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ABSTRACT: This study presents a health-centered approach to
quantify and compare the chronic harm caused by indoor air
contaminants using disability-adjusted life-year (DALY). The aim
is to understand the chronic harm caused by airborne
contaminants in dwellings and identify the most harmful.
Epidemiological and toxicological evidence of population morbid-
ity and mortality is used to determine harm intensities, a metric of
chronic harm per unit of contaminant concentration. Uncertainty
is evaluated in the concentrations of 45 indoor air contaminants
commonly found in dwellings. Chronic harm is estimated from the
harm intensities and the concentrations. The most harmful
contaminants in dwellings are PM, 5, PM,,_, 5, NO,, formaldehyde,
radon, and O3, accounting for over 99% of total median harm of

disability-adjusted life-years/10° personsiyear
3 3
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Contaminants of Concern in Dwellings

2200 DALYs/10° person/year. The chronic harm caused by all airborne contaminants in dwellings accounts for 7% of the total

global burden from all diseases.
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1. INTRODUCTION

There is strong evidence that exposure to harmful airborne
contaminants commonly found in dwellings, such as volatile
organic compounds (VOCs), particulate matter (PM), bio-
logical aerosols (mold), and radiological contaminants
(radon), makes a significant contribution to the global burden
of disease."” People are particularly susceptible to these
contaminants as they tend to spend up to 90% of their time
indoors, mostly at home.” To maximize the utility of harm
reduction measures, indoor contaminants should be identified,
ranked, and judged based on the harm they cause and the
likelihood of their presence in indoor air. Health-centered
metrics, such as the disability-adjusted life-year (DALY), can
be used to estimate chronic harm caused by individual
contaminants, and their individual magnitudes can be used to
rank their impact of indoor air contaminants on population
morbidity and mortality."” Hereon, the chronic harm metric
is the annual number of DALYs for a cohort of people.
Existing air pollution health risk assessment (AP-HRA)
tools'’ and life cycle impact assessment (LCIA) method-
ologies'' employ the DALY metric to quantify the chronic
health impacts of airborne contaminants in indoor environ-
ments. AP-HRA tools estimate DALYs by relating observed
changes in the incidence of disease in a population to estimate
the burden of disease,”'””'* whereas LCIAs apply effect
factors (EFs), which are the number of DALYs per unit of
mass intake of a contaminant.~"” These assessments can use
either toxicology or epidemiology research data or both. An
epidemiology-based approach is derived from epidemiological
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data, such as risk estimates, the population attributable
fraction, or disease incidence rates, whereas a toxicology-
based approach is derived from toxicological data, such as the
median effective dose (EDS0). It is important to note that AP-
HRAs are epidemiology-based, while LCIAs can use EFs
derived from epidemiology or toxicology research depending
on the data available for the contaminant of interest.

In 2012, a methodology was proposed by Logue et al."® that
combined epidemiology-based disease incidence and toxicol-
ogy-based EFs to estimate the harm caused by air
contaminants in dwellings. It defined an intake-incidence
DALY (IND) method and an intake-DALY (ID) method to
estimate the average population health costs associated with
the chronic inhalation of common airborne contaminants in
U.S. dwellings. The IND method is similar to the
epidemiology-based approach in AP-HRA tools, while the ID
method is similar to toxicology-based approaches used in LCIA
methodologies. The Logue method significantly advanced the
understanding of air quality in buildings,'”~** but it has some
limitations: (i) it is primarily based on contaminant
concentrations found only in U.S. dwellings; (ii) it reports
large uncertainties in its estimation of harm; (iii) the
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epidemiological and toxicological data it uses are from the
decade prior to 2010 and so they are due for revision; and (iv)
the basis of some underlying assumptions that underpin their
methods is not fully explained. Therefore, there is a need to
update the method using epidemiological and toxicological
research and indoor measurement data published in the past
decade and to expand the scope of the analysis to include
dwellings outside the United States.

Morantes et al. revisited the Logue models,” populating
them with more up-to-date data. They identified a need for
improvements that include a unified harm metric that
considers contaminant concentrations to replace the IND
and ID approaches, a consolidation of data obtained from a
global review of the global burden of disease and incidence
into a single burden of disease database to replace damage
factors (DFs) and incidence data, the linearization of the IND
method, and the simplification and separation of the IND and
ID methods. This work addresses these issues.

There is currently no recognized process for selecting
priority contaminants to be controlled by indoor air quality
(IAQ) standards and regulations.”* ™" Accordingly, there is a
need to identify contaminants that are both the most harmful
and the most prevalent so that they are prioritized as
Contaminants of Concern (CoCs) and targeted for removal.
The CoC term aligns closely with Priority Contaminants or
Criteria Pollutants, but is distinct from the term Contaminants
of Emerging Concern (CECs) used in water-related research.>

Existing IAQ metrics rely on contaminant concentrations"*
but do not directly consider associated health risks. To address
this, we introduce the concept of harm intensity (HI) with
units of DALY/concentration/person/year, which links
chronic harm (DALY/ person/year) to the concentrations of
airborne contaminants to which people are exposed to. This is
like the concept of the inhalation unit risk estimate used by the
U.S. EPA to link lifetime cancer risk with exposure to an
indoor air contaminant concentration.”* Tentative steps have
been made before to relate DALYs to a concentration unit for
ventilation and TAQ*®*° and for PM, in LCIA,* but the
concept of HI has not been defined previously. The power of
the metric is its simplicity and its application to any
environment because harm is solely a function of the
contaminant. Therefore, when contaminant concentrations
that represent chronic exposures are known in an environment,
it is possible to use the HI metric to calculate the total harm
they cause and identify those that are the most harmful.

There are many risk factors in daily life that have an
acceptable level of harm in a population, such as taking a mode
of transport or consuming a particular food or drink. The harm
they pose to a population can be quantified using the DALY
metric’ and their value could represent the current acceptable
magnitude of harm. Therefore, DALY can be used to set a
harm budget for airborne contaminants and to quantify the
quality of indoor air in buildings. The harm budget is an
interpretation of the IAQ_equivalence principle,”**’ where a
harm limit is set, and then any combination of contaminant
concentrations that keeps the contaminant harm below that
limit is allowed. The ANSI/ASHRAE Standard 62.2°°
proposes a definition for acceptable IAQ (AIAQ) in dwellings,
but there is still a need for a quantitative definition of ATAQ.
This is addressed by a harm budget.

The aim of this article is to identify the most harmful
airborne contaminants in dwellings today so that they can be
prioritized for removal and be used to define a harm budget.
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To do this, we (i) use existing epidemiological and
toxicological data to determine the HIs of common
contaminants, (ii) determine contaminant concentrations in
dwellings, (iii) combine the HIs and concentrations for each
contaminant to determine the harm caused from typical
exposures to them, and (iv) rank the contaminants by the
magnitude of the harm they cause. The results will inform the
development of health policies, building codes and regulations,
and the design and operation of buildings.

2. METHODS

To meet the aim, it is necessary to develop an expression for
the chronic harm (in DALY/person/year) caused by the
inhalation of a specific airborne contaminant (indicated by the
subscript i) as a function of HI, HI, and concentration C,.

Harm=HI,-C, (1)

Generally, indoor contaminant concentrations are reported in
micrograms per cubic meter (ug/m?), but some contaminants
have other units, such as Bq/ m? for radon and cfu/m? for mold
spores. Therefore, for most airborne contaminants, HI; has
units of DALY/ug/m?/person/year.

Indoor air comprises contaminant mixtures,”” and although
synergies for some contaminant combinations exist,”* ™"
evidence of chronic synergies remains limited.*”*’ When
synergies are identified, they are found to be rare at the
concentrations typically found in buildings.** ™" Knowledge of
air contaminant synergies in LCA is also scarce.'" Most
approaches for multiple contaminant exposures follow the
Concentration Addition (?rinciple, and components are
combined additively.”*™>° Therefore, we also apply the
additive approach to our model, aligning it with existing risk
assessment methods."”*"** Furthermore, when evaluating the
total harm (in DALYs) from exposure to a mixture of indoor
air contaminants, it is common to use an additive approach to
combine the health impacts from each contaminant.'”>*~>°

Therefore, the harm from any number of contaminants can
be summed to obtain the total harm they cause, where

Harm=z Harm,
i (2)

The individual contaminant harms can be compared against
the total harm to determine those that contribute the most.
This allows the most harmful pollutants to be identified and
designated CoCs.

Equation 2 is the all-cause harm that aggregates the health
impacts from all diseases that exposure to a contaminant might
induce, which is the metric we are ultimately interested in.
While some data sources may provide all-cause information,
some are disaggregated by disease so that the all-cause harm
becomes the sum of the harms for each disease, as

Harm,; = Z Harmk’i
k (3)

where the subscript k denotes a specific disease. Then, Harmy;
can be defined as a function of the HI for each disease, HI, ,
where

Harmy =HI ;-C; (4)
Summing specific contaminant-related diseases is well-

established in air pollution assessment methods for approx-
o . 8,18,35,53,54,57—59
imating the total harm (in DALYs). Logue et
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al.'® combined the carcinogenic and noncarcinogenic harm
effects identified by toxicology research.'”** In epidemiology,
all-cause mortality (k) is often used to summarize the collective
impact of major diseases resulting from long-term exposures."
However, without morbidity, it gives a reasonable, but lower-
bound, estimate of the all-cause HI.

We are generally following the characterization framework of
life-cycle impact assessment (LCIA),'' which is rooted in
toxicological and epidemiological research, and has been
widely applied in studies of outdoor®>***%*7°860=6% 4nq
indoor air pollution, particularly inside or near dwellings.és_é8
LCIA considers many parameters, but the one that is most
similar to the HI is the EF, which has the units of DALY/kg.
The HI can be related to the EF using a breathing rate (BR),
which can be assumed to be constant.

HI, =EF, -BR 5)

BR is a standardized annual breathing rate of 5402 m3/ person/
69—71

year.

Generating HIs for each disease and contaminant require
the conversion of existing health data from the forms in which
they are typically reported, which vary depending on the
discipline they originate from. The data from toxicological and
epidemiological studies are then examined in turn.

2.1. Toxicological Analysis. We reviewed the toxico-
logical data for a wide range of relevant contaminants (Section
2.3) and calculated their median all-cause HIs and
uncertainties.

Toxicological studies aim to determine the harmful effects of
various contaminants on living organisms. Organisms are
exposed to doses of contaminants to determine the quantal
dose—response relationship that characterizes the distribution
of responses to different doses in a population of individual
organisrns.72

A widely used statistical approach for estimating the
response of a population to a toxic exposure is the effective
dose (ED). Generally, the midpoint, or the 50% response level,
is reported and is known as effective median dose, EDS0.7%73
The current approach of the LCIA characterization framework
is to use the EDSO to quantify the effect factor
parameter.'>”*~”” The ED is specific to a disease and
contaminant and so is shown representing a cancerous or
noncancerous effect for each contaminant of interest in LCIA.
This approach is similar to the ID method of Logue et al."®

The toxicology-based characterization framework considers
a DF (DALY/case), EDS0 (kg), BR (m®/person/year), and a
constant of 0.5 (cases) in a linear equation. This expression is
used to determine HI (DALY/ug/m’/person/year) from
toxicological data, where

_ 1 DE-BR

%7 2 EDSO,,

(6)

The data used to derive the toxicology-based HI parameters
encompass the following: (i) the effective median dose-related
data derived from USEtox 2.0;"* (ii) exposure factors for
BRs;”® and (iii) the global burden of disease collaborative
network for DFs.® Details of the literature review, calculations,
and other considered criteria are available in the Supporting
Information.

2.2. Epidemiological Analysis. Epidemiology focuses on
the patterns of disease and ill-health in a population.*’
Epidemiological studies statistically link disease incidences to
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real-world exposures. They require substantive evidence and so
provide less data on contaminants than toxicological studies.

The AP-HRA framework estimates the risks of exposure to
air pollution. The risk of air pollution to health in a population
is usually represented by a concentration—response function
(CRF). The CRFs used in AP-HRA tools are typically based
on the epidemiological evidence available for a specific health
outcome and may be represented by linear or nonlinear
forms.'”®" This approach is similar to the IND approach of
Logue et al."®

The incidence rate is the prime estimate of risk in
epidemiology,80 and so health risk assessments use health
impact functions (HIFs) to estimate changes in outcome
incidence. HIF methods require information that includes the
size of the exposed population, baseline incidence rates for
diseases associated with pollutants, baseline and exposure
concentrations, and CRF estimates or relative risks for each
contaminant-disease pair.82 Therefore, our epidemiological
analyses account for a DF (DALY/case), a baseline incidence
rate, 7, (cases/person/year), and a risk factor, # (change/ug/
m®) in a nonlinear equation that considers saturation at high
exposures.

HI =DFen, | =

1

1- e_/jkﬂ'c"]
(7)

The term in parentheses models the nonlinear, no lower
threshold, saturation. When the equation is evaluated at the
low concentrations normally expected in dwellings,*”** it
becomes an approximately linear expression that can be used
to determine HIs (DALY/ug/m?/person/year) from epide-
miological data, where

HIk;i:DFk.yOk.ﬂk,i (8)

The epidemiological data are reviewed for the common
contaminants described in Section 2.3, and the median all-
cause HIs and their uncertainties are calculated. Further details
of the literature review and calculations are given in Supporting
Information B. Two sources are particularly important. To
determine the beta parameter for risk derivation, we referred to
the literature that compiled or reviewed risk estimates' and
then the disease-specific baseline incidence rates and DFs from
the global burden of disease collaborative network.”

2.3. Representative Indoor Contaminant Concentra-
tions (C). We define C; as the median concentration of an
airborne contaminant found in dwellings. Priority contami-
nants were selected from an existing list of 43 with the highest
chronic health damage identified by Logue et al.'® Carbon
monoxide was removed from the list because its effects are
acute; ammonia, manganese, xylene (o), and xylene (m/p)
were removed because of lack of toxicological evidence. PM,
and three other contaminants (1,3-butadiene, isoprene, and
trichloroethylene) were added to reflect recent reviews of
common airborne contaminants in dwellings.”> Additionally,
we extended the analysis to include molds (spores) and radon.
Measured Cladosporium spore concentrations were used as
the mold indicator because it is a required input to the epi and
tox models (for a discussion, see the Supporting Information).
The list contains 44 contaminants, comprising semivolatile
organic compounds, VOCs, metals, and the criteria pollutants,
a groulp%of six contaminants scrutinized by health assess-
ments.””" To determine the uncertainty in the concentrations
of these contaminants, we conducted a systematic review of
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Figure 1. Harm approach flow diagram.

’ Process ‘

(DALY/person/year)

peer-reviewed studies reporting indoor chronic exposure
(periods >24 hours) in dwellings to the 44 air contaminants.
A 45th contaminant is then added to the list by defining the
coarse fraction of particulate matter (PM;,_, ) as the difference
between respirable particle matter (PM,,) and fine particle
matter (PM,s). PM,,_, is considered here because current
guidelines tend to restrict PM;, concentrations to protect
against the effects of exposure to PM;,_, 5 and so considering
them separately indicates the relative importance of different
size fractions.”” More details on PM,,_, s are provided in the
Supporting Information. However, there is growing evidence
that harm is inversely related to the size of particulate matter
so smaller particles may be more hazardous.”” ™

The primary data extracted from monitoring studies include
concentration statistics and the country or world region in
which they were measured. We include concentrations
measured by fixed or portable samplers or monitors, followed
by any analytical postprocessing method but excluded
modeling studies. The review is designed to provide evidence
of uncertainty in the median contaminant concentrations for
typical dwellings from a nonspatially restrictive perspective. A
more detailed analysis of the data by country or region, season,
room, or temporal period is outside the scope of this study. A
full description of the literature review is provided in the
Supporting Information.

2.4. Total Harm. The harm attributable to chronic
exposures is calculated by using eq 4 from the representative
indoor concentrations and the HIs. The values of harm are
used to rank the contaminants and identify CoC; see Section
3.3. These CoCs can then be used to regulate IAQ in
dwellings. One way of doing this is to set a harm budget, the
maximum harm that is expected in a reference scenario. An
extensive analysis of different approaches to set a harm budget
is beyond the scope of this paper, but an example is given in
Appendix A and is used to provide a quantitative value for
acceptable IAQ.
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2.5. Parameter Distributions. All parameters described
herein are always greater than zero, and many have broad
distributions. Therefore, we assume that a log—normal
function represents their distribution best using the median
as their representative value and geometric standard deviation
(GSD) as the uncertainty metric. This approach is consistent
with established methodologies.">”>”" A GSD quantifies
uncertainty on a linear scale in log—normal distributions. It
avoids scahng effects that can occur with variance-based
measures.”

It is common to report central tendency estimates for
concentration measurements in several different ways; for
example, using means, medians, and geometric means. Other
common second-moment statistics in studies are standard
deviations and extreme values (such as the minimum and
maximum). For consistency, the concentrations are converted
to medians when they are reported differently. The GSD of the
concentrations is estimated assuming that concentrations are
log-normally distributed.”* "’

We use standard statistical approaches to pool log—normal
distributions,”®*™'%* and when data for a single contaminant is
obtained from each approach, their respective values are
combined to produce a single-point estimate and uncertainty.
Contaminant concentrations from different references are
combined similarly. A simplified flowchart illustrating the
process from HI analysis to contaminant harm is provided in
Figure 1. Further details about the model are given in the
Supporting Information.

3. RESULTS

3.1. Harm Intensity. The latest epidemiological and
toxicological research is used to calculate the HI of 44
common indoor air contaminants found in dwellings, and the
HI of the coarse fraction was calculated by subtracting the fine
fraction from PM;,. Five contaminants were found in both
toxicological and epidemiological studies: acrolein (C;H,O),
benzene (C4Hg), formaldehyde (HCHO), ozone (O;), and
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radon (Rn). Therefore, their HIs are pooled by using both data
sources. Table 1 shows the single-point estimates and
uncertainties.

Table 1. Harm Intensities

contaminant median” GSD approach
acetaldehyde 0.053 4.8 toxicology
acrolein 12 4.0 pooled
acrylonitrile 12 4.1 toxicology
benzene 0.067 14 pooled
benzyl chloride 0.062 11 toxicology
1,3-butadiene 0.27 3.9 toxicology
2-butoxyethanol 0.010 8.7 toxicology
cadmium Cd(II) 5.3 8.9 toxicology
carbon disulfide 0.29 11 toxicology
carbon tetrachloride 0.52 7.3 toxicology
chloromethane 0.00027 10 toxicology
chromium Cr(VI) 17 15 toxicology
crotonaldehyde (trans) 1.1 7.2 toxicology
1,2-dibromoethane 34 5.8 toxicology
1,4-dichlorobenzene 0.012 6.4 toxicology
1,2-dichloroethane 0.052 5.4 toxicology
1,1-dichloroethene 0.15 6.1 toxicology
ethanol 0.000S S.8 toxicology
2-ethylhexanol 0.0029 8.4 toxicology
formaldehyde 4.3 2.0 pooled
hexachlorobutadiene 0.030 4.8 toxicology
hexane 0.0018 8.7 toxicology
isoprene 0.0092 7.0 toxicology
limonene (d--) 0.0093 6.5 toxicology
2-methoxyethanol 0.0028 7.8 toxicology
methyl methacrylate 0.051 2.8 toxicology
methyl tert-butyl ether 0.026 4.6 toxicology
methylene chloride 0.010 5.6 toxicology
mold 0.026" 2.1 epidemiology
naphthalene 0.36 S.9 toxicology
nitrogen dioxide 5.7 1.7 epidemiology
ozone 1.3 1.9 pooled
PM,, 30 13 epidemiology
PM, ¢ 3.8 43
PM, 60 12 epidemiology
radon 0.44° 1.6 pooled
styrene 0.11 4.7 toxicology
sulfur dioxide 1.3 S.3 epidemiology
1,1,2,2-tetrachloroethane 0.13 6.2 toxicology
tetrachloroethene 0.052 6.2 toxicology
toluene 0.00087 S4 toxicology
1,1,2-trichloroethane 0.15 5.7 toxicology
trichloroethylene 0.0035 S.1 toxicology
vinyl chloride 0.98 S4 toxicology
xylenes 0.0034 6.1 toxicology

“DALY/,ug/m3/ 10° person/year. bDALY/cfu/m3/ 10° person/year;
cfu, colony-forming units. “DALY/Bq/m’/10° person/year; Bgq,
Becquerels.

PM, 5 shows the greatest HI, but PM,, and chromium are
also important because they have HIs that are several times
higher than those of any other of the included contaminants.
The elevated HI observed for PM results from the combined
effects of baseline incidence, relative risk, and DFs, all of which
relate to all-cause mortality associated with particle exposure.
Chromium’s high magnitude of HI is a function of its
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toxicological characteristics, specifically the low-effective
median dose, that induces an effect in the population.

The HlIs derived from toxicology- and epidemiology-based
approaches are not dependent on specific concentration values.
In the toxicology-based approach, the EDSO (ED for 50% of
the population) encompasses the dose, including the exposure
itself. Likewise, in the epidemiology-based approach, the risk
coefficient derived from exposure concentrations implicitly
incorporates the exposure. This inherent feature of the harm
metric enables its broad application across different environ-
ments.

HIs alone do not give a complete understanding of the
potential harm a contaminant can cause in a space and neither
do concentrations. Concentrations and HIs are required
together. It is important to note that a low concentration of
a contaminant with a high HI could pose a higher health risk
than a high concentration of a contaminant with a low HL

3.2. Representative Concentrations in Dwellings (C)).
A total of 145 unique references were analyzed, which
comprised 827 data sets containing concentrations for the 44
airborne contaminants included in the review. The value of
PM,,_, was derived from these data sets. The references
cover a time period between 2000 and 2020. The data come
from 31 different countries, as well as from regional reviews,
such as Africa,'”* Europe,'”® and other grouped countries.'"’
The countries with the highest number of samples were the
United States of America, China, Canada, and United
Kingdom (Global North countries). Some countries did not
appear in our review; further details can be found in the
Supporting Information.

Table 2 presents the medians, uncertainty in the
representative concentrations (after modeling their distribu-
tions), and the number of data sets reviewed for each
contaminant. Contaminant concentrations are reported in
micrograms per cubic meter, except for radon (Bq/m®) and
mold spores (cfu/m?). The five most abundant contaminants
by mass are ethanol, PM,,, formaldehyde, PM, 5, and nitrogen
dioxide (NO,). PM,o_,s is within this group but not
mentioned because it was inferred from the other PM
fractions. Median representative concentrations for ethanol,
PM,,, and formaldehyde are 110 ug/m* (7 data sets), 62 ug/
m® (48 data sets), and 28 pug/m* (67 data sets), respectively.
Twenty-eight contaminants have a median concentration of
<2.0 pg/m’.

The contaminant concentration distributions in Table 2
reflect typical exposures caused by activities expected to occur
in homes, which might include cooking, candle use, smoking,
combustion of solid fuels (wood and coal), and incense
burning; see the Supporting Information for a discussion.

3.3. Contaminants of Concern. Table 3 gives the
estimated chronic harm (DALYs/10° person/year) from
exposure to the 45 contaminants in descending order. PM, ,
PM,y_, s, nitrogen dioxide, formaldehyde, radon, and ozone are
ranked highest with an estimated median DALYs/ 10° person/
year of 1600 (GSD 1.3), 130 (GSD 4.5), 120 (GSD 1.8), 120
(GSD 2.0), 34 (GSD 1.8), and 10 (GSD 2.7), respectively,
higher than all other contaminants by at least 1 order of
magnitude.

Summing the harm for all contaminants at their
representative concentrations gives a total median harm of
2200 DALYs/10° person/year (GSD 1.6). PM,s, PM,y_, 5,
formaldehyde, nitrogen dioxide, radon, and ozone account for
99.5% of total harm caused by typical indoor air contaminants.
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Table 2. Representative Concentrations

contaminant median” GSD data sets
acetaldehyde 13 1.7 36
acrolein 0.60 1.5 20
acrylonitrile 0.71 12 4
benzene 22 13 65
benzyl chloride 0.22 3.4 2
1,3-butadiene 0.43 1.5 11
2-butoxyethanol 2.7 1.5 8
cadmium Cd(II) 0.011 22 S
carbon disulfide 0.31 1.6 2
carbon tetrachloride 0.50 1.3 18
chloromethane 1.6 1.1 2
chromium Cr(VI) 0.0031 32 2
crotonaldehyde(trans) 0.65 1.9 13
1,2-dibromoethane 0.018 6.0 3
1,4-dichlorobenzene 1.90 1.7 30
1,2-dichloroethane 0.52 13 21
1,1-dichloroethene 0.48 1.5 3
ethanol 110 1.6
2-ethylhexanol 1.7 1.7 6
formaldehyde 28 12 67
hexachlorobutadiene 13 22 2
hexane 14 1.7 19
isoprene 6.0 1.5 8
limonene (d---+) 12 1.9 39
2-methoxyethanol 0.021 12 4
methyl methacrylate 0.082 4.3 2
methyl tert-butyl ether 33 2.1 8
methylene chloride 0.67 2.1 6
mold 160” 1.3 9
naphthalene 11 2.2 19
nitrogen dioxide 22 13 48
ozone 7.3 22 10
PM,, 62 13 38
PM,o_ss 35 14
PM, 26 13 107
radon 78°¢ 14 10
styrene 1.6 13 34
sulfur dioxide 0.41 4.0 8
1,1,2,2-tetrachloroethane 0.040 34
tetrachloroethene 0.83 1.1 21
toluene 13 1.1 67
1,1,2-trichloroethane 0.28 14 9
trichloroethylene 0.45 11 20
vinyl chloride 0.072 33 2
xylenes 6.8 1.3 13

“ug/m’. befu/m?; cfu, colony-forming units. “Bq/m?; Bq, Becquerels.

Table 3. Contaminant Harm

contaminant median” GSD
PM,, 1900 1.4
PM, 1600 13
PMyo_s s 130 45
nitrogen dioxide 120 1.8
formaldehyde 120 2.0
radon 34 1.8
ozone 10 2.7
mold 4.0 2.3
acrolein 0.73 4.1
acrylonitrile 0.73 4.3
acetaldehyde 0.68 S.1
crotonaldehyde(trans) 0.59 8.0
sulfur dioxide 0.56 8.1
naphthalene 0.33 6.4
styrene 0.21 4.8
carbon tetrachloride 0.19 6.5
benzene 0.15 1.6
methyl tert-butyl ether 0.11 S.6
limonene (d--) 0.11 7.5
1,3-butadiene 0.10 4.0
1,1-dichloroethene 0.10 5.7
carbon disulfide 0.089 1.6
vinyl chloride 0.070 7.6
ethanol 0.068 6.2
1,2-dibromoethane 0.062 10
isoprene 0.061 7.1
cadmium Cd(II) 0.058 9.1
1,1,2-trichloroethane 0.056 5.9
hexachlorobutadiene 0.054 5.6
chromium Cr(VI) 0.045 11
tetrachloroethene 0.044 5.7
1,2-dichloroethane 0.030 5.2
1,4-dichlorobenzene 0.024 6.2
xylenes 0.018 6.2
toluene 0.013 52
2-butoxyethanol 0.0098 7.2
1,1,2,2-tetrachloroethane 0.0083 8.8
benzyl chloride 0.0075 11
methylene chloride 0.0061 6.2
2-ethylhexanol 0.0048 7.9
methyl methacrylate 0.0042 6.5
trichloroethylene 0.0018 S.1
hexane 0.0017 9.8
chloromethane 0.0010 9.2
2-methoxyethanol 0.000060 21

“DALY/10° person/year.

Therefore, they should be considered CoCs for dwellings (see
Figure 2).

4. DISCUSSION

4.1. Concentrations of Airborne Contaminants in
Dwellings. Our concentrations of the 45 contaminants are
broadly similar to those reported in other literature reviews.
Here, we compare our meta-analyses with estimates from nine
earlier studies,'>'?88%107-111 Figure 3 illustrates their trends
over the past 3 decades. There are some noticeable differences
in the medians and in the overlaps of the GSD, but generally,
there is good agreement between our results (in black) and the
other studies. Differences may be attributed to the inherent
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variations in the individual studies; for further details see the
Supporting Information. The similarities in concentrations may
be attributed to the fact that our review, and the previous
studies, primarily rely on data from a limited number of
countries, including the United States of America, China,
Canada, and the United Kingdom, predominantly high-income
industrialized nations that often refer to Global North
countries; see Section 4.5 for the implications of these results.

Our estimation of PM,,_, s concentrations, determined by
subtracting PM, 5 from PM,,, introduces some uncertainty in
interpreting the coarse fraction. However, our central tendency
metric aligns well with the findings of Tlacqua et al,''" who
compiled measurements of PM;,_, 5 from various studies. We
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Figure 2. Harm caused by CoCs. Median (bar) and GSD (error bar). Percentage contribution for total harm.

observe that the PMy, , size fraction in dwellings is still
under-reported in the literature, and it is common practice to
derive this contaminant by subtracting PM, 5 from PM,,."”""*
We estimate that the fraction of PM,, attributed to PM,,_, s is
0.36, which is comparable to a value of 0.56 determined by in
situ measurements in dwellings by Morawska et al,'” 0.46 by
Tacqua et al,"'' 0.26 by Nishihama et al,'”” and 0.19 by
Morawska et al."?

4.2. Chronic Harm in Dwellings. CoCs are identified in
Section 3.3 that account for over 99% of total median harm
caused by indoor air contaminants. Our results of harm caused
by these chemicals is compared against those in existing
publications: our estimate of harm from PM, s is 3 times higher
than that of Logue et al.'® and 1 order of magnitude higher
than that of Fazli and Stephens.'” This is because (i) our
representative concentrations are higher, and (ii) we sourced a
higher risk estimate that indicates PM, 5 is more harmful than
what is previously thought. These differences may be
attributable to the lower indoor PM,: concentrations and
the time-weighted concentrations used in American homes by
Logue et al;'® see the Supporting Information for a discussion.

The estimated harm caused by PM,_, s is a novel topic, and
to the best of our knowledge, no previous estimates have been
made using DALYs. The estimated harm from nitrogen dioxide
is higher than that estimated by Logue et al.'® and Fazli and
Stephens'” because they use lower risk and damage estimates
solely linked to hospital admissions, whereas we use the
broader measure of all-cause mortality. The estimated harm
from formaldehyde is higher than that estimated by Huijbregts
et al.'> because we account for the effects of three health
outcomes, whereas they only consider carcinogenic effects
(leukemia). The estimated harm from radon is within the same
order of magnitude as the global burden of disease attributable
to radon in dwellings in 2019.° Finally, the estimated harm for
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ozone is marginally higher that those by others'®'? found using
similar risk estimates and concentrations.

The contaminants we identify that pose the highest harm,
PM,, PM,;, formaldehyde, and nitrogen dioxide, are
extensively studied; see Table 2. Ethanol is the most abundant
species in dwellings, but its contribution to harm is small.
Unlike previous analyses that relied on visual mold
presence,' " our assessment of mold burden incorporates the
measured concentration of Cladosporium mold spores; see
also the Supporting Information. To assess the validity of our
estimates of harm and to contextualize them, we compare them
with independent estimates of chronic health impacts (in
DALYs) from the inhalation of airborne contaminants in
dwellings. Three studies conducted in the United States of
America'®'??** applied the IND-DALY and/or ID-DALY
methods, and three global/European studies'>"'>""* followed
a comparative risk assessment approach using the population
attributable fraction. A more detailed comparison can be found
in Supporting Figure A.

This paper seeks to advance and augment Logue’s IND and
ID approaches, and so we compare our estimate against theirs
in Figure 4. There are several differences. The first is that we
analyze three additional contaminants (PM;,_,s, radon, and
mold), and we have expanded the IND approach to include
four contaminants (acrolein, benzene, formaldehyde, and
radon) because of the growing number of epidemiology-
based studies focusing on their health impacts in recent years.
The similarities in Figure 4 suggest that the two models are
converging toward a similar conclusion, and this is perhaps
reassuring given the assumption of a linear concentration—
response relationship at low concentrations. However, it is also
evident that while the harm estimates for some contaminants
remain relatively consistent, there are noticeable changes in the
harm estimate for others, such as acrolein. Our harm estimates
have reduced uncertainty by using the most up to date health
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Figure 3. Representative airborne contaminant concentrations. Evaluation was performed against prior research. Median with GSD. Black, current
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data, including current GBD DFs,® dedicated uncertainty
studies;'" see the Supporting Information for further details.

There are a number of factors that contribute to the overall
variability observed by the different references, including the
choice of CRF, the use of different health outcomes, reporting
various central tendency metrics, spatial and population
resolution variations, the geographic scope covered, differences
in concentration estimates, and variations in the methodo-
logical frameworks they followed.

We find that some contaminants pose a higher or lower level
of harm than those previously estimated. This change is not
solely attributed to our methodology because it is similar to
those followed in previous studies of harm in dwell-
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ings.s’lz’lg’lg’zé"114 Formaldehyde, radon, and ozone have data
from both epidemiology and toxicology studies. However,
PM, s, PM}, , 5, and nitrogen dioxide are characterized only by
epidemiological data. This highlights a key need for additional
toxicological research into these pollutants to improve our
understanding of their health effects and provide a more
comprehensive and robust estimate of the harm they cause.

Our analysis of harm caused by the coarse fraction suggests
that chronic exposure to it has a considerable impact on
health.*”'"> Nevertheless, the analysis also shows that PM,
contributes more to the health burden.

The total harm for all 44 independent indoor airborne
contaminants has a median value of 2200 DALYs/10° person/
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year (GSD 1.6). This is roughly S times higher than the global
burden of disease from secondhand smoke in dwellings'* and
double the global burden of disease from PM, s household air
pollution.'* In comparison, the 2019 GBD study estimated
that the all-cause morbidity and mortality burden was 33,000
DALYs/10° person/year (GSD 1.1). The 2200 DALYs/10°
person/year is around 7% of this total GBD. There are no
studies that can be used to directly check the plausibility of this
value. Therefore, we use the GBD study that estimates that the
household air pollution from PM, 5 (from solid fuels) is 1200
DALYs/10° person/year. Our study suggests that PM,
accounts for 65% of the total burden. By applying this fraction
to the GBD data and extrapolating it, it is possible to estimate
that the household air pollution from all contaminants might
be around 1850 DALYs/10° person/year and 5.5% of the total
GBD. This is approximately similar to our value of 7% and
provides some reassurance of its plausibility.

The HI metric is derived from toxicology and epidemiology
health research for chronic impacts at a population scale and is
normalized by a concentration. Therefore, this metric can be
used to assess the harm from the inhalation of airborne
contaminants in any scenario where the assumption of a linear
CRF holds (see the Supporting Information for further
discussion), which makes it appropriate for most building
types. Further improvements in the quality of the health data
may enhance our estimates of the HI, but it is not expected to
vary with activity, region, or building type. This makes it a
universal metric that is unaffected by interventions. Con-
versely, contaminant concentrations are affected by these
factors and so are affected by interventions.

4.3. Contaminant Ranking and Prioritization. The
DALY metric allows contaminants to be ranked by the harm
they cause and then prioritized. Other studies that ranked and
prioritized airborne contaminants in dwellings used different
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qualitative or quantitative methods. For example, Halios et
al."'? identified a subset of high-priority VOCs based on their
adverse-effect end points and the number of studies reporting
their concentrations. The VOCs they prioritized were the
following: trichloroethylene, tetrachloroethylene, 2-methylbu-
tane, tetrachlorocarbon, benzene, ethylbenzene, m + p-xylene,
o-xylene, styrene, toluene, trimethylbenzene, acetone, acetal-
dehyde, formaldehyde, naphthalene, @ — pinene, and
limonene. Sarigiannis et al.'”” used a combination of
quantitative risk characterization metrics to prioritize 10
major organic compounds and highlight benzene as the indoor
contaminant of major concern, followed by formaldehyde,
toluene, and xylenes. Azuma et al."'® ranked acrolein, nitrogen
dioxide, and benzene as the highest risk pollutants (from a list
of 49 indoor contaminants) because they resulted in a margin
of exposure of less than 1 (a lower magnitude of this metric
indicates higher health risks). These studies prioritized
contaminants by interpreting risk using predefined thresholds
or chosen rules, whereas we applied the DALY metric.
Furthermore, they all follow a different prioritization method,
whereas DALY provides a quantitative number that allows a
direct comparison between contaminants.

We agree with the three studies'*''*"' that formaldehyde
and nitrogen dioxide are CoCs. One study highlights that
acrolein is important, but our analysis uses more up-to-date
toxicology and epidemiology data and finds that it is less
important than what is previously thought. The three
references agree that benzene is a priority contaminant
because it is highly carcinogenic in humans. Our HI for
benzene considers this too, and when carcinogenic health
effects are considered as DALYs, their contribution to the total
harm is small when compared to the other contaminants
(ranked the 17th most harmful contaminant in Table 3). This
indicates that the estimated health burden from benzene is
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minor at the concentrations identified in Section 3.2, and so, at
a societal level, the presence of benzene is not a substantial
component of the total harm from exposure to indoor air. It
may be necessary to regulate the sources of carcinogens (35 of
the 45 contaminants are carcinogens) or their concentrations
in air via IAQ standards if they are expected to be high.

The CoCs in dwellings, PM,5, PM,,, nitrogen dioxide,
formaldehyde, ozone, and radon, each contribute 67, 17, 6, 6,
2, and 1% to the median total harm, respectively. This shows
that it is possible to ensure acceptable air quality in a dwelling
by regulating only a few contaminants. This finding is
important for building professionals and regulatory bodies.

4.4, Acceptable Indoor Air Quality. The CoCs identified
in Section 3.3 can be used with a reference scenario to regulate
IAQ in dwellings by determining a harm budget. A reference
scenario is a specific set of buildings that all comply with a
recognized IAQ standard, and so the IAQ in those dwellings
might be logically assumed to be acceptable. The median total
harm is then used to set the budget and determine acceptable
IAQ (AIAQ) quantitatively. A framework and example is given
in Appendix A.

4.5, Limitations and Future Developments. We derive
estimates of harm as the product of HI and representative
concentrations of airborne contaminants found in dwellings.
This simple and straightforward procedure assesses the chronic
health impacts associated with indoor exposure to airborne
contaminants. However, our study has limitations.

Variations in demographics, regions, and indoor behaviors
influence exposure concentrations. The aim of this study is to
quantify overall population impacts; therefore, we did not
model these directly. Instead they are captured implicitly in the
epidemiology data’s confidence intervals. Long-term ambient
air cohorts encompass a wide range of exposure concen-
trations, and the pooling of these studies increases that
variation further. Such exposure differences affect the
confidence intervals of epidemiological metrics such as risk
estimates. Furthermore, other studies have attempted to
address this by adjusting parameters or considering lower
exposure percentages based on the time spent in different
locations, but there is currently no consensus in the literature
on a standard approach. Our pooled total harm values align
with the findings from studies conducting subpopulation
analyses. Therefore, we do not expect significant changes in the
CoCs or the ranking of contaminants based on demographic
aspects. Ventilation and IAQ standards do not publish
recommendations for specific population characteristics such
as being hypersensitive to certain contaminants, suggesting
their limited relevance to our analysis. A more detailed
stratified analysis falls outside the scope of this study but would
provide further insight and should be the subject of future
research.

Our results inform the understanding of acceptable IAQ and
its regulation by ventilation and IAQ standards, such as
ASHRAE 62.2. The harm budget has been developed using
ASHRAE 62.2, and so it is important to acknowledge that the
work is generally focused on the ability of ventilation to
mitigate against exposure to airborne contaminants.

We reviewed 145 references with 827 data sets on indoor
airborne contaminant measurements, and although this is
substantial, some countries are under-represented. Conse-
quently, the data may not accurately reflect the concentrations
of contaminants in smaller countries or regions due to a
scarcity of studies, potentially leading to lifestyle-based
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discrepancies. Thus, caution is advised when comparing
these generalized results to those of contaminants in a specific
location. Additionally, there is still significant uncertainty in the
concentrations of some contaminants; therefore, further field
work is required to reduce this. For example, Table 2 shows
that there are 12 contaminants with <5 data sources.

It is important to conduct a more detailed analysis that
accounts for factors that may affect population exposure to
indoor air contaminants by country or region, climate, and
building characteristics. Our approach is general, but when
evaluating local populations, the use of local data gives a more
accurate understanding of the harm to that population.
Furthermore, considering local populations might highlight
the presence of other CoCs in those scenarios.

Future work should include a hazard assessment that
compares the harm identified in Section 4.2 to the harm
associated with complying with the contaminant concen-
trations given in the existing IAQ_ standards and guidelines.
This would show the relative protectiveness that these
standards provide to the occupants of the buildings they
regulate. This analysis would provide valuable insights into
whether the harm caused by the inhalation of airborne
contaminants in dwellings aligns with the acceptable levels set
by regulators and the wider public. A comparison will
contribute to a better understanding of the potential health
risks and the importance of adhering to standards and
guidelines.

In our study, we focused on a limited list of 45 contaminants
commonly found in dwellings, selected based on their known
harmful effects and availability of data. However, an important
limitation is the omission of emerging contaminants like PM,
and ultrafine particles PM,;, fungicides and pesticides, flame
retardants, and endocrine disruptors such as phthalates, which
have gained increasing attention in research.'”"'"’~"'? These
substances have the potential to significantly contribute to
harm in indoor environments. Therefore, future studies should
expand the scope to include these emerging contaminants,
enabling a more comprehensive assessment of harm. Our list
contains several semi-VOCs (1,4-dichlorobenzene, hexachlor-
obutadiene, and naphthalene). It may not be so important to
consider semi-VOCs in future work for IAQ_standards—not
because they are unimportant—but because they are not
always removed by ventilation. Increasing ventilation has only
a small impact on their airborne concentration because their
net emission generally increases as their airborne concentration
decreases.'””"*" This makes estimating exposure to them
complicated,* and so the mitigation solution is source control
rather than ventilation.

The analysis assumes PM equitoxicity, where all particles are
equally toxic per unit mass inhaled. Emerging evidence
suggests that health effects can vary by PM composition,®’
but more studies on the health impacts of PM from different
sources are needed before it is possible to determine
exposureresponse relationships.'>’ Differentiating between
indoor and outdoor PM HI requires separate chronic risk
estimates for each location, which are unavailable from current
exposure surrogates or from indoor concentrations alone.'”*
For perspective, the indoor PM, 5 HI would need to be around
13 times lower to be equal to that of nitrogen dioxide and
would need to be 2200 times lower to be equal to that of
acrolein, when it would cease being a contaminant of concern.
Overall, PM size remains the most robust predictor of long-
term exposure incidence.
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There may be synergistic effects for some combinations of
contaminants. These are, however, complex, and there is also
limited evidence for them. They also do not occur at the
concentrations found in dwellings. Multipollutant effects are
rarely used in epidemiological exposure assessments. When
evaluating a population of buildings, independent concen-
tration distributions are used for each contaminant, and so it is
not possible to identify interactions. It may be possible to do
this for specific buildings, but the analysis would be uncertain.
Therefore, we assume that all harm is additive and acknowl-
edge that there is a possibility that harm may be under or
overestimated in some circumstances and that there is
currently no limit value where the additive total harm principle
becomes invalid, but it might be identified in the future.*®

Both the epidemiological and toxicological data that
underpin the HIs and the concentrations are linked to chronic
effects and exposures, and so, it is not possible to consider
acute health effects with them. For some of the contaminants,
such as the reactive oxidizing species, including ozone and
nitrogen dioxide, acute impacts from elevated short-term
exposures may be more important than the chronic harm we
calculate.

The HIs are appropriate for low to moderate concentrations,
where a CRF is expected to be approximately linear, and
extrapolations to higher concentrations yield unreasonably
high estimates of harm. We expand on this limitation and on
the expected shapes of C—R curves in the Supporting
Information and Supporting Figure B.

A harm budget can be used to determine AIAQ in buildings
(see Appendix A), but before it can be implemented in a
standard, several key factors should be considered. First, it may
be better to limit the CoCs to two or three of the most harmful
to make source control, remediation, diagnostics, and enforce-
ment simpler. Second, it would be useful to consider the harm
budget in relative terms using a dimensionless magnitude
instead of using absolute terms.

Finally, the study focuses on dwellings, but the concept of
the HI extends to any other environment, where a linear C—R
is expected. Future work will explore this in a range of settings.

Despite these limitations, this study provides a comprehen-
sive estimate of the total harm from indoor air contaminants
using representative indoor concentration data of Global
North countries and globally derived epidemiological and
toxicological data lacking geographic specificity. The results
presented herein can be used to inform appropriate
remediation by showing where the greatest reduction in
harm can be achieved. Cost-benefit analyses could be used to
show the interventions that give the greatest harm reductions
for the least capital outlay. Furthermore, the HIs can be used
to assess the harm from airborne contaminants measured in
field surveys or predicted by models.

In summary, we present the HI metric derived from
epidemiology and toxicology research that expresses the
harm per unit concentration of contaminants. Representative
concentrations of 45 airborne contaminants commonly found
in dwellings and their HIs are used to estimate contaminant
harm as DALY/person/year. We find that the CoCs in
dwellings are PM, 5, PM},_, 5, nitrogen dioxide, formaldehyde,
radon, and ozone, which account for 99.5% of the total median
harm. Finally, we conceive a harm budget as a way to
quantitatively determine acceptable IAQ based on exposure to
airborne contaminants in buildings.
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B APPENDIX A

Framework for a Harm Budget

The harm attributable to chronic exposures is calculated using
eq 4 from the representative indoor concentrations and the
HIs. The values of harm are used to rank the contaminants and
identify CoC; see Section 3.3. These CoCs can then be used to
regulate IAQ in dwellings. One way of doing this is to set a
harm budget, the distribution of harm that is expected in an
acceptable reference scenario. An extensive analysis of different
approaches to set a harm budget is beyond the scope of this
paper, so here we use one method as a demonstration of the
process.

A reference scenario is a specific set of dwellings that all
comply with a recognized IAQ standard'*>~"*® and so the IAQ
in those dwellings might be logically assumed to be acceptable.
A case study is required where the CoCs identified in Section
3.3 are measured. Therefore, we use a cohort of dwellings that
already conform to an existing ventilation and IAQ standard.*
The cohort of Singer et al.'*> comprises 70 Californian homes
that comply with the mechanical ventilation requirements of
California’s building energy efficiency standards (CalEnergy
Code)."” This sample may not be as large as is desirable, but a
cohort with high statistical power where all dwellings comply
with an IAQ standard does not exist. This is the best available.
The contaminant concentrations in these homes reflect ATAQ
as determined by the current CalEnergy Code. It is used as a
reference for the median concentrations of the CoCs, and the
harm budget is calculated by multiplying each of them by their
individual HIs. This is described generally by combining eqs 1
and 2.

NCDC _
Harm Budget= z HI,-C,

i=1

9)

Here, Ngoc is the number of CoCs and C is the median
concentration for a scenario. The median concentration aligns
with ANSI/ASHRAE 62.2, defining requirements based on
typical buildings without predetermining allowable exceed-
ances. It shifts distributions toward lower harm for more
homes versus loosening protection with an upper anchor. The
median offers balanced health protection, reflecting current
performance.

A.1. Results. To quantitatively define AIAQ, reference
concentrations are required for the CoCs. A study of 70
Californian homes is used as a reference for median PM, ,
formaldehyde, and nitrogen dioxide concentrations at 5, 23,
and 9 ug/m?, respectively.'”> Ozone and radon were not
measured in these dwellings, and so guideline values of 40 ug/
m® and 100 Bq/m® are used as reference concentrations,
respectively.'** Furthermore, they are likely to contribute only
a small proportion of the total harm. PM_, 5 is not considered
here because a guideline value does not exist. A PM;y 55
threshold could be inferred, but we want to illustrate the
flexibility of the harm budget approach instead. We acknowl-
edge that this is an imperfect compromise.

All of the homes comply with the mechanical ventilation
requirements of California’s building energy efficiency stand-
ards (CalEnergy Code).'”” Therefore, the contaminant
concentrations in these homes can be thought to reflect the
harm caused by air quality considered acceptable by the current
CalEnergy Code.

Homes complying with ASHRAE 62.2 in California exhibit a
harm distribution with a median of 600 DALYs/10° person/
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year (GSD 1.2), rounded to one significant figure. In this
context, using one significant figure makes sense because the
reference concentrations are expected to vary. Consequently, it
will cause the output to fluctuate, ultimately leading to
convergence of around the same order of magnitude. Since
these dwellings meet the existing ventilation standard, their
central tendency harm logically represents an acceptable IAQ
benchmark. The median harm in 62.2-compliant homes
therefore anchors the proposed budget, aligning new standards
with current regulatory frameworks. Contaminant harm from
the typical median concentrations for dwellings given in Table
2 exceeds this budget by just under 4 times.

Our use of the harm budget approach in this study is a
demonstration, and the analysis is not exhaustive. We refrain
from concluding whether this value aligns with a universally
accepted harm budget as that determination awaits further
research. Concentrations and associated harm levels in other
ASHRAE 62.2-compliant dwellings may vary. Generalizing our
findings to all such dwellings is not possible, but they serve as a
starting point for harm budget evaluation rather than a
definitive solution. Changes in the budget’s magnitude will
result from comparisons with other non-IAQ hazards and
evaluations of additional houses.
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