were obtained by including body SA,
HR, and breathing frequency in multiple regression
analysis (Adams, 1993). Adams (1993) calculated SA
from measured height and body weight using the
equation:

SA = Height®"® x Weight®*® x 71.84  (Eqn. 6-3)

A limitation associated with this study is that the
population does not represent the general U.S.
population. Also, the classification of activity types
(i.e., laboratory and field protocols) into activity
levels may bias the inhalation rates obtained for
various age/sex cohorts. Age groups for which data
are provided are limited and do not conform to
U.S. EPA’s recommended age groups for children.
The estimated rates were based on short-term data
and may not reflect long-term patterns.

6.4.9. Layton (1993)—Metabolically Consistent
Breathing Rates for Use in Dose
Assessments

Layton (1993) presented a method for estimating
metabolically consistent inhalation rates for use in
quantitative  dose  assessments of  airborne
radionuclides. Generally, the approach for estimating
the breathing rate for a specified time frame was to
calculate a time-weighted-average of ventilation rates
associated with physical activities of varying
durations. However, in this study, breathing rates
were calculated on the basis of oxygen consumption
associated with energy expenditures for short (hours)
and long (weeks and months) periods of time, using
the following general equation to calculate
energy-dependent inhalation rates:

consumed in the production of
1 kilojoule  [KJ] of  energy
expended [L/KJ or m*/MJ]); and

VQ = ventilatory equivalent (ratio of
minute volume [m*minute] to
oxygen uptake [m*/minute])
unitless.

Layton (1993) used three approaches to estimate
daily chronic (long term) inhalation rates for different
age/sex cohorts of the U.S. population using this
methodology.

First Approach
Inhalation rates were estimated by multiplying

average daily food-energy intakes (EFDs) for
different age/sex cohorts, H, and VQ, as shown in the
equation above. The average food-energy intake data
(see Table 6-44) are based on approximately
30,000 individuals and were obtained from the
1977-1978 USDA-NFCS. The food-energy intakes
were adjusted upwards by a constant factor of 1.2 for
all individuals 9 years and older. This factor
compensated for a consistent bias in USDA-NFCS
that was attributed to under-reporting of the foods
consumed or the methods used to ascertain dietary
intakes. Layton (1993) used a weighted average
oxygen uptake of 0.05 L O,/KJ, which was
determined from data reported in the 1977-1978
USDA-NFCS and the second NHANES
(NHANES I1). The survey sample for NHANES II
was approximately 20,000 participants. A VQ of 27
used in the calculations was calculated as the
geometric mean of VQ data that were obtained from
several studies.

The inhalation rate estimation techniques are
shown in the footnotes in Table 6-45. Table 6-46
presents the daily inhalation rate for each age/sex
cohort. As shown in Table 6-45, the highest daily
inhalation rates were 10 m%day for children between
the ages of 6 and 8years, 17 m*day for males
between 15 and 18 years, and 13 m*/day for females
between 9 and 11 years. Estimated average lifetime
inhalation rates for males and females are 14 m%day
and 10 m%day, respectively (see Table 6-45).
Inhalation rates were also calculated for active and
inactive periods for the various age/sex cohorts.

The inhalation rate for inactive periods was
estimated by multiplying the BMR times H times
VQ. BMR was defined as “the minimum amount of
energy required to support basic cellular respiration
while at rest and not actively digesting food”
(Layton, 1993). The inhalation rate for active periods
was calculated by multiplying the inactive inhalation
rate by the ratio of the rate of energy expenditure
during active hours to the estimated BMR. This ratio

Ve=ExHxVQ (Eqgn. 6-4)
where:

Ve = ventilation rate (m*/minute or
m°/day);

E = energy expenditure rate;
[kilojoules/minute (KJ/minute) or
megajoules/hour (MJ/hour)];

H = wvolume of oxygen (at standard
temperature and pressure, dry air
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is presented as F in Table 6-45. Table 6-45 also
presents these data for active and inactive inhalation
rates. For children, inactive and active inhalation
rates ranged from 2.35 to 5.95 m*/day and from 6.35
to 13.09 m*/day, respectively. For adult males (19 to
64 years old), the average inactive and active
inhalation rates were approximately 10 and
19 m*/day, respectively. Also, the average inactive
and active inhalation rates for adult females (19 to
64 years old) were approximately 8 and 12 m*/day,
respectively.

Second Approach
Inhalation rates were calculated as the product of

the BMR of the population cohorts, the ratio of total
daily energy expenditure to daily BMR, H, and VQ.
The BMR data obtained from the literature were
statistically analyzed, and regression equations were
developed to predict BMR from body weights of
various age/sex cohorts. Table 6-46 presents the
statistical data used to develop the regression
equations. Table 6-47 presents the data obtained from
the second approach. Inhalation rates for children
(6 months—10 years) ranged from 7.3-9.3 m*/day for
male and 5.6-8.6 m®day for female children; for
older children (10—18 years), inhalation rates were 15
m3/day for males and 12 m*day for females. Adult
females (18 years and older) ranged from 9.9-11
m3/day and adult males (18 years and older) ranged
from 13-17 m®/day. These rates are similar to the
daily inhalation rates obtained using the first
approach. Also, the inactive inhalation rates obtained
from the first approach are lower than the inhalation
rates obtained using the second approach. This may
be attributed to the BMR multiplier employed in the
equation of the secondapproach to calculate
inhalation rates.

Third Approach
Inhalation rates were calculated by multiplying

estimated energy expenditures associated with
different levels of physical activity engaged in over
the course of an average day by VQ and H for each
age/sex cohort. The energy expenditure associated
with each level of activity was estimated by
multiplying BMRs of each activity level by the MET
and by the time spent per day performing each
activity for each age/sex population. The
time-activity data used in this approach were
obtained from a survey conducted by Sallis et al.
(1985) (Layton, 1993). In that survey, the
physical-activity categories and associated MET
values used were sleep, MET =1; light-activity,
MET =1.5; moderate activity, MET =4; hard
activity, MET = 6; and very hard activity, MET = 10.

The physical activities were based on recall by the
test subject (Layton, 1993). The survey sample was
2,126 individuals (1,120 women and 1,006 men) ages
2074 years that were randomly selected from four
communities in California. The body weights were
obtained from a study conducted by Najjar and
Rowland (1987) that randomly sampled individuals
from the U.S. population (Layton, 1993). Table 6-48
presents the daily inhalation rates (Ve) in m*day and
mhour for adult males and females aged
2074 years at five physical activity levels. The total
daily inhalation rates ranged from 13-17 m*/day for
adult males and 11-15 m®day for adult females.

The rates for adult females were higher when
compared with the other two approaches. Layton
(1993) reported that the estimated inhalation rates
obtained from the third approach were particularly
sensitive to the MET value that represented the
energy expenditures for light activities. Layton
(1993) stated further that in the original time-activity
survey [i.e., conducted by Sallis et al. (1985)], time
spent performing light activities was not presented.
Therefore, the time spent at light activities was
estimated by subtracting the total time spent at sleep,
moderate, heavy, and very heavy activities from
24 hours (Layton, 1993). The range of inhalation
rates for adult females were 9.6-11 m?®/day,
9.9-11 m¥day, and 11-15 m®day, for the first,
second, and third approaches, respectively. The
inhalation rates for adult males ranged from 13-16
m?®/day for the first approach, and 13—-17 m®day for
the second and third approaches.

Inhalation rates were also obtained for short-term
exposures for various age/sex cohorts and five
energy-expenditure categories (rest, sedentary, light,
moderate, and heavy). BMRs were multiplied by the
product of MET, H, and VQ. Table 6-49 presents the
inhalation-rate  data obtained for short-term
exposures.

The major strengths of the Layton (1993) study
are that it obtains similar results using three different
approaches to estimate inhalation rates in different
age groups and that the populations are large,
consisting of men, women, and children.
Explanations for differences in results due to
metabolic measurements, reported diet, or activity
patterns are supported by observations reported by
other investigators in other studies. Major limitations
of this study are (1) the estimated activity pattern
levels are somewhat subjective; (2) the explanation
that activity pattern differences are responsible for
the lower level obtained with the metabolic approach
(25%) compared to the activity pattern approach is
not well supported by the data; and (3) different
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populations were used in each approach, which may
have introduced error.

6.4.10. Linnetal. (1993)—Activity Patterns in
Ozone Exposed Construction Workers

Linn et al. (1993) estimated the inhalation rates of
19 construction workers who perform heavy outdoor
labor before and during a typical work shift. The
workers (laborers, iron workers, and carpenters) were
employed at a site on a hospital campus in suburban
Los Angeles. The construction site included a new
hospital building and a separate medical office
complex. The study was conducted between mid-July
and early November, 1991. During this period, ozone
(03) levels were typically high. Initially, each subject
was calibrated with a 25-minute exercise test that
included slow walking, fast walking, jogging, lifting,
and carrying. All calibration tests were conducted in
the mornings. VR and HR were measured
simultaneously during the test. The data were
analyzed using least squares regression to derive an
equation for predicting VR at a given HR. Following
the calibration tests, each subject recorded the type of
activities to be performed during their work shift (i.e.,
sitting/standing,  walking, lifting/carrying, and
“working at trade”—defined as tasks specific to the
individual’s job classification). Location, and
self-estimated breathing rates (“slow” similar to slow
walking, “medium” similar to fast walking, and
“fast” similar to running) were also recorded in the
diary. During work, an investigator recorded the diary
information dictated by the subjects. HR was
recorded minute by minute for each subject before
work and during the entire work shift. Thus, VR
ranges for each breathing rate and activity category
were estimated from the HR recordings by employing
the relationship between VR and HR obtained from
the calibration tests.

A total of 182 hours of HR recordings were
obtained during the survey from the 19 volunteers;
144 hours reflected actual working time according to
the diary records. The lowest actual working hours
recorded was 6.6 hours, and the highest recorded for
a complete work shift was 11.6 hours (Linn et al.,
1993). Table 6-50 presents summary statistics for
predicted VR distributions for outdoor workers, and
for job- or site-defined subgroups. The data reflect all
recordings before and during work, and at break
times. For all subjects, the mean inhalation rate was
1.68 m*hour with a standard deviation of £0.72 (see
Table 6-50). Also, for most subjects, the 1% and
99" percentiles of HR were outside of the calibration
range. Therefore, corresponding IR percentiles were

extrapolated using the calibration data (Linn et al.,
1993).

The data shown in Table 6-51 represent
distribution patterns of mean inhalation rate for each
subject, total subjects, and job- or site-defined
subgroups by self-estimated breathing rates (slow,
medium, or fast) or by type of job activity. All data
include working and non-working hours. The mean
inhalation rates for most individuals showed
statistically ~ significant increases with  higher
self-estimated breathing rates or with increasingly
strenuous job activity (Linn et al., 1993). Inhalation
rates were higher in hospital site workers when
compared with office site workers (see Table 6-51).
In spite of their higher predicted VR workers at the
hospital site reported a higher percentage of slow
breathing time (31%) than workers at the office site
(20%), and a lower percentage of fast breathing time,
3% and 5%, respectively (Linn et al., 1993).
Therefore, individuals whose work was objectively
heavier than average (from VR predictions) tended to
describe their work as lighter than average (Linn et
al., 1993). Linn et al. (1993) also concluded that
during an O3 pollution episode, construction workers
should experience similar microenvironmental O,
exposure concentrations as other healthy outdoor
workers, but with approximately twice as high a VR.
Therefore, the inhaled dose of O3 should be almost
two times higher for typical heavy-construction
workers than for typical healthy adults performing
less strenuous outdoor jobs.

Limitations associated with this study are its age
and the small sample size. Another limitation of this
study is that calibration data were not obtained at
extreme conditions. Therefore, it was necessary to
predict inhalation rate values that were outside the
calibration range. This may introduce an unknown
amount of uncertainty to the data set. Subjective
self-estimated breathing rates may be another source
of uncertainty in the inhalation rates estimated. An
advantage is that this study provides empirical data
useful in exposure assessments for a population
thought to be the most highly exposed common
occupational group (outdoor workers).

6.4.11. Rusconi et al. (1994)—Reference Values
for Respiratory Rate in the First 3 Years
of Life

Rusconi et al. (1994) examined a large number of
infants and children in Milano, Italy, in order to
determine the reference values for respiratory rate in
children aged 15 days to 3 years. A total of 618
infants and children (336 males and 282 females),
who did not have respiratory infections or any severe
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disease, were included in the study. Of the 618, a
total of 309 were in good health and were observed in
daycare centers, while the remaining 309 were seen
in hospitals or as outpatients.

Respiratory rates were recorded twice, 30 to
60 minutes apart, listening to breath sounds for
60 seconds with a stethoscope, when the child was
awake and calm and when the child was sleeping
quietly (sleep not associated with any spontaneous
movement, including eye  movements  or
vocalizations) (see Table 6-52). The children were
assessed for 1 year in order to determine the
repeatability of the recordings, to compare respiratory
rate counts obtained by stethoscope and by
observation, and to construct reference percentile
curves by age in a large number of subjects.

The authors plotted the differences between
respiratory rate counts determined by stethoscope at
30- to 60-minute intervals against their mean count in
waking and sleeping subjects. The standard deviation
of the differences between the two counts was 2.5
and 1.7 breaths/minute, respectively, for waking and
sleeping children. This standard deviation yielded
95% repeatability coefficients of 4.9 breaths/minute
when the infants and children were awake and
3.3 breaths/minute when they were asleep.

In both waking and sleeping states, the respiratory
rate counts determined by stethoscope were found to
be higher than those obtained by observation. The
mean difference was 2.6 and 1.8 breaths per minute,
respectively, in waking and sleeping states. The mean
respiratory rate counts were significantly higher in
infants and children at all ages when awake and calm
than when asleep. A decrease in respiratory rate with
increasing age was seen in waking and sleeping
infants and children. A scatter diagram of respiratory
rate counts by age in waking and sleeping subjects
showed that the pattern of respiratory rate decline
with age was similar in both states, but it was much
faster in the first few months of life. The authors
constructed centile curves by first log-transforming
the data and then applying a second degree
polynormal curve, which allowed excellent fitting to
observed data. Figure 6-1 and Figure 6-2 show
smoothed percentiles by age in waking and sleeping
subjects, respectively. The variability of respiratory
rate among subjects was higher in the first few
months of life, which may be attributable to
biological events that occur during these months,
such as maturation of the neurologic control of
breathing and changes in lung and chest wall
compliance and lung volumes.

An advantage of this study is that it provides
distribution data for respiratory rate for children from
infancy (less than 2 months) to 36 months old. The

main limitation of this study is that data are provided
in breaths/minute for awake and asleep subjects.
Activity pattern data for the awake subjects are
limited, which prevents characterization of breathing
rates for various levels of exertion. These data are not
U.S. data; U.S. distributions were not available.
Although, there is no reason to believe that the
respiratory rates for Italian children would be
different from that of U.S. children, this study only
provided data for a narrow range of activities.

6.4.12. Price et al. (2003)—Modeling
Interindividual Variation in Physiological
Factors Used in PBPK Models of Humans

Price et al. (2003) developed a database of values
for physiological parameters often used in
physiologically based pharmacokinetic (PBPK)
models. The database consisted of approximately
31,000 records containing information on volumes
and masses of selected organs and tissues, blood
flows for the organ and tissues, and total resting
cardiac output and average inhalation rates. Records
were created based on data from the NHANES III
survey.

The study authors note that the database provides
a source of data for human physiological parameters
where the parameter values for an individual are
correlated with one another and capture
interindividual variation in populations of a specific
sex, race, and age range. A publicly available
computer program, Physiological Parameters for
PBPK Modeling, was also developed to randomly
retrieve records from the database for groups of
individuals of specified age ranges, sex, and
ethnicities (Lifeline Group, 2006). Price et al. (2003)
recommends that output sets be used as inputs to
Monte Carlo-based PBPK models of interindividual
variation in dose. A limitation of this study is that
these data have not been validated against actual
physiological data. Ideally, the database records
would have been obtained from detailed
physiological analyses of individuals, however, such
a survey was not conducted for this study.

6.4.13. Brochu et al. (2006a)—Physiological
Daily Inhalation Rates for Free-Living
Pregnant and Lactating Adolescents and
Women Aged 11 to 55 Years, Using Data
From Doubly Labeled Water
Measurements for Use in Health Risk

Assessment
PDIRs were determined by Brochu et al. (2006a)
for underweight, normal-weight, and

overweight/obese pregnant and lactating females
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aged 11 to 55 years using published data on total
daily energy expenditures, and energy costs for
growth, pregnancy and lactation (breast-energy
output and maternal milk-energy synthesis) in
free-living females. These data were obtained using
the DLW methodology in which disappearance rates
of predetermined doses of DLW (*H,0 and H,'®0) in
urine from non-pregnant and non-lactating females
(N = 357) and normal-weight males (N = 131) as well
as saliva from gravid and breast-feeding females
(N =91) were monitored by gas-isotope-ratio mass
spectrometry.

PDIRs were calculated for underweight,
normal-weight, and overweight/obese females aged
11 to 55 years in pre-pregnancy, at Weeks 9, 22, and
36 during pregnancy, and Weeks 6 and 27
postpartum. Weight groups were determined by BMI
cutoffs settled by the Institute of Medicine for pre-
pregnant females. Underweight, normal-weight, and
overweight/obese individuals were defined as those
having BMIs lower than 19.8 kg/m?, between 19.8
and 26 kg/m®, and greater than 26 kg/m?
respectively. Parameters used for breast-energy
output and the extra energy cost for milk synthesis
were 539.29 + 106.26 kcal/day and 107.86 + 21.25
kcal/day, respectively. Monte Carlo simulations were
necessary to integrate total daily energy requirements
of non-pregnant and non-lactating females into
energy costs and weight changes at the 9", 22", and
36™ weeks of pregnancy and at the 6" and 27"
postpartum weeks. A total of 108 sets of 5,000
energetic data were run, resulting in a simulation of
540,000 data, pertaining to 45,000 simulated
subjects. Means, standard deviations, and percentiles
of energetic values in kcal/day and kcal/kg-day for
males and females were converted into PDIRS in
m/day and mkg-day by using the equation
developed by Layton (1993).

Table 6-53, Table 6-54, and Table 6-55 present the
distribution of physiological daily inhalation rate
percentiles in mday  for  underweight,
normal-weight, and overweight/obese females,
respectively, during pregnancy and postpartum
weeks. Table 6-56, Table 6-57, and Table 6-58
present physiological daily inhalation rate percentiles
in m*kg-day for the same categories. PDIRs for
under-, normal-, and overweight/obese pregnant and
lactating females were higher than those for males
reported in Brochu et al. (2006b). In normal-weight
subjects, inhalation rates are higher by 18 to 41%
throughout pregnancy and 23 to 39% during
postpartum weeks: actual values were higher in
females by 1.13 to 2.01 m*day at the 9™ week of
pregnancy, 3.74 to 4.53 m3/da¥ at the 22" week, and
4.41 to 5.20 m*/day at the 36" week, and by 4.43 to

5.30 m*/day at the 6" postpartum week and 4.22 to
5.11 m*/day at the 27" postpartum week. The highest
99™ percentiles were found to be 0.622 m*kg-day in
pregnant females and 0.647 m®kg-day in lactating
females. By comparison, the highest 99" percentile
value for individuals aged 2.6 months to 96 years was
determined to be 0.725 m%kg-day (Brochu et al.,
2006b). The authors concluded that air quality criteria
and standard calculations based on the latter value for
non-carcinogenic toxic compounds should, therefore,
be protective for virtually all pregnant and lactating
females. Brochu et al. (2006a) also noted that the
default assumption used by IRIS to derive HECs
(total respiratory tract surface of an adult human male
of 54.3 m? is exposed to a total daily air intake of 20
m®) would underestimate exposures to pregnant or
lactating females since approximately one pregnant
or lactating female out of two is exposed to a total
daily air intake of 20 m® up to the highest 99"
percentile of 47.3 m®,

An advantage of this study is that it includes
pregnant and lactating females, and that data are
provided for adolescents aged 11 years and older. A
limitation of this study is that the study population
was partially drawn from Canada and may not
represent the general U.S. population. Also, age
groups for adolescents for which data are provided do
not conform to U.S. EPA’s recommended age groups
for children.

6.4.14. Allan et al. (2009)—Inhalation Rates for
Risk Assessments Involving Construction
Workers in Canada

Allan et al. (2009) generated probability density
distributions by performing a Monte Carlo simulation
to describe inhalation rates for Canadian male and
female construction workers. Construction workers in
this study were those involved in the construction or
physical maintenance of buildings, structures, or
other facilities, and their ages ranged from 16 to 65
years. Information regarding activity patterns and/or
inhalation rates was obtained from published
literature and used to estimate male construction
workers’ hourly inhalation rates. Female construction
worker inhalation rates were estimated using the ratio
of general public female-to-male inhalation rates and
male construction workers’ hourly inhalation rates.
Published energy expenditure and inhalation rates
were compared by occupation within the construction
industry, and these data were used to develop
trade-specific scaling factors. All inhalation rates
were developed as probability density functions
through Monte Carlo simulation. Ten thousand
iterations of random sampling were performed, and at
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the end of the simulation, the results for all 10,000
iterations were summarized into frequency
histograms. The mean, standard deviation, and
percentiles were calculated based on the frequency
counts.

Inhalation rates for male construction workers
were represented by a log normal distribution, with a
mean rate of 1.40 + 0.51 m*hour. Hourly inhalation
rates for female construction workers were scaled
down from those of their male counterparts, based on
relative awake-time inhalation rates for men and
women in the general public. Inhalation rates for
female construction workers were also represented by
a log normal distribution, with a mean rate of 1.25 +
0.66 m°hour. Construction trade-specific scaling
factors were developed and ranged from 0.78 for
electricians to 1.11 for ironworkers.

An advantage of this study is that it provides
estimated inhalation rates for a population of
construction workers. A limitation of this study is that
the construction workers in this study were solely
male construction workers; no females were among
the cohorts monitored.
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Table 6-4. Distribution Percentiles of Physiological Daily Inhalation Rates (PDIRs) (m®/day) for Free-Living

Normal-Weight Males and Females Aged 2.6 Months to 96 Years

Body Weight?

Physiological Daily Inhalation Rates® (m®/day)

Age Group (kg) Percentile®
(years) N Mean+SD Mean+SD 5" 10" 25" 50" 75" 90" 95" 99"
Males
0.22to<05 32 6.7+1.0 3.38+072 219 246 289 338 387 430 457 506
0.5to<1 40 88+1.1 422+079 292 321 369 422 475 523 551 6.05
lto<2 35 106+11 512+088 368 399 453 512 571 625 656 7.16
2to<b 25 153+34 7.60+128 549 595 6.73 760 847 925 971 10.59
5 to <7 96 198+21 864+123 661 706 781 864 947 1021 1066 11.50
Tto<ll 38 289+56 1059+199 732 804 925 1059 1194 1314 1387 1522
11 to <23 30 586+139 1723+3.67 1119 1253 1475 1723 19.70 2193 2326 25.76
2310 <30 34 709+65 1748+281 1286 13.88 1559 1748 19.38 21.08 2211 2402
30 to <40 41 715+6.8 16.88+250 1277 13.68 1520 16.88 1857 20.09 21.00 22.70
40 to <65 33 711+72 16.24+267 11.84 1281 1444 16.24 18.04 19.67 20.64 22.46
65 to <96 50 68.9+6.7 1296+248 889 979 1129 1296 14.63 16.13 17.03 18.72
Females

0.22t0<0.5 53 6.5+0.9 3.26+066 217 241 281 326 371 411 436 481
0.5to<1 63 85+1.0 396+072 278 3.05 348 396 445 488 514 563
lto<2 66 10.6+13 4.78+096 320 355 413 478 543 6.01 636 7.02
2to<b 36 144+30 7.06£116 515 557 628 7.06 784 854 897 9.76
5to <7 102 19.7+23 822+131 6.06 654 734 822 911 990 1038 11.27
Tto<ll 161 283+44 984+169 707 768 870 984 1098 12.00 1261 13.76
11 to <23 87 50089 1328+260 9.00 994 1152 1328 15.03 16.61 1756 19.33
23 t0 <30 68 59.2+6.6 1367+228 991 1074 1213 1367 1521 1659 1742 18.98
30 to <40 59 58.7+59 1368+176 10.78 1142 1249 1368 1487 1594 1658 17.78
40 to <65 58 58.8+51 1231+207 891 966 1092 1231 1370 1496 1571 17.12
65 to <96 45 572+73 9.80+217 6.24 7.02 834 980 11.27 1258 13.37 14.85
. Measured body weight. Normal-weight individuals defined according to the BMI cut-offs.

b Physiological daily inhalation rates were calculated using the following equation: (TDEE + ECG) x H x

(Ve/VO,) x 107, where H = 0.21 L of O,/Kcal, Ve/VO, = 27 (Layton, 1993) and ECG = stored daily energy
cost for growth (kcal/day).

¢ Percentiles based on a normal distribution assumption for age groups.
N = Number of individuals.
SD = Standard deviation.

Source:

Brochu et al. (2006b).
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Table 6-5. Mean and 95" Percentile Inhalation Rate Values (m*/day) for Free-Living Normal-Weight
Males, Females, and Males and Females Combined
Age Group®® N Mean® 95"
Males
1 to <3 months 32 3.38 4.57
3 to <6 months 32 3.38 4.57
6 to <12 months 40 4.22 5.51
Birth to <1 year 72 3.85 5.09
1 to <2 years 35 5.12 6.56
2 to <3 years 25 7.60 9.71
3 to <6 years 25 7.60 9.71
6 to <11 years 38 10.59 13.87
11 to <16 years 30 17.23 23.26
16 to <21 years 30 17.23 23.26
21 to <31 years 64 17.36 22.65
31 to <41 years 41 16.88 21.00
41 to <51 years 33 16.24 20.64
51 to <61 years 33 16.24 20.64
61 to <71 years 83 14.26 18.47
71 to <81 years 50 12.96 17.03
>81 years 50 12.96 17.03
Females

1 to <3 months 53 3.26 4.36
3 to <6 months 53 3.26 4.36
6 to <12 months 63 3.96 5.14
Birth to <1 year 116 3.64 4.78
1 to <2 years 66 4.78 6.36
2 to <3 years 36 7.06 8.97
3 to <6 years 36 7.06 8.97
6 to <11 years 161 9.84 12.61
11 to <16 years 87 13.28 17.56
16 to <21 years 87 13.28 17.56
21 to <31 years 155 13.45 17.50
31 to <41 years 59 13.68 16.58
41 to <51 years 58 12.31 15.71
51 to <61 years 58 12.31 15.71
61 to <71 years 103 11.21 14.69
71 to <81 years 45 9.80 13.37
>81 years 45 9.80 13.37
Exposure Factors Handbook Page

September 2011 6-25




Exposure Factors Handbook

Chapter 6—Inhalation Rates

Table 6-5. Mean and 95" Percentile Inhalation Rate Values (m*/day) for Free-Living Normal-Weight
Males, Females, and Males and Females Combined (continued)
Age Group® N Mean® g5he
Males and Females Combined

1 to <3 months 85 3.31 4.44
3 to <6 months 85 3.31 4.44
6 to <12 months 103 4.06 5.28
Birth to <1 years 188 3.72 4.90
1to <2 years 101 4.90 6.43
2 to <3 years 61 7.28 9.27
3 to <6 years 61 7.28 9.27
6 to <11 years 199 9.98 12.85
11 to <16 years 117 14.29 19.02
16 to <21 years 117 14.29 19.02
21 to <31 years 219 14.59 19.00
31 to <41 years 100 14.99 18.39
41 to <51 years 91 13.74 17.50
51 to <61 years 91 13.74 17.50
61 to <71 years 186 12.57 16.37
71 to <81 years 95 11.46 15.30
>81 years 95 11.46 15.30
@ No other age groups from Table 6-4 (Brochu et al., 2006b) fit into the U.S. EPA age groupings.
b See Table 6-25 for concordance with U.S. EPA age groupings.
¢ Weighted (where possible) average of reported study means and 95" percentiles.
N = Number of individuals.
Source: Brochu et al. (2006b).
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Table 6-6. Distribution Percentiles of Physiological Daily Inhalation Rates (PDIRs) (m®day) for Free-Living
Normal-Weight and Overweight/Obese Males and Females Aged 4 to 96 Years

Body Weight?

Physiological Daily Inhalation Rates® (m®/day)

b

N = Number of individuals.
SD = Standard deviation.

Source: Brochu et al. (2006b).

Age Group (kg) Percentile®
(years) N Mean + SD Mean + SD 5t 10 25" 5o 75t g gsh ggth
Males—Normal-weight
4t0<5.1 77 19.0+1.9 7.90 +0.97 631 666 725 790 856 915 950 10.16
51t0<9.1 52 226+35 9.14+144 6.77 7.29 8.17 9.14 1011 1099 1151 1249
9.1t0<18.1 36 414 +£121 1369+395 7.19 863 11.02 1369 16.35 1875 20.19 22.88
18.1t0<40.1 98 71.3+6.1 1741+270 1296 1394 1558 17.41 1923 20.87 2185 23.69
40.1t0<70.1 34 700+7.8 1560+2.89 1085 1189 13.65 1560 17.54 1930 20.34 2231
70.1 to <96 38 68.9+6.8 1269+233 885 970 1111 1269 1426 1568 1653 18.12
Males—Overweight/obese
4t0<5.1 54 265+49 9.59 +1.26 7.52 7.98 8.74 959 1044 1121 1166 1252
5.1t0<9.1 40 325+£9.2 10.88+249 6.78 7.69 9.20 10.88 1256 14.07 1498 16.68
9.1to<18.1 33 55.8+10.8 1452+198 1125 1198 1318 1452 1585 17.06 17.78 19.13
18.1t0 <40.1 52 98.1+25.2 20.39+3.62 1444 1575 1795 20.39 2283 25.03 26.35 2881
40.1t0 <70.1 81 93.2+149 1796 +£3.71 1185 1320 1545 1796 2046 2271 2406 26.59
70.1 to <96 32 82.3+£10.3 1423+£294 940 1046 1225 1423 1621 18.00 19.06 21.07
Females—Normal-weight
4t0<5.1 82 18.7+£2.0 7.41+0.91 5.92 6.25 6.80 7.41 8.02 8.57 8.90 9.52
51t0<9.1 151 255+4.1 9.39+£1.62 6.72 7.31 8.30 9.39 1048 1147 1205 13.16
9.1t0<18.1 124 427+11.1 12.04 £286 7.34 838 10.11 12.04 1397 1570 16.74 18.68
18.1t0<40.1 135 59.1+6.3 13.73+2.01 1041 1115 1237 1373 1509 1631 17.04 1841
40.1t0<70.1 79 59.1+5.3 1193+216 838 916 1047 1193 1338 14.69 1548 16.95
70.1 to <96 24 54875 8.87+£1.79 5.92 6.57 7.66 8.87 10.07 11.16 11.81 13.03
Females—Overweight/obese

4t0<5.1 56 26.1+£55 8.70 £1.13 6.84 7.26 7.94 8.70 947 1015 1056 11.33
5.1t0<9.1 68 346+99 1055+2.23 6.88 769 905 1055 12.06 1341 1422 1575
9.1t0<18.1 68 59.2+12.8 1427+270 9.83 1081 1245 1427 16.09 1773 1871 20.55
18.1 to <40.1 76 84.4+16.3 1566 +2.11 1218 1295 1423 1566 17.08 1836 19.13 20.57
40.1to <70.1 91 81.7+17.2 13.01+282 837 940 1111 1301 1491 16.62