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Abstract 

Background:  Substandard housing conditions and hazardous indoor environmental exposures contribute to signifi-
cant morbidity and mortality worldwide. Housing indices that capture the multiple dimensions of healthy housing 
are important for tracking conditions and identifying vulnerable households. However, most indices focus on physical 
deficiencies and repair costs and omit indoor environmental exposures, as few national data sources routinely collect 
this information.

Methods:  We developed a multidimensional Housing and Environmental Quality Index (HEQI) based on the World 
Health Organization’s Housing and Health Guidelines and applied it to the 2019 American Housing Survey (AHS). The 
HEQI consisted of ten domains associated with poor health: household fuel combustion, dampness and mold, pests 
and allergens, lead paint risk, high indoor temperatures, low indoor temperatures, household crowding, injury haz-
ards, inadequate water and sanitation, and ventilation. We evaluated the validity and performance of the HEQI against 
three housing characteristics (i.e., year built, monthly rent costs, unit satisfaction rating) and two established indices 
(i.e., Adequacy Index, Poor Quality Index).

Results:  Approximately 79% (92 million) of U.S. households reported at least one HEQI domain associated with poor 
health (mean per household: 1.3; range: 0,8). Prevalent domains included household fuel combustion (61.4%), damp-
ness and mold (15.9%), inadequate water and sanitation (14.3%), and injury hazards (11.9%). Pests and allergens, low 
indoor temperatures, and injury hazards were consistently associated with older homes, lower rent costs, and lower 
unit satisfaction. Compared to established housing indices, the HEQI captured four new environmental domains 
which enabled the identification of 57.7 million (63%) more households with environmental risk factors like mold, 
cockroaches, crowding, household fuel combustion, and higher building leakage.

Conclusions:  Indoor environmental exposures are prevalent in U.S. households and not well-captured by existing 
housing indices. The HEQI is a multidimensional tool that can be used to monitor indoor environmental exposures 
and housing quality trends in the U.S. Some domains, including radon, pesticides, asbestos, noise, and housing acces-
sibility could not be assessed due to the lack of available data in the AHS. The mounting evidence linking residential 
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Background
The World Health Organization (WHO) defines healthy 
housing as one that “supports a state of complete physi-
cal, mental and social well-being” [1]. Poor housing con-
ditions and exposure to environmental hazards in the 
home are risk factors for adverse health, including respir-
atory, cardiometabolic, and reproductive health effects; 
physical injuries; poor mental health; and shorter life 
expectancy [1–4]. These housing-related health risk fac-
tors fall within the multiple dimensions of healthy hous-
ing, such as structural deficiencies (e.g. cracks in walls 
or ceilings, no insulation), chemical/material hazards 
(e.g. lead paint, asbestos, volatile organic compounds, 
pesticides, flame retardants, phthalates), poor indoor air 
quality (e.g. particulate matter, carbon monoxide, radon, 
environmental tobacco smoke), indoor allergens (e.g. 
mold, dust, pet dander), pests (e.g. rodents, cockroaches), 
and noise [1, 5, 6]. Exposure to these hazards are driven 
by the joint influence of both indoor and outdoor 
sources, the building design and conditions, the presence 
and performance of ventilation systems, and residential 
activity patterns, including the use of consumer products 
and appliances that emit environmental pollutants [7, 8]. 
In addition, the characteristics of the living space (e.g., 
thermal comfort, natural lighting, occupancy) and access 
to basic resources (e.g., heating, plumbing, cookstove) 
also contribute to residents’ health, well-being, and qual-
ity of life [1].

Environmental health indices that can capture the mul-
tiple dimensions of healthy housing are important tools 
for characterizing the risk of exposure as well as evalu-
ating the effectiveness of interventions. For example, a 
study among low-income housing developments used a 
summed environmental health index to identify risk fac-
tors associated with poor self-reported health [8]. The 
Massachusetts Department of Public Health developed 
an Environmental Scoring System to evaluate changes 
in environmental triggers (e.g. mold, pest, smoke, dust, 
chemical hazards) following implementation of home-
based asthma education programs [9]. In Arizona, the 
Phoenix Children’s Hospital conducted a visual assess-
ment of 29 potential injury hazards and seven potential 
respiratory health hazards to evaluate the effectiveness 
of a multidisciplinary home-intervention program for 
low-income families [10]. Collectively, these studies 
underscore the need for comprehensive, evidence-based 
environmental health indices for housing portfolios. 

However, at the national level, there is a paucity of indi-
ces that capture multiple domains of housing quality 
and indoor environmental risk factors. In addition, data 
are often not routinely collected, inhibiting the ability to 
track housing and environmental conditions over time.

The American Housing Survey (AHS), a nationally-
representative and longitudinal household survey, may 
provide a platform to address existing data gaps. It is the 
most comprehensive survey of housing conditions in the 
U.S. and has been widely used to track and report on 
housing quality, housing stability, and occupant charac-
teristics over time. AHS variables can be mapped onto 
key indoor environmental exposures that influence resi-
dents’ health [7]. To date, a housing and environmental 
health index based on AHS data has not been developed. 
Established AHS indices focus solely on housing ade-
quacy and quality, such as the Adequacy Index and the 
Poor Quality Index (PQI) [11, 12], and are framed around 
a particular way of seeing quality, such as the need or cost 
of repairs, presence of (typically major) physical deficien-
cies, or resident’s satisfaction with their unit [13]. These 
indices do not account for environmental conditions that 
have been associated with adverse health, such as poor 
indoor air quality, mold, chemical hazards, thermal dis-
comfort, and ventilation [1].

The objective of our study was to develop a national 
Housing and Environmental Quality Index (HEQI) that 
can capture the multiple dimensions of healthy housing, 
particularly indoor environmental exposures. The selec-
tion of our HEQI domains was informed by the WHO 
Housing and Health Guidelines [1] and applied to the 
AHS data. We evaluated the performance of the HEQI 
against housing characteristics and established indices in 
the AHS.

Methods
Data
The AHS is a biennial U.S. survey of housing units since 
1973 led by the U.S. Department of Housing and Urban 
Development (HUD). Participation in the AHS is volun-
tary and consists of a computer-assisted, in-person or 
phone interview with the main householder in primar-
ily English and Spanish languages. Each sampled housing 
unit is weighted to represent approximately 50 to 15,410 
housing units [14].

For our HEQI development, we used the 2019 AHS 
national public flat file downloaded from U.S. Census 

environmental exposures with adverse health outcomes underscore the need for this data in the AHS and other 
national surveys.
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Bureau website on December 11, 2020 with a sample size 
of 63,185 households [15]. At the time of the analysis, the 
2019 survey was the most recent data available. In Sup-
plemental Data, we provide the variable and response 
coding for the HEQI using AHS data from the 2011 to 
2019 survey cycles to allow for longitudinal assessment 
(Table S1). However, researchers should note differences 
in the sample design and housing units between the 
2011–2013 and the 2015–2019 AHS data [16].

We excluded housing units that were vacant or if the 
owner had usual residence elsewhere because they were 
ineligible for AHS questions pertinent to our HEQI. We 
also excluded mobile housing types (e.g., trailers, boat, 
van, RV) given their low prevalence in the data (5.7% of 
occupied units) and to reduce heterogeneity of our sam-
ple. Our final sample consisted of 51,933 occupied hous-
ing units.

Housing and health domain identification
We identified domains that captured indoor environmen-
tal risk factors and housing conditions associated with 
adverse health effects. The WHO Housing and Health 
Guidelines and related guidance documents recom-
mended 15 priority domains based on systematic reviews 
of environmental health hazards and substandard hous-
ing conditions associated with poor health and the avail-
ability of recommendations to correct such hazards or 
conditions [1, 5, 6, 17–27]. The WHO guidelines pro-
vided an evidence-based health framework for our HEQI 
development (Table 1).

Data selection
We reviewed the availability of AHS questions (referred 
to as ‘AHS items’) for each of the 15 WHO domains. To 
ensure longevity of the HEQI, we prioritized AHS items 
that have been asked in multiple survey years, particu-
larly in the most recent survey cycles (i.e., 2015–2019). 
AHS data was considered ‘available’ if it contained items 
relevant to the WHO domain for multiple survey years; 
‘limited’ if items did not directly relate to the domain but 
proxy measures could be applied; and ‘unavailable’ if nei-
ther of these conditions were met (Table 1). From the 15 
WHO domains, ten had available or limited information 
in the AHS (Table 2). Thus, we integrated the following 
ten domains into the HEQI:

	 1.	 Indoor air quality, specifically household fuel com-
bustion

	 2.	 Dampness and mold
	 3.	 Pests and allergens, specifically rodents and cock-

roaches
	 4.	 Lead, specifically lead paint risk
	 5.	 High indoor temperatures

	 6.	 Low indoor temperatures
	 7.	 Household crowding, specifically severe crowding
	 8.	 Injury hazards, specifically electrical and structural 

integrity
	 9.	 Inadequate water and sanitation
	10.	 Ventilation, specifically building normalized leak-

age

The final HEQI consisted of 43 AHS items across these 
ten domains. The four HEQI domains of dampness and 
mold, low indoor temperatures, household crowding, 
and inadequate water and sanitation were well-captured 
by the AHS based on the relevance and robustness of 
items included (Table  2). For the remaining six HEQI 
domains, household fuel combustion, pest and allergens, 
lead paint risk, high indoor temperatures, injury hazards, 
and ventilation, the relevance and precision of AHS items 
to approximate the underlying domain-specific hazard 
varied. The AHS does not ask specifically about combus-
tion activities, household crowding, lead exposure, peri-
ods of high indoor temperature, or ventilation factors 
such as insulation or building leakage. Therefore, we had 
to approximate these domains using available AHS data 
or external data sources.

For the household fuel combustion, we used the pres-
ence of cooking and heating appliances with specific fuel 
types (e.g. gas, wood, kerosene) as surrogates for actual 
use. Many studies have found elevated indoor air pollut-
ant concentrations from the presence of gas stoves and 
fireplaces [28–32]. Although gas-fueled home and water 
heaters also emit significant combustion pollutants [31, 
33], we did not include them in the HEQI because they 
are required to be ventilated and are often located away 
from occupants’ main living space [34, 35]. We also cre-
ated a severe crowding indicator that identified house-
holds with 1.5 or more persons per room, consistent with 
the U.S. Census and HUD’s definition of severe crowd-
ing [36, 37]. We also created an indicator for lead paint 
risk to identify housing units built before 1980 that also 
had peeling paint larger than 8 × 11 inches. We selected 
the year threshold of 1980 to temporally align with the 
ban of lead from residential paint starting in 1978 [38]. 
High indoor temperatures was flagged if the household 
reported not having central air or window air condi-
tioning unit(s), which are mechanical controls known to 
reduce the risk of health-related illnesses [39, 40]. Own-
ership of these controls could vary across geographic 
regions and climate types [41] and thus, we controlled for 
U.S. Census regions in regression analyses.

Lastly, the ventilation domain was based on an approxi-
mation of building leakage (i.e., normalized leakage), 
which is a measure of building envelope airtightness 
relative to its size and height [42]. To create the building 
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Table 2  Housing and environmental quality Index (HEQI): frequency distribution of AHS items for each domain and their availability in 
established housing indices, American Housing Survey 2019 national public file (sample N = 51,993)

No WHO Domains and available AHS items AHS 2019 Sample 
distribution N (%)

AHS items in the Poor 
Quality Index (PQI)?ƚ

AHS items in 
the Adequacy 
Index?ǂ

1 Indoor air quality 32,226 (62.0%)
Household fuel combustion

Cooking fuel: Has piped gas or LP gas 22,137 (42.6%) No No

Heating fuel: Kerosene or other liquid fuel 107 (0.2%) Yesa No

Heating fuel: Coal or coke 17 (0.0%) No No

Heating fuel: Wood 518 (1.0%) No No

Heating type: Cooking stove to heat home 31 (0.1%) No No

Heating type: Fireplace without inserts 23 (0.0%) No No

Heating type: Has unvented room heaters 213 (0.4%) Noa No

Unit has a useable fireplace 19,137 (36.8%) No No

2 Dampness and mold 8,012 (15.4%)
Mold (in last 12 months)

Mold in bathroom 721 (1.4%) No No

Mold in bedroom 358 (0.7%) No No

Mold in kitchen 248 (0.5%) No No

Mold in living room 191 (0.4%) No No

Mold in other room 224 (0.4%) No No

Dampness (in last 12 months)
Water leak from roof 2,069 (4.0%) Yes Yes

Water leak from wall or closed window or door 841 (1.6%) Yes Yes

Water leak from basement 1,223 (2.4%) Yes Yes

Water leak with unknown inside source 155 (0.3%) Yes Yes

Water leak from broken water heater 344 (0.7%) No Yesb

Water leak from somewhere else outside 592 (1.1%) Yes Yes

Water leak from pipes leaking 1,579 (3.0%) Yes Yes

Water leak from own plumbing fixtures 934 (1.8%) Yes Yes

Water leak from somewhere else inside 1,038 (2.0%) Yes Yes

3 Pests and allergens 2,313 (4.4%)
Evidence of rodents (daily or weekly) 836 (1.6%) Yesc Yes

Evidence of cockroaches (daily or weekly) 1,713 (3.3%) No No

4 Lead 805 (1.5%)
Lead paint risk: Peeling paint larger than 8 × 11 inches AND year built before 
1980

805 (1.5%) Yesd Yesd

5 High indoor temperatures 5,482 (10.5%)
No central or window air conditioning unit 5,482 (10.5%) No No

6 Low indoor temperatures 2,938 (5.7%)
Unit was uncomfortable cold for 24+ hours 2,938 (5.7%) Yes Yes

Main heating equipment broke down 1+ times for 6 h or more 1,108 (2.1%) Yes Yes

7 Household crowding 252 (0.5%)
Severe crowding: Occupancy-to-room Ratio > 1.5 252 (0.5%) No No

8 Injury hazards 6,014 (11.6%)
Electrical

No electrical wiring 19 (0.0%) Yes Yes

Electrical wiring exposed 1,396 (2.7%) Yes No

Not every room has working electrical plug 1,048 (2.0%) Yes No

Fuse(s) blown or circuit breakers tripped 2+ times in the last 3 months 1,711 (3.3%) Yes Yes
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leakage indicator, we adapted methods by Chan et  al. 
(2013) and accounted for year built, unit size and height, 
basement and foundation types, and the International 
Energy Conservation Code (IECC) Climate Zones [42]. 
Data on weatherization assistance program, basement 
foundation type, and IECC Climate Zones were not avail-
able in the AHS and had to be approximated based on 
income-to-poverty thresholds, county-level IECC esti-
mates, and the 2009 Residential Energy Consumption 
Survey, respectively. See Supplemental Data Appendix 1 
for more details about the building leakage indicator.

We excluded several AHS items from the HEQI. Mold 
in the basement and outside infrastructural problems 
were only asked of single-family households and thus 
excluded. For domains with multiple AHS items, items 
that were moderately or strongly correlated (Spearman 
r >|0.60|) were removed to reduce collinearity. Specifi-
cally, we selected wood heating fuel over wood heating 
type (r = 0.69) [6] and drinking water from a non-pub-
lic source over septic tank or cesspool sewer system 
(r = 0.63) [43, 44] because they were more inclusive and 
better approximated the underlying hazard. The HEQI 

AHS item codebook can be found in Supplemental Table 
S1. Inter-item correlations within each HEQI domain and 
inter-domain correlations can be found in Supplemental 
Tables S2.

Data reduction
All 43 AHS item responses were binary coded (yes/no) to 
indicate prevalence of the HEQI risk factor. Within each 
HEQI domain, AHS item responses were summed to cre-
ate a domain-specific score. Each AHS item contributed 
equally to the domain score (i.e. equal weights). For each 
HEQI domain, we then created a binary indicator to flag 
the presence of one or more underlying risk factor. The 
practical consideration for our approach was to allow for 
estimation of the population prevalence for each HEQI 
domain.

We also created a cumulative HEQI score by sum-
ming HEQI domains with at least one risk factor present 
(range 0–10). While we considered health-based weight-
ing schemes for the HEQI, we chose an equal weights 
approach. Each domain represented a unique set of 
hazards (e.g. physical, chemical, biological) with diverse 

Table 2  (continued)

No WHO Domains and available AHS items AHS 2019 Sample 
distribution N (%)

AHS items in the Poor 
Quality Index (PQI)?ƚ

AHS items in 
the Adequacy 
Index?ǂ

Structural Integrity
Floor has holes 547 (1.1%) Yes Yes

Walls or ceilings have open holes or cracks wider than dime 2,568 (4.9%) Yes Yes

9 Inadequate water and sanitation 6,077 (11.7%)
Water quality and quantity

Unit has no hot/cold running water 120 (0.2%) Yes Yes

Unit without running water in last 90 days 1,361 (2.6%) Yese Yese

Non-public drinking water sources (e.g. individual wells) 3,874 (7.5%) No No

Poor sanitation
1+ toilet breakdowns within last 3 months that lasted 6 h or more 659 (1.3%) Yes Yes

1+ sewer breakdowns within last 3 months that last 6 h or more 497 (1.0%) Yes No

Unit has NO bathtub OR shower OR no flush toilet 48 (0.1%) Yes Yes

Unit does NOT have working kitchen sink 92 (0.2%) Yesf No

10 Ventilation 1,624 (3.1%)
High building leakagec^: Normalized leakage > 2.5 1,624 (3.1%) No No

Ɨ  Eggers, F. J., & Moumen, F. (2013a). American Housing Survey: A Measure of (Poor) Housing Quality. US Department of Housing and Urban Development. Access at: 
www.​census.​gov/​progr​ams-​surve​ys/​ahs/​resea​rch/​publi​catio​ns/​PoorH​ousin​gQual​ity.​html
ǂ  Eggers, F. and Moumen, F. (2013b). American Housing Survey: Housing adequacy and quality as measured by the AHS. Available at SSRN 2,284,174. 2013 Mar 1. 
Access at: https://​www.​census.​gov/​conte​nt/​dam/​Census/​progr​ams-​surve​ys/​ahs/​publi​catio​ns/​Housi​ngAde​quacy.​pdf
^ Development adapted from Chan, W. R., Joh, J., & Sherman, M. H. (2013). Analysis of air leakage measurements of US houses. Energy and Buildings, 66, 616–625
a  PQI only asked about ’Main heating equipment as unvented kerosene heater(s)’
b  Unclear which inside and outside water leak questions were included. For comparison, we assumed that all AHS items related to water leaks were included
c  Item was grouped with the component ’Inside structural or other problems’
d  The only AHS item used was whether unit has an area of peeling paint larger than 8 x 11 inches, irrespective of year built
e  Item was not asked of units with no hot/cold running water. The PQI counts each time the unit “is completely without water"
f  Item was grouped with the component ‘Kitchen Problems’

http://www.census.gov/programs-surveys/ahs/research/publications/PoorHousingQuality.html
https://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/HousingAdequacy.pdf
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health effects, as shown in Table 1, and thus was treated 
as equally important for our multidimensional index. As 
such, the cumulative HEQI score reflected the types of 
residential health hazards present instead of the degree 
of health severity. A score of 0 indicated that none of the 
domain-specific hazards were reported while a score of 
10 indicated that  ten different  domain-specific hazards 
were reported in the AHS. This index can thus be used to 
inform and prioritize residential interventions to improve 
health across U.S. housing portfolios.

Generating weights that account for the health severity 
of each AHS item was empirically and methodologically 
challenging and required estimation of the average causal 
effect for each indicator/domain based on the same out-
come, time period, and representative sample [45]. How-
ever, the AHS does not  routinely collect data on health 
outcomes. Furthermore, the epidemiological evidence 
for each indicator and domain varied by study designs, 
sample populations, and target outcomes [1, 12]. These 
factors limited our ability to estimate and compare the 
relative degree of health severity across indicators and 
domains.

Validity testing
We assessed the validity of the HEQI using several 
approaches. We computed polychoric  correlation matri-
ces to evaluate the intra- and  inter-domain correlations 
and the extent to which each domain captured a unique 
latent feature of healthy housing (i.e. discriminant valid-
ity) (Table S2) [46]. Secondly, we evaluated criterion 
validity, specifically predictive validity, of the HEQI and 
its association with housing characteristics like unit rat-
ing, year built, and monthly rent costs, consistent with 
previous studies [13, 47, 48]. The AHS item on unit rating 
asked: “On a scale of 1 to 10, how would you rate your 
unit as a place to live?”, with 10 ranked as the best place to 
live. Year built was categorized as intervals (< 1960 (ref ), 
1960–1969; 1970–1979; 1980–1989; 1990–1999; 2000 +). 
We ran ordinal logistic regressions to examine the asso-
ciation of the ten HEQI domains (independent variables) 
with unit rating and year built (dependent variables) 
separately. For the analysis with year built, we excluded 
the lead paint risk domain to avoid endogeneity with the 
outcome. Monthly rent costs (dollar units) was continu-
ous, had a right-tailed distribution, and log-transformed 
prior to modeling. We used linear regression to assess 
the association of HEQI domains and monthly rent costs 
among renter households (N = 20,205).

Third, we evaluated convergent validity, i.e. the extent 
to which our index aligned with the two established 
AHS housing indices: Adequacy Index and Poor  Qual-
ity Index (PQI). The Adequacy Index (named ZADEQ 
prior to the 2015 AHS) is comprised of eight criterion 

capturing severe physical deficiencies like no running 
water, plumbing facilities, heating, or electricity, and 
signs of structural weaknesses like water leaks and pres-
ence of rats [11]. Units are categorized as ‘adequate’, 
‘moderately inadequate’, or ‘severely inadequate’ based 
on the prevalence  of these risk factors and their combi-
nations. The PQI is comprised of 35 AHS items that fall 
into eight housing quality domains, such as electricity, 
heating, inside and outside structural hazards, bathroom, 
kitchen, water and sewer, and elevator problems [12]. The 
PQI items for ‘No working elevator in building of 4 + sto-
ries’ and outside infrastructural problems were excluded 
from our comparisons because they were not available in 
recent AHS survey cycles and not asked of multifamily 
households, respectively. Although the PQI assigned dif-
ferential weights to each AHS item based on severity of 
the risk factor, we used an equal weighting approach for 
all comparisons. Across the three indices, we compared 
the number of U.S. households with at least one risk 
factor in each HEQI domain  (i.e., HEQI count ≥ 1, PQI 
count ≥ 1, and Adequacy categories of ‘moderately’ or 
‘severely’ inadequate).

Statistical analyses
We ran descriptive statistics summarizing the frequency 
and means of the cumulative and domain-specific HEQI 
scores. We also estimated the prevalence of HEQI 
domains by housing characteristics that may modify 
indoor air pollution levels, such as multifamily status and 
tenant-based/non-homeownership households (Table  3) 
[2, 7]. We also stratified by unit square footage and nor-
malized leakage values below 1.0, an indicator of building 
airtightness (Table S3), and by whether the households 
had children under the age of 18, a vulnerable popula-
tion susceptible to adverse health effects from residential 
hazards (Table S4), in order to better approximate the 
risk burden in the U.S. population. To obtain weighted 
estimates of the U.S. population and associated standard 
errors, we applied the WEIGHT variable and 160 repli-
cate weights using the balanced repeated replications 
(BRR) method [49] in the R survey package [50].

All regression models were adjusted for building type 
(single-family [ref ] vs. multifamily); housing tenure 
(homeowner [ref ] vs. renter/live without pay); race/eth-
nicity of the main householder (white non-Hispanic [ref ], 
Asian non-Hispanic, Black non-Hispanic, and Latina/o/
Hispanic); educational attainment of the main house-
holder (Bachelor/Graduate degree [ref ], high school 
graduate/some college experience, and less than high 
school), and U.S. Census regions (Pacific [ref ], East North 
Central, Middle Atlantic, New England, Middle Atlan-
tic, South Atlantic and East South Central; and West 
Central). Statistical significance was set at a two-sided 
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alpha-level of 0.05. All analyses were conducted in R (R 
Core Team, Vienna, Austria).

Results
Based on the 2019 national AHS, approximately 78.5% 
(92.0 million) of U.S. households reported at least one 
HEQI domain and approximately 10.6% (12.4 million) 

reported at least three HEQI domains. Prevalent HEQI 
domains were household fuel combustion (61%), damp-
ness and mold (16%), inadequate water  and  sanitation 
(14%), and injury hazards (12%) (Table  3). Major indi-
vidual risk factors reported were prevalence of gas cook-
stoves, a working fireplace, non-public drinking water 
sources, and the unit being uncomfortably cold for 24 

Table 3  Distribution of U.S. households (in the thousands) with at least one HEQI risk factor in each domain by housing tenure and 
building type, American Housing Survey 2019 national public file (sample N = 51,993)

Weighted estimates are per 1,000 households, rounded to nearest thousandth
a  The non-homeowner group includes renters (96.9%) and those occupied without payment of rent (3.1%)
b  Missing nine respondents

All Households Homeowner Non-Homeownera Single-family Multifamily
(N = 117,284) (N = 74,337) (N = 42,947) (N = 85,817) (N = 31,467)

Cumulative
 Count ≥ 1, weighted N (%) 92,043 (78.5%) 62,336 (83.9%) 29,707 (69.2%) 71,221 (83%) 20,822 (66.2%)

   1 Domain 53,483,340 (45.6%) 37,068 (49.9%) 16,415 (38.2%) 41,647 (48.5%) 11,836 (37.6%)

   2 Domains 26,119,877 (22.3%) 18,052 (24.3%) 8,068 (18.8%) 20,527 (23.9%) 5,593 (17.8%)

   3 Domains 8,482,142 (7.2%) 5,299 (7.1%) 3,183 (7.4%) 6,384 (7.4%) 2,099 (6.7%)

   4-8 Domains 3,958,041 (3.4%) 1,917 (2.6%) 2,041 (4.8%) 2,664 (3.1%) 1,294 (4.1%)

 Mean (Min, Max) 1.27 (0, 8) 1.31 (0, 8) 1.20 (0, 8) 1.32 (0, 8) 1.12 (0, 8)

Household fuel combustion
 Count ≥ 1, weighted N (%) 71,962 (61.4%) 53,189 (71.6%) 18,773 (43.7%) 59,558 (69.4%) 12,404 (39.4%)

 Mean (Min, Max) 0.81 (0, 4.0) 1.0 (0, 4.0) 0.51 (0, 4.0) 0.98 (0, 4.0) 0.43 (0, 3.0)

Dampness and moldb

 Count ≥ 1, weighted N (%) 18,699 (15.9%) 11,251 (15.1%) 7,449 (17.3%) 13,743(16%) 4,956 (15.8%)

 Mean (Min, Max) 0.20 (0, 9.0) 0.18 (0, 8.0) 0.24 (0, 9.0) 0.20 (0, 8.0) 0.22 (0, 9.0)

Pests and allergens
 Count ≥ 1, weighted N (%) 4,949 (4.2%) 1,759 (2.4%) 3,190 (7.4%) 2,703 (3.1%) 2,246 (7.1%)

 Mean (Min, Max) 0.049 (0, 2.0) 0.024 (0, 2.0) 0.087 (0, 2.0) 0.034 (0, 2.0) 0.084 (0, 2.0)

Lead paint risk
 Count = 1, weighted N (%) 1,952 (1.7%) 939 (1.3%) 1,013 (2.4%) 1,329 (1.5%) 623 (2.0%)

 Mean (Min, Max) 0.015 (0, 1.0) 0.012 (0, 1.0) 0.021 (0, 1.0) 0.014 (0, 1.0) 0.019 (0, 1.0)

High indoor temperatures
 Count = 1, weighted N (%) 10,344 (8.8%) 5,343 (7.2%) 5,001 (11.6%) 6,435 (7.5%) 3,909 (12.4%)

 Mean (Min, Max) 0.11 (0, 1.0) 0.082 (0, 1.0) 0.14 (0, 1.0) 0.085 (0, 1.0) 0.15 (0, 1.0)

Low indoor temperatures
 Count ≥ 1, weighted N (%) 6,841 (5.8%) 3,745 (5.0%) 3,097 (7.2%) 4,857 (5.7%) 1,984 (6.3%)

 Mean (Min, Max) 0.078 (0, 2.0) 0.065 (0, 2.0) 0.097 (0, 2.0) 0.073 (0, 2.0) 0.088 (0, 2.0)

Severe crowding
 Count = 1, weighted N (%) 507 (0.4%) 117 (0.2%) 390 (0.9%) 223 (0.3%) 284 (0.9%)

 Mean (Min, Max) 0.0048 (0, 1.0) 0.0018 (0, 1.0) 0.0093 (0, 1.0) 0.0027 (0, 1.0) 0.0096 (0, 1.0)

Injury hazards
 Count ≥ 1, weighted N (%) 13,959 (11.9%) 7,873 (10.6%) 6,087 (14.2%) 9,897 (11.5%) 4,063 (12.9%)

 Mean (Min, Max) 0.14 (0, 5.0) 0.12 (0, 5.0) 0.17 (0, 5.0) 0.13 (0, 5.0) 0.16 (0, 5.0)

Inadequate water and sanitation
 Count ≥ 1, weighted N (%) 16,802 (14.3%) 12,561 (16.9%) 4,241 (9.9%) 14,303 (16.7%) 2,499 (7.9%)

 Mean (Min, Max) 0.13 (0, 4.0) 0.14 (0, 4.0) 0.10 (0, 4.0) 0.14 (0, 4.0) 0.090 (0, 4.0)

High building leakage
 Count = 1, weighted N (%) 2,813 (2.4%) 596 (0.8%) 2,218 (5.2%) 536,183 (0.6%) 2,277 (7.2%)

 Mean (Min, Max) 0.031 (0, 1.0) 0.010 (0, 1.0) 0.063 (0, 1.0) 0.0061 (0, 1.0) 0.088 (0, 1.0)
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or more hours (Table 2). HEQI domains with the lowest 
prevalence were lead paint risk (1.7%) and severe crowd-
ing (0.4%) (Table 3).

We also assessed the burden of risk across hous-
ing types and household characteristics. Homeowner 
(72%) and single-family (69%) households reported 
a higher prevalence of household fuel combustion 
sources compared to non-homeowner (44%) and mul-
tifamily (39%) households, respectively. In contrast, 
non-homeowner and multifamily households reported 
a higher prevalence of high indoor temperatures (12% 
vs. 7%), pest and allergens (7% vs. 2–3%), and high 
building leakage (5–7% vs. 1.0%) (Table  3). By unit 
size and normalized leakage (NL) thresholds, approxi-
mately 5.9 million households lived in small, air tight 
units (< 1.0 NL  and  < 1,000 square feet). Thirty-five 
percent of these households reported at least one 
household fuel combustion source, 13% reported high 
indoor temperatures, and 12% reported dampness or 
mold hazards (Table S3). Among the 34 million house-
holds with children under the age of 18, the most 
common HEQI hazards reported were household fuel 
combustion (65%), dampness and mold (19%), injury 
hazards (14%), and inadequate water and sanitation 
(14%) (Table S4).

We found that the HEQI had good discriminant valid-
ity to capture unique dimensions of healthy housing 
as indicated by the low correlation coefficients across 

the ten HEQI domains (range: -0.05 to 0.17) (Table S2). 
Household fuel combustion was slightly negatively corre-
lated with high building leakage (-0.10), while dampness 
and mold was slightly positively correlated with sev-
eral domains: pest and allergens (0.13), low indoor tem-
peratures (0.16), lead paint risk (0.16), and injury hazard 
(0.17) (Table S2).

We also found good criterion validity of HEQI domains 
with AHS characteristics of unit rating, year built, and 
monthly rent costs. Most HEQI domains were nega-
tively associated with higher unit rating and newer build-
ings (Table 4): specifically, pests and allergens, lead paint 
risk, and injury hazards with higher unit rating (adjusted 
odds ratios [aORs] ≤ 0.66], and high indoor tempera-
tures, high building leakage, and pest and allergens with 
newer buildings (aORs ≤ 0.70). Most HEQI domains had 
modest associations with monthly rent costs. The excep-
tions were high building leakage, which was negatively 
associated with monthly rent costs (adjusted relative 
ratio [aRR]: 0.77 (95% CI: 0.73, 0.80) and severe crowd-
ing, which was positively associated (aRR: 1.26, 95% CI: 
1.13, 1.42). In addition, the direction of associations 
for  the HEQI domains were generally consistent across 
the three housing characteristics. Household fuel com-
bustion was positively associated with higher unit rat-
ing, newer housing, and higher monthly costs (aORs and 
aRR: 1.03–1.09), while pests and allergens (0.46–0.96), 
low indoor temperatures (0.80–0.94), and injury hazards 

Table 4  Associations between HEQI domain scores and AHS housing characteristics, American Housing Survey 2019 PUF (sample 
N = 51,993)

a  Estimates represent the mean change in monthly rent costs per 1-count increase in a HEQI risk factor
b  Data not shown since the lead paint risk domain includes year of construction

Bolded are statistically significant associations (p < 0.05)

Models adjusted for all HEQI domains simultaneously to account for their potential correlations, as well as householder race/ethnicity, education, number of rooms in 
unit, multifamily status, U.S. Census divisions, and survey year

Rating of unit as a place to live Year built Monthly rent costs
Ordinal scale: 1: Worse place to 
live, 10: Best place to live

Ordinal categories: < 1960 (ref), 1960–1969 
1970–1979, 1980–1989 1990–1999, 2000 and 
later 

U.S. Dollars

Odds Ratio (95% CI) Odds Ratio (95% CI) Relative ratioa (95% CI)

Household fuel combustion 1.09 (1.06, 1.12) 1.03 (1.01, 1.06) 1.09 (1.06, 1.11)
Dampness and mold 0.68 (0.66, 0.70) 0.81 (0.79, 0.84) 1.01 (0.99, 1.02)

Pests and allergens 0.46 (0.42, 0.49) 0.70 (0.65, 0.75) 0.96 (0.92, 0.99)
Lead paint risk 0.50 (0.43, 0.57) bNA 0.93 (0.86, 1.01)

High indoor temperature 0.74 (0.70, 0.78) 0.45 (0.42, 0.47) 1.00 (0.97, 1.03)

Low indoor temperature 0.80 (0.76, 0.84) 0.80 (0.77, 0.84) 0.94 (0.91, 0.97)
Severe crowding 0.70 (0.55, 0.89) 0.89 (0.70, 1.11) 1.26 (1.13, 1.42)
Injury hazards 0.66 (0.64, 0.69) 0.89 (0.85, 0.92) 0.97 (0.95, 0.99)

Inadequate water and sanitation 1.06 (1.01, 1.11) 1.16 (1.11, 1.21) 1.00 (0.96, 1.03)

High building leakage 1.27 (1.15, 1.41) 0.26 (0.23, 0.28) 0.77 (0.73, 0.80)



Page 10 of 16Chu et al. Environmental Health           (2022) 21:56 

(0.66–0.97) were negatively associated with these charac-
teristics (Table 4).

Compared to the PQI and Adequacy Index, the HEQI 
identified at least 57.7 million more U.S. households 
with one or more residential health hazards. Specifi-
cally, out of the 43 AHS items in the HEQI, the PQI 
overlapped with 25 items (58%) and the Adequacy 
Index overlapped with 21 items (49%) (Table  2). The 
PQI and Adequacy Index did not capture  the three 
HEQI domains of severe crowding, high building leak-
age, and high indoor temperatures which impacted 
approximately 13 million U.S. households. Addition-
ally, the Adequacy Index did not capture information 
about household fuel combustion sources, while the 
PQI only captured the AHS item for ‘kerosene heat-
ing’. This resulted in an underestimation of at least 71.7 
million households with potential household fuel com-
bustion sources (Table  5). For the remaining domains, 
the Adequacy Index and PQI varied in their capture of 
specific risk factors. For example, they did not include 
items about mold, which underestimated approximately 
1.7 million households compared to the HEQI. For the 
pest and allergens domain, they did not ask about cock-
roaches, which underestimated approximately 3 million 
households. For the domains of low indoor tempera-
tures, injury hazards, and water and sanitation, the PQI 
captured almost all of the same underlying risk as the 
HEQI (86–100% overlap) (Table 2).

Discussion
Substandard housing conditions and hazardous indoor 
environmental exposures contribute to significant mor-
bidity and mortality worldwide [1]. Despite their known 
adverse health effects, most national surveys and housing 
indices do not collect this information. Our study devel-
oped a national, multidimensional Housing and Environ-
mental Quality Index (HEQI) informed by the WHO’s 
Housing and Health Guidelines and composed of ten 
domains addressing structural deficiencies, indoor envi-
ronmental exposures, and building conditions associated 
with adverse health. Using the 2019 AHS data, the HEQI 
identified approximately 92 million (79%) U.S. house-
holds with one or more HEQI risk factors. Compared to 
established housing indices, the HEQI captured four new 
environmental health domains of household fuel com-
bustion, high indoor temperatures, severe crowding, and 
high building leakage, which enabled the identification of 
57.7 million (63%) more households at risk.

The multidimensional HEQI performed better than 
established housing indices at capturing both housing 
quality and environment health risk factors. Established 
indices focus primarily on physical deficiencies, costs 
of repair, or the deflation in home values as a result of 
these deficiencies [11–13, 47, 48]. In particular, the PQI 
and Adequacy Index failed to capture environmental 
risk factors like mold, cockroaches, household crowd-
ing, household fuel combustion, and higher building 

Table 5  Distribution of U.S. households (in the thousands) with at least one risk factor identified by the Housing and Environmental 
Quality Index (HEQI), Poor Quality Index (PQI), and Adequacy Index across domains, American Housing Survey 2019 PUF (sample 
N = 51,993)

a  Weighted estimates are per 1,000 households, rounded to nearest thousandth
b  The PQI and Adequacy Index did not have a lead paint risk domain. They did include the AHS item of ‘Peeling paint larger than 8 × 11 inches’, which we used to 
calculate weighted estimates and estimate differences with the HEQI

HEQI PQI Difference Adequacy Index Difference

PQI—HEQI Adequacy Index—
HEQI

Total (SE)a Total (SE)a Counta Percent Total (SE)a Counta Percent

Cumulative 92,043 (184) 34,314 (142) -57,730 -63% 30,646 (143) -61,397 -67%

Household fuel combustion 71,962 (195) 311 (17) -71,651 -99% NA -71,962 -99%

Dampness and mold 18,699 (129) 16,955 (123) -1,745 -9.0% 16,954 (123) -1,745 -9.0%

Pests and allergens 4,949 (70) 1,946 (45) -3,001 -61% 1,946 (45) -3,003 -61%

Lead paint riskb 1,952 (48) 2,423 (54) b 471  + 19% 2,423 (54) b 471  + 19%

High indoor temperature 10,344 (140) NA -10,344 -100% NA -10,344 100%

Low indoor temperature 6,841 (76) 6,841 (76) 0 0% 6,841 (76) 0 0%

Severe overcrowding 507 (19) NA -507 -100% NA -507 -100%

Injury hazards 13,959 (127) 13,959 (127) 0 0% 10,073 (98) -3,887 -28%

Inadequate water and sanitation 16,802 (160) 5,455 (54) -11,346 -68% 4,525 (55) -12,277 -73%

High building leakage 2,813 (43) NA -2,813 -100% NA -2,813 -100%
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leakage. Moreover, although prior studies have used the 
AHS to characterize environmental risk factors, most 
have focused on single AHS items like thermal comfort 
[51], air exchange [52], wood combustion [53], mold 
[54], and pests [55]. To our knowledge, the HEQI is the 
first multidimensional index that captures a range of 
housing quality and environmental health risk factors.

Prevalent environmental risk factors identified by the 
HEQI and not well-captured by established housing 
indices were household fuel combustion and dampness 
and mold. Household fuel combustion sources include 
gas cookstoves, wood and kerosene heating fuel, and 
fireplaces. These sources emit carbon monoxide, par-
ticulate matter, nitrogen dioxide, and other hazardous 
air pollutants that are associated with adverse cardio-
respiratory health effects, particularly among children 
and the immunocompromised [56–58]. Approximately 
72 million (61.4%) U.S. households reported the pres-
ence of least one household fuel combustion source, 
particularly gas cookstoves and fireplaces. Due to limi-
tations of the AHS data, we did not have information 
about modifiers of emission levels such as appliance 
type, frequency of appliance use, and the presence and 
use of ventilation controls in order to better quantify 
the  level and duration of exposure. However, we did 
observe that homeowners, single-family households, 
and households with children reported higher preva-
lence of household fuel combustion sources and lived 
in more airtight buildings, suggesting that these house-
holds may have a higher risk of exposure and could 
be prioritized for intervention efforts. Even so, the 
high prevalence of fuel combustion sources across all 
U.S. households emphasizes the need for more ques-
tions about indoor air quality in the AHS and other 
national surveys to more accurately quantify residential 
exposure.

Mold and damp environments were reported by 
approximately 18.7 million (15.9%) households, particu-
larly water leaks from the roof, basement, and pipes, and 
mold in bathrooms. Mold spores can enter the indoor 
environment through building openings (e.g., doorways, 
windows, cracks, HVAC systems) and thrive in damp 
areas with excessive moisture, leaks, and flooding events 
[18, 54]. Mold triggers allergic symptoms, eczema, res-
piratory infections, asthma, dyspnea, and other pulmo-
nary diseases [18, 59, 60]. Given that U.S. households 
spend approximately 87% of their time indoors [61], the 
risk of chronic exposure to these residential hazards are 
high, and particularly in the wintertime when the build-
ing envelope is more sealed [62].

Our study found that the HEQI had good discrimi-
nant and criterion validity to capture unique dimen-
sions of housing and environmental quality. The inverse 

correlation of household fuel combustion with the build-
ing leakage domain reflects known trade-offs in indoor 
air quality and energy efficiency. In homes with frequent 
combustion-source activities (e.g., smoking, cooking, or 
candle/incense use) and without proper ventilation con-
trols, building airtightness can trap air pollutants result-
ing in higher indoor concentrations. At the same time, 
high building leakage increases the risk of dampness, 
mold, pest problems, and energy loss [63–66]. Structural 
deficiencies can also lead to moisture, mold, and physi-
cal injuries; energy loss resulting in lower indoor tem-
peratures; and openings for pests. As such, we observed 
positive correlations between domains affected by build-
ing structural integrity, such as dampness and mold, low 
indoor temperatures, lead paint risk, and injury hazards. 
Surprisingly, dampness and mold was not correlated with 
building leakage. This may be due to spatial impreci-
sion of the building leakage indicator, which was based 
on regional U.S. estimates, or its coarseness as a binary 
indicator.

Furthermore, the HEQI was associated with house-
hold characteristics such as unit rating, year built, and 
rent costs. Unit rating is a consumer rating index captur-
ing residents’ perception of well-being and quality of life 
[67]. In our study, risk factors strongly associated with 
lower unit satisfaction generally included those that resi-
dents were able to directly observe or experience, such as 
pests and allergens, lead paint risk, and injury hazards, 
consistent with a previous study [13]. Older housing is a 
known risk factor for physical deficiencies and chemical 
hazards [68]. While we could not evaluate chemical haz-
ards, we found that older housing was strongly associ-
ated with physical deficiencies like inadequate water and 
sanitation, higher building leakage, and high indoor tem-
peratures attributed to no central air or window air con-
ditioning units. Rent costs is a market value index that 
assigns a monetary value to the quality of housing and 
neighborhood amenities, with higher rents suggestive of 
better quality [48]. In our study, the modest associations 
between HEQI domains and monthly rent costs could be 
due to the omission of neighborhood amenities from our 
analyses [48]. However we still found significant nega-
tive associations with rent costs for four HEQI domains 
of pests and allergens, low indoor temperatures, injury 
hazards, and high building leakage. Additionally, severe 
crowding was significantly associated with higher rent 
costs, consistent with previous findings that cost-bur-
dened residents doubled-up to save on rent [2, 69, 70].

Our study also yielded findings that inform areas for 
future research. Household fuel combustion and high 
building leakage were positively associated with higher 
unit satisfaction. Since we did not have direct measures 
of indoor air quality or building leakage, we used proxy 
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measures such as cooking and heating appliances and 
building features (e.g., unit size and height, basement 
and foundation type, year built). In effect, the positive 
associations with unit satisfaction may reflect residents’ 
preferences instead of (or despite) an understanding of 
the potential health risks. Indoor air pollution levels and 
building ventilation are generally difficult to observe 
without the assistance of sensor technology [71]. In addi-
tion, both of these domains have not traditionally been 
included in housing quality indices. Our findings under-
score the need for further education among residents and 
housing practitioners about the sources of and strategies 
for reducing indoor air pollution and improving building 
ventilation.

We also found positive associations of inadequate 
water and sanitation with unit satisfaction and year built, 
which was primarily driven by the high proportion of 
households with non-public drinking water sources such 
as individual wells (7.5%) (exclusion of this item switched 
the coefficient direction of this domain to be negative, 
data not shown). Non-public drinking water sources 
are not regulated by the U.S. Environmental Protection 
Agency under the Safe Drinking Water Act [72] and have 
been associated with a higher risk of waterborne illnesses 
[43, 44, 73]. The positive association between non-public 
water sources and higher unit satisfaction may be attrib-
uted to suburban housing status, since suburbs that have 
a higher percentage of newer construction [74]. Unfortu-
nately, we were not able to investigate this given the lack 
of information about urban/suburban status in the public 
AHS data in recent survey cycles.

Next, we evaluate the utility of the AHS to cap-
ture  healthy housing  domains  recommended by the 
WHO and make recommendations for areas of improve-
ment. Five domains were not captured by the AHS due 
to the lack of data across survey years: radon, pesticides, 
asbestos, noise, and housing accessibility. These housing 
and environmental risk factors have been widely associ-
ated with adverse health effects (Table 1) [1] and should 
be ascertained in future national surveys. The four HEQI 
domains of dampness and mold, low indoor tempera-
tures, household crowding, and inadequate water and 
sanitation were well-captured by the AHS and should 
be continued in future surveys to allow for longitudinal 
assessments. The remaining six HEQI domains, house-
hold fuel combustion, lead paint risk, pest and allergens, 
high indoor temperatures, injury hazards, and ventila-
tion, were  roughly approximated and likely imprecise. 
These domains could be improved with more  questions 
added in future surveys.

In particular, the household fuel combustion domain 
could be improved with more direct questions about 
the frequency and intensity of source activities such as 

cooking, heating, smoking, and candle and incense use 
that can contribute to higher indoor air pollution con-
centrations [6, 17]. Questions about appliance efficiency, 
furniture and flooring types, kitchen size, and the types 
of ventilation controls like kitchen and bathroom exhaust 
fans are also important determinants of indoor air qual-
ity. Despite the potential imprecision of our household 
fuel combustion measure, studies have found an inde-
pendent association between the presence of gas stoves 
and higher nitrogen dioxide concentrations [28–31]. In 
addition, the majority of U.S. households have access 
to piped or bottled natural gas fuel, with the number of 
natural gas consumers increasing since the 1980s [75]. As 
such, the risk of exposure to gas combustion by-products, 
particularly from cooking, could be even higher. Based 
on the 2019 AHS, approximately 70% of U.S. households 
consumed natural gas, with 57% of these households 
using it for cooking [76]. More homes may opt for gas 
cooking appliances in the future. In addition, there is no 
federal requirement for mechanical kitchen ventilation 
in residential spaces [31], and even in homes with stove 
exhaust vents or range hoods, the quality and the degree 
of use during cooking events are highly variable [77–79]. 
Similarly, an experimental evaluation of an enclosed 
wood fireplace still found elevated particulate concentra-
tions emitted into the living space [32]. Therefore, the use 
of a surrogate measure based on cooking and heating fuel 
and appliance type provides a baseline estimate of poten-
tial households at risk for indoor air pollution exposure.

In addition, our estimate of lead-paint risk at 1.7% (1.95 
million) of U.S. households is likely a conservative esti-
mate of the proportion of households with lead-based 
paint hazards. We used a two-fold criteria based on 
whether the home was built prior to 1980 and the pres-
ence of peeling paint size 8 × 11-inches or larger. This 
latter criteria is likely too stringent because lead-based 
paint can peel and crack at smaller sizes and crumble into 
dust [38]. To better capture lead-paint risk, future sur-
veys should consider adding response options for smaller 
surface areas of peeling/cracked paint or dust. In addi-
tion, our estimate likely underestimates the risk  of lead 
exposure overall given the lack of AHS data on other resi-
dential sources of lead, such as in soil, dust, and drink-
ing water. Prior field-based studies using residential dust 
wipe samples, paint measurements, and soil samples to 
measure lead-based paint hazards in U.S. housing found 
a much higher prevalence of at-risk households: 35% (38 
million) in 2000 [80] and 22% (23.2 million) in 2005–
2006 [81]. The later study also found that 93% of homes 
with lead-based paint were built before 1978 [81]. In our 
study, 53% of occupied housing units were built before 
1980. Based on these findings, it possible that the more 
accurate estimate of U.S. households with lead-based 
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paint risk may be between 1.7% and 53%. Our lower esti-
mate could also reflect the turnover in old housing stock 
nationally from renovations and newer construction [74, 
82], which may have also contributed to decreasing blood 
lead concentrations in the U.S. population over time [83].

For the pests and allergens domain, the AHS only asked 
about the presence and frequency of rodents and cock-
roaches. Future surveys should consider other pests and 
allergens such as bed bugs and pet dander [19]. For the 
injury hazards domain, only information about electrical 
hazards and building integrity were collected in the AHS 
across multiple survey years. Information about smoke 
and carbon monoxide detectors, stairs and window rail-
ings, pool safety, and chemical storage were asked in pre-
vious AHS cycles but discontinued in recent years or only 
asked among a sub-sample of households. Going for-
ward, these questions should be asked on a routine basis 
and among all households. The domain for high indoor 
temperatures was inferred from AHS items on central 
air and window air conditioning. High indoor tempera-
tures could  also be influenced by ambient temperatures 
and humidity, which could not be ascertained in the AHS 
[41, 84]. Future surveys should include direct questions 
about heat stress (e.g., unit was uncomfortably hot for 
24 + hours) and usual temperature in the home. The ven-
tilation domain should also include more questions about 
the types and performance of natural and mechanical 
ventilation controls (e.g., bathroom and kitchen exhausts, 
number of doors and windows, frequency of window 
opening). In addition, information about climate condi-
tions, basement foundation type, and weatherization are 
needed to more accurately estimate building leakage. 
Lastly, routine data collection about energy efficiency 
(e.g., insulation, solar panels, Energy Star ratings) is 
important to track cost-savings and understand adapta-
tion strategies to address climate change.

The AHS data is also subject to limitations common to 
national surveys. AHS items were self-reported and may 
be susceptible to recall error or social desirability bias. 
The AHS survey design is based on a federally-sponsored 
in-person and telephone survey, which may underesti-
mate households in precarious or temporary housing 
arrangements. These issues could impact the precision 
of our findings and/or underestimate the prevalence 
of the hazards identified. Lastly, the AHS is conducted 
predominantly in English and Spanish languages  (95% 
of households in the 2019 AHS data). Findings may not 
be generalizable to the small proportion of  U.S. house-
holds speaking other languages. In spite of these limita-
tions, a major strength of the HEQI is its accessibility 
for widespread adoption. The HEQI is based on AHS 
data that is nationally-representative, publicly-available, 
and collected biennially by the U.S. Census Bureau. In 

addition, AHS items in the HEQI are available across 
survey cycles since 2011 and asked of all occupied house-
holds. Therefore, the HEQI can be used in longitudinal 
analyses to evaluate HEQI trends across U.S. households.

Conclusions
Our study demonstrated the utility of the HEQI for track-
ing and evaluating multiple healthy housing domains and 
identifying vulnerable households at the national level. 
HEQI findings can contribute to national annual housing 
reports, such as the Worst Case Housing Needs report 
to Congress [85] and the Joint Center for Housing Stud-
ies’ State of the Nation’s Housing report [74]. In addition, 
the HEQI expands the portfolio of housing and health 
disparities research to include environmental health risk 
factors in the home. Previous studies documenting socio-
economic, racial/ethnic, and nativity-related disparities 
in housing quality relied on single AHS items or indices 
that have limited environmental risk factors [7, 86–88]. 
In addition, national surveys such as the American Com-
munity Survey (ACS), U.S. Rental Housing Finance Sur-
vey (RHFS), and Residential Energy Consumption Survey 
(RECS), as well as physical inspection databases like 
HUD’s Real Estate Assessment Center (REAC) lack key 
data on environmental risk factors, which then severely 
limits the ability to identify vulnerable households and 
inform areas for intervention. The HEQI can be used to 
inform gaps in these federal data collection programs to 
capture health-relevant attributes. For example, HEQI 
findings can inform how the REAC program captures 
development- or unit-level data for hazard identification 
or program evaluation. Similarly, the inclusion of HEQI 
risk factors in the ACS data could facilitate opportuni-
ties to better understand how population- and neighbor-
hood-level attributes shape residential environmental 
exposures.

In conclusion, while we recognize that the addition 
of residential environmental health questions to exist-
ing national surveys may pose financial and administra-
tive challenges, mounting evidence linking residential 
environmental exposures with adverse health outcomes 
underscore the need for this data. Furthermore, the 
most disadvantaged households continue to bear the 
disproportionate burden of substandard housing condi-
tions, hazardous exposures, and related adverse health 
outcomes. National environmental health indices that 
can capture the multiple dimensions of healthy housing 
enable opportunities to identify vulnerable households 
and appropriately tailor interventions. Additionally, 
these indices can be used to benchmark progress over 
time. Improving housing and indoor environmental 
quality is a key facet of environmental and climate jus-
tice and on the path to advancing health equity.



Page 14 of 16Chu et al. Environmental Health           (2022) 21:56 

Abbreviations
AHS: American Housing Survey; HEQI: Housing and Environmental Quality 
Index; HUD: U.S Department of Housing and Urban Development; PQI: Poor 
Quality Index; REAC : Real Estate Assessment Center; WHO: World Health 
Organization.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12940-​022-​00866-8.

Additional file 1: Table S1. Housing and Environmental Quality Index 
(HEQI) domains and variable response Items, American Housing Survey 
2011-2019 PUF national file. Tables S2. Polychoric correlation matrix of 
domain and item-specific HEQI scores, American Housing Survey 2019 
PUF national file (N=51,993). Note: Blue cells indicate positive correla-
tions and red cells indicate negative correlations. Table S3. Distribution of 
U.S. households with at least one HEQI risk factor in each domain by 
unit square footage and normalized leakage (NL) indicator, American 
Housing Survey 2019 PUF national file (sample N=51,993). Table S4. 
Distribution of U.S. households with at least one HEQI risk factor in each 
domain by status of children (<18 years old) in household, American 
Housing Survey 2019 PUF national file (sample N=51,993). Appendix 1. 
Creating a high building leakage indicator  

Acknowledgements
The authors thank the households that participated in the American Housing 
Survey, without whom these analyses would not have been possible.

Authors’ contributions
MyDzung T. Chu: Conceptualization; Methodology; Data curation; Formal 
analysis; Software; Validation; Roles/Writing - original draft; Writing - review & 
editing. Andrew Fenelon: Conceptualization; Methodology; Writing - review 
& editing. Judith Rodriguez: Methodology; Writing - review & editing.  Ami R. 
Zota: Conceptualization; Methodology; Writing - review & editing; Supervision, 
Resources. Gary Adamkiewicz: Conceptualization; Methodology; Roles/Writing 
original draft; Writing - review & editing; Supervision. The authors read and 
approved the final manuscript.

Funding
This work is funded by the US HUD grant (DCHHU0054-19) and supported 
by the Pathways to Equitable Healthy Cities grant from the Wellcome Trust 
[209376/Z/17/Z]. The content of this manuscript is solely the responsibility 
of the grantee and does not represent official views of any funding entity. 
Further, no parties involved endorse the purchase of any commercial products 
or services discussed in this manuscript.

Availability of data and materials
The American Housing Survey 2019 National Public Use Flat (PUF) dataset 
supporting the conclusions of this article is available in the U.S. Census survey 
data repository, [https://​www.​census.​gov/​progr​ams-​surve​ys/​ahs/​data.​html].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None. The authors declare that they have no actual or potential competing 
financial interests and that their freedom to design, conduct, interpret, and 
publish research is not compromised by any controlling sponsor.

Author details
1 Department of Environmental and Occupational Health, Milken Institute 
School of Public Health, The George Washington University, Washington, 
DC, USA. 2 Institute for Clinical Research and Health Policy Studies, Tufts 

Medical Center, Boston, MA, USA. 3 School of Public Policy and Department 
of Sociology and Criminology, Penn State University, University Park, PA, USA. 
4 Department of Architecture, Harvard University Graduate School of Design, 
Cambridge, MA, USA. 5 Department of Environmental Health, Harvard T.H. 
Chan School of Public Health, Boston, MA, USA. 

Received: 9 February 2022   Accepted: 11 May 2022

References
	1.	 World Health Organization. World Health Organization Housing and 

Health Guidelines. Geneva, Switzerland: World Health Organization. 2018. 
https://​apps.​who.​int/​iris/​bitst​ream/​handle/​10665/​276001/​97892​41550​
376-​eng.​pdf. Accessed 15 December 2020.

	2.	 Rauh VA, Chew GR, Garfinkel RS. Deteriorated housing contributes to 
high cockroach allergen levels in inner-city households. Environ Health 
Perspect. 2002;110(suppl 2):323–7.

	3.	 Krieger J, Higgins DL. Housing and health: time again for public health 
action. Am J Public Health. 2002;92(5):758–68.

	4.	 Mitro SD, Dodson RE, Singla V, Adamkiewicz G, Elmi AF, Tilly MK, Zota AR. 
Consumer product chemicals in indoor dust: a quantitative meta-analysis 
of US studies. Environ Sci Technol. 2016;50(19):10661–72.

	5.	 Braubach M, World Health Organization. Environmental burden of dis-
ease associated with inadequate housing: A method guide to the quan-
tification of health effects of selected housing risks in the WHO European 
Region. www.​euro.​who.​int/__​data/​assets/​pdf_​file/​0017/​145511/​e9500​
4sum.​pdf. Accessed on December 10, 2021.

	6.	 World Health Organization. WHO guidelines for indoor air quality: house-
hold fuel combustion. World Health Organization; 2014.

	7.	 Adamkiewicz G, Zota AR, Fabian MP, Chahine T, Julien R, Spengler JD, Levy 
JI. Moving environmental justice indoors: understanding structural influ-
ences on residential exposure patterns in low-income communities. Am J 
Public Health. 2011;101(S1):S238–45.

	8.	 Adamkiewicz G, Spengler JD, Harley AE, Stoddard A, Yang M, Alvarez-
Reeves M, Sorensen G. Environmental conditions in low-income urban 
housing: clustering and associations with self-reported health. Am J 
Public Health. 2014;104(9):1650–6.

	9.	 Dong Z, Nath A, Guo J, et al. Evaluation of the Environmental Scoring 
System in Multiple Child Asthma Intervention Programs in Boston. Mas-
sachusetts Am J Public Health. 2018;108(1):103–11.

	10.	 Dixon SL, Fowler C, Harris J, Moffat S, Martinez Y, Walton H, Ruiz B, 
Jacobs DE. An examination of interventions to reduce respiratory 
health and injury hazards in homes of low-income families. Environ Res. 
2009;109(1):123–30.

	11.	 Eggers F, Moumen F. American Housing Survey: Housing adequacy and 
quality as measured by the AHS. Available at SSRN 2284174. 2013. https://​
www.​census.​gov/​conte​nt/​dam/​Census/​progr​ams-​surve​ys/​ahs/​publi​catio​
ns/​Housi​ngAde​quacy.​pdf. Accessed 01 Oct 2020.

	12.	 Eggers FJ, Moumen F. American Housing Survey: A measure of (poor) 
housing quality. US Department of Housing and Urban Development; 
2013. www.​census.​gov/​progr​ams-​surve​ys/​ahs/​resea​rch/​publi​catio​ns/​
PoorH​ousin​gQual​ity.​html. Accessed 01 Oct 2020.

	13.	 Newman S, Holupka S. The Quality of Assisted Housing in the United 
States. Cityscape. 2018;20(1):89–112.

	14.	 U.S. Census Bureau, Department of Commerce Department of Housing 
and Urban Development. 2019 AHS Integrated National Sample: Sample 
Design, Weighting, and Error Estimation. https://​www2.​census.​gov/​progr​
ams-​surve​ys/​ahs/​2019/​2019%​20AHS%​20Nat​ional%​20Sam​ple%​20Des​
ign,%​20Wei​ghtin​g,%​20and%​20Err​or%​20Est​imati​on.​pdf. Accessed 01 Oct 
2020.

	15.	 U.S. Census Bureau, American Housing Survey. “2019 National - Heating, 
Air Conditioning, and Appliances - All Occupied Units”. Generated on: 
02MAY22:13:42:42. https://​www.​census.​gov/​progr​ams-​surve​ys/​ahs/​data/​
inter​active/​ahsta​blecr​eator.​html?s_​areas=​00000​&s_​year=​2019&s_​table​
name=​TABLE​3&s_​bygro​up1=​3&s_​bygro​up2=​1&s_​filte​rgrou​p1=​1&s_​
filte​rgrou​p2=1

	16.	 Warner, T., Dajani, A., Bucholtz, S. U.S Census Bureau and U.S. Department 
of Housing and Urban Development. Redesigning the American Housing 
Survey Sample: How and Why; 2020. https://​www.​census.​gov/​conte​nt/​

https://doi.org/10.1186/s12940-022-00866-8
https://doi.org/10.1186/s12940-022-00866-8
https://www.census.gov/programs-surveys/ahs/data.html
https://apps.who.int/iris/bitstream/handle/10665/276001/9789241550376-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/276001/9789241550376-eng.pdf
http://www.euro.who.int/__data/assets/pdf_file/0017/145511/e95004sum.pdf
http://www.euro.who.int/__data/assets/pdf_file/0017/145511/e95004sum.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/HousingAdequacy.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/HousingAdequacy.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/HousingAdequacy.pdf
http://www.census.gov/programs-surveys/ahs/research/publications/PoorHousingQuality.html
http://www.census.gov/programs-surveys/ahs/research/publications/PoorHousingQuality.html
https://www2.census.gov/programs-surveys/ahs/2019/2019%20AHS%20National%20Sample%20Design,%20Weighting,%20and%20Error%20Estimation.pdf
https://www2.census.gov/programs-surveys/ahs/2019/2019%20AHS%20National%20Sample%20Design,%20Weighting,%20and%20Error%20Estimation.pdf
https://www2.census.gov/programs-surveys/ahs/2019/2019%20AHS%20National%20Sample%20Design,%20Weighting,%20and%20Error%20Estimation.pdf
https://www.census.gov/programs-surveys/ahs/data/interactive/ahstablecreator.html?s_areas=00000&s_year=2019&s_tablename=TABLE3&s_bygroup1=3&s_bygroup2=1&s_filtergroup1=1&s_filtergroup2=1
https://www.census.gov/programs-surveys/ahs/data/interactive/ahstablecreator.html?s_areas=00000&s_year=2019&s_tablename=TABLE3&s_bygroup1=3&s_bygroup2=1&s_filtergroup1=1&s_filtergroup2=1
https://www.census.gov/programs-surveys/ahs/data/interactive/ahstablecreator.html?s_areas=00000&s_year=2019&s_tablename=TABLE3&s_bygroup1=3&s_bygroup2=1&s_filtergroup1=1&s_filtergroup2=1
https://www.census.gov/programs-surveys/ahs/data/interactive/ahstablecreator.html?s_areas=00000&s_year=2019&s_tablename=TABLE3&s_bygroup1=3&s_bygroup2=1&s_filtergroup1=1&s_filtergroup2=1
https://www.census.gov/content/dam/Census/programs-surveys/ahs/operation-research/Redesigning%20the%20AHS%20Sample%20-%20How%20and%20Why.pdf


Page 15 of 16Chu et al. Environmental Health           (2022) 21:56 	

dam/​Census/​progr​ams-​surve​ys/​ahs/​opera​tion-​resea​rch/​Redes​igning%​
20the%​20AHS%​20Sam​ple%​20-%​20How%​20and%​20Why.​pdf . Accessed 
01 Oct 2020.

	17.	 World Health Organization. WHO guidelines for indoor air quality: 
selected pollutants. World Health Organization. Regional Office for 
Europe; 2010. https://​apps.​who.​int/​iris/​bitst​ream/​handle/​10665/​260127/​
97892​89002​134-​eng.​pdf. Accessed at 01 Oct 2020.

	18.	 Heseltine E, Rosen J, editors. WHO guidelines for indoor air quality: damp-
ness and mould. 2009.

	19.	 Bonnefoy X, Kampen H, Sweeney K. Public health significance of urban 
pests. World health organization. Copenhagen, available at: www. euro. 
who. int/data/assets/pdf_file/0011/98426 E. 2008;91435. www.​euro.​who.​
int/__​data/​assets/​pdf_​file/​0011/​98426/​E91435.​pdf. Accessed 15 Dec 
2021.

	20.	 World Health Organization. Health impact of low indoor temperatures. 
InEnvironmental Health (WHO-EURO) 1987 (No. 16). World Health Organi-
zation. Regional Office for Europe. Accessed 15 Dec 2021.

	21.	 World Health Organization, World Health Organization. Ageing, Life 
Course Unit. WHO global report on falls prevention in older age. World 
Health Organization; 2008.

	22.	 Edition F. Guidelines for drinking-water quality. WHO chronicle. 
2011;38(4):104–8. http://​apps.​who.​int/​iris/​bitst​ream/​10665/​44584/1/​
97892​41548​151_​eng.​pdf. Accessed 15 Dec 2021.

	23.	 World Health Organization. Health aspects of plumbing. Geneva: World 
Health Organization; 2006.

	24.	 World Health Organization. WHO handbook on indoor radon: a public 
health perspective. World Health Organization; 2009. http://​apps.​who.​int/​
iris/​bitst​ream/​10665/​44149/1/​97892​41547​673_​eng.​pdf. Accessed 15 Dec 
2021.

	25.	 World Health Organization. Pesticides and their application: for the 
control of vectors and pests of public health importance. World Health 
Organization; 2006. http://​apps.​who.​int/​iris/​bitst​ream/​10665/​69795/1/​
WHO_​CDS_​NTD_​WHOPES_​GCDPP_​2006.1_​eng.​pdf. Accessed 15 Dec 
2021.

	26.	 World Health Organization. Air quality guidelines for Europe. World 
Health Organization. Regional Office for Europe; 2000. www.​euro.​who.​
int/__​data/​assets/​pdf_​file/​0005/​74732/​E71922.​pdf. Accessed 11 Dec 
2021.

	27.	 World Health Organization. Environmental noise guidelines for the Euro-
pean region; 2018. Access at: https://​apps.​who.​int/​iris/​bitst​ream/​handle/​
10665/​279952/​97892​89053​563-​eng.​pdf. Accessed 11 Dec 2021.

	28.	 Quackenboss JJ, Spengler JD, Kanarek MS, Letz R, Duffy CP. Personal 
exposure to nitrogen dioxide: relationship to indoor/outdoor air quality 
and activity patterns. Environ Sci Technol. 1986;20(8):775–83.

	29.	 Hasselblad V, Eddy DM, Kotchmar DJ. Synthesis of environmental evi-
dence: nitrogen dioxide epidemiology studies. J Air Waste Manag Assoc. 
1992;42:662–71.

	30.	 Hansel N, et al. A longitudinal study of indoor nitrogen dioxide levels and 
respiratory symptoms in inner city children with asthma. Environ Health 
Perspect. 2008;116:1428–32.

	31.	 Zhu et al. April 2020. Effects of Residential Gas Appliances on Indoor and 
Outdoor Air Quality and Public Health in California. Access at: https://​
coeh.​ph.​ucla.​edu/​effec​ts-​of-​resid​ential-​gas-​appli​ances-​on-​indoor-​and-​
outdo​or-​air-​quali​ty-​and-​public-​health-​in-​calif​ornia/. [Retrieved on May 2, 
2022].

	32.	 Ozgen S, Cernuschi S, Giugliano M. Experimental evaluation of particle 
number emissions from wood combustion in a closed fireplace. Biomass 
Bioenerg. 2013;50:65–74.

	33.	 Singer BC, Apte MG, Black DR, Hotchi T, Lucas D, Lunden MM, Mirer AG, 
Spears M, Sullivan DP. Natural gas variability in California: environmental 
impacts and device performance experimental evaluation of pollutant 
emissions from residential appliances. Lawrence Berkeley National Lab.
(LBNL), Berkeley, CA (United States); 2009 Dec 1.

	34.	 National Fire Protection Association (NFPA) 54-National Fuel Gas Code. 
2021. https://​www.​nfpa.​org/​codes-​and-​stand​ards/​all-​codes-​and-​stand​
ards/​list-​of-​codes-​and-​stand​ards/​detail?​code=​54. Accessed at 02 May 
2022.

	35.	 McWilliams, J., & Sherman, M. Review of literature related to residential 
ventilation requirements. 2005. https://​escho​larsh​ip.​org/​conte​nt/​qt5zg​
2n34h/​qt5zg​2n34h.​pdf. Accessed 02 May 2022.

	36.	 U.S. Census Bureau, Housing and Household Economic Statistics Division; 
2011. Historical census of housing tables: Crowding. Washington (DC). 
www.​census.​gov/​conte​nt/​dam/​Census/​progr​ams-​surve​ys/​ahs/​publi​catio​
ns/​Measu​ring_​Overc​rowdi​ng_​in_​Hsg.​pdf. Accessed 01 Oct 2020.

	37.	 Blake, K. S., Kellerson, R. L., & Simic, A. Measuring overcrowding in hous-
ing; 2007. https://​www.​hudus​er.​gov/​Publi​catio​ns/​pdf/​Measu​ring_​Overc​
rowdi​ng_​in_​Hsg.​pdf. Accessed 01 Oct 2020.

	38.	 U.S. Department of Health & Human Services. Centers for Disease Control 
and Prevention. "Lead in Paint". https://​www.​cdc.​gov/​nceh/​lead/​preve​
ntion/​sourc​es/​paint.​htm. Site last updated: January 28, 2022

	39.	 Kilbourne EM. Heat-related illness-Current status of prevention efforts. 
Am J Prev Med. 2002;4(22):328–9.

	40.	 Quandt SA, Wiggins MF, Chen H, Bischoff WE, Arcury TA. Heat index in 
migrant farmworker housing: implications for rest and recovery from 
work-related heat stress. Am J Public Health. 2013;103(8):e24–6.

	41.	 Bradshaw JL, Bou-Zeid E, Harris RH. Comparing the effectiveness of 
weatherization treatments for low-income, American, urban housing 
stocks in different climates. Energy and buildings. 2014;1(69):535–43.

	42.	 Chan WR, Joh J, Sherman MH. Analysis of air leakage measurements of US 
houses. Energy and Buildings. 2013;1(66):616–25.

	43.	 Reynolds KA, Mena KD, Gerba CP. Risk of waterborne illness via 
drinking water in the United States. Rev Environ Contam Toxicol. 
2008;192:117–58.

	44.	 Denno DM, Keene WE, Hutter CM, et al. Tri-county comprehensive assess-
ment of risk factors for sporadic reportable bacterial enteric infection in 
children. J Infect Dis. 2009;199:467–76.

	45.	 Noelke C, McArdle N, Baek M, Huntington N, Huber R, Hardy E, Acevedo-
Garcia D. Child opportunity index 2.0 technical documentation. 2020. 
Retrieved from: diversitydatakids. org/research-library/research-brief/
how-we-built-it. Accessed 06 April, 2020.

	46.	 Boateng GO, Neilands TB, Frongillo EA, Melgar-Quiñonez HR, Young SL. 
Best practices for developing and validating scales for health, social, and 
behavioral research: a primer. Front Public Health. 2018;11(6):149. https://​
doi.​org/​10.​3389/​fpubh.​2018.​00149.

	47.	 Divringi E, Wallace E, Wardrip K, Nash E. Measuring and Understanding 
Home Repair Costs: A National Typology of Households. Federal Reserve 
Bank of Philadelphia. 2019 Sep. https://​www.​polic​ymap.​com/​issues/​housi​
ng-​quali​ty. Accessed 01 Oct 2021.

	48.	 Emrath P, Taylor H. Housing value, costs, and measures of physical 
adequacy. Cityscape. 2012;1:99–125.

	49.	 U.S. Census Bureau. Quick guide to estimating variance using replicate 
weights: 2009 to current; 2015. https://​www.​census.​gov/​conte​nt/​dam/​
Census/​progr​ams-​surve​ys/​ahs/​tech-​docum​entat​ion/​2015/​Quick_​Guide_​
to_​Estim​ating_​Varia​nce_​Using_​Repli​cate_​Weigh​ts_​2009_​to_​Curre​nt.​pdf. 
Accessed 01 Oct 2021.

	50.	 Lumley T. Complex Surveys: A Guide to Analysis Using R: A Guide to 
Analysis Using R. John Wiley & Sons; 2011 Sept 20.

	51.	 Gronlund CJ, Berrocal VJ. Modeling and comparing central and room 
air conditioning ownership and cold-season in-home thermal comfort 
using the American Housing Survey. J Eposure Sci Environ Epidemiol. 
2020;30(5):814–23.

	52.	 Chahine T, Schultz B, Zartarian V, Subramanian SV, Spengler J, Hammitt J, 
Levy JI. Modeling geographic and demographic variability in residential 
concentrations of environmental tobacco smoke using national data sets. 
J Eposure Sci Environ Epidemiol. 2011;21(6):646–55.

	53.	 Broderick DR, Houck JE, Crouch J, Goldman J. Review of Residential Wood 
Combustion Data for Mid-Atlantic and New England States. In Proceed-
ings of 14th International Emission Inventory Conference, Transforming 
Emission Inventories–Meeting Future Challenges Today, Las Vegas, 
Nevada 2005 Apr 11.

	54.	 Garrison VEH, Bachand J, Ashley PJ. Musty Smells, Mold, and Moisture in 
the US Housing Stock. Cityscape. 2021;23(1):223–36.

	55.	 Sellner M. and Wicht J. Residents of 14 Million Housing Units Reported 
Seeing Roaches, 14.8 Million Saw Rodents in Last 12 Months. www.​cen-
sus.​gov/​libra​ry/​stori​es/​2021/​04/​how-​many-​ameri​can-​homes-​have-​pests.​
html. Accessed 21 April 2021.

	56.	 Baxter LK, Clougherty JE, Laden F, Levy JI. Predictors of concentrations 
of nitrogen dioxide, fine particulate matter, and particle constituents 
inside of lower socioeconomic status urban homes. J Expo Sci Environ 
Epidemiol. 2007;17(5):433–44.

https://www.census.gov/content/dam/Census/programs-surveys/ahs/operation-research/Redesigning%20the%20AHS%20Sample%20-%20How%20and%20Why.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/operation-research/Redesigning%20the%20AHS%20Sample%20-%20How%20and%20Why.pdf
https://apps.who.int/iris/bitstream/handle/10665/260127/9789289002134-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/260127/9789289002134-eng.pdf
http://www.euro.who.int/__data/assets/pdf_file/0011/98426/E91435.pdf
http://www.euro.who.int/__data/assets/pdf_file/0011/98426/E91435.pdf
http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng.pdf
http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng.pdf
http://apps.who.int/iris/bitstream/10665/44149/1/9789241547673_eng.pdf
http://apps.who.int/iris/bitstream/10665/44149/1/9789241547673_eng.pdf
http://apps.who.int/iris/bitstream/10665/69795/1/WHO_CDS_NTD_WHOPES_GCDPP_2006.1_eng.pdf
http://apps.who.int/iris/bitstream/10665/69795/1/WHO_CDS_NTD_WHOPES_GCDPP_2006.1_eng.pdf
http://www.euro.who.int/__data/assets/pdf_file/0005/74732/E71922.pdf
http://www.euro.who.int/__data/assets/pdf_file/0005/74732/E71922.pdf
https://apps.who.int/iris/bitstream/handle/10665/279952/9789289053563-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/279952/9789289053563-eng.pdf
https://coeh.ph.ucla.edu/effects-of-residential-gas-appliances-on-indoor-and-outdoor-air-quality-and-public-health-in-california/
https://coeh.ph.ucla.edu/effects-of-residential-gas-appliances-on-indoor-and-outdoor-air-quality-and-public-health-in-california/
https://coeh.ph.ucla.edu/effects-of-residential-gas-appliances-on-indoor-and-outdoor-air-quality-and-public-health-in-california/
https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=54
https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=54
https://escholarship.org/content/qt5zg2n34h/qt5zg2n34h.pdf
https://escholarship.org/content/qt5zg2n34h/qt5zg2n34h.pdf
http://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/Measuring_Overcrowding_in_Hsg.pdf
http://www.census.gov/content/dam/Census/programs-surveys/ahs/publications/Measuring_Overcrowding_in_Hsg.pdf
https://www.huduser.gov/Publications/pdf/Measuring_Overcrowding_in_Hsg.pdf
https://www.huduser.gov/Publications/pdf/Measuring_Overcrowding_in_Hsg.pdf
https://www.cdc.gov/nceh/lead/prevention/sources/paint.htm
https://www.cdc.gov/nceh/lead/prevention/sources/paint.htm
https://doi.org/10.3389/fpubh.2018.00149
https://doi.org/10.3389/fpubh.2018.00149
https://www.policymap.com/issues/housing-quality
https://www.policymap.com/issues/housing-quality
https://www.census.gov/content/dam/Census/programs-surveys/ahs/tech-documentation/2015/Quick_Guide_to_Estimating_Variance_Using_Replicate_Weights_2009_to_Current.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/tech-documentation/2015/Quick_Guide_to_Estimating_Variance_Using_Replicate_Weights_2009_to_Current.pdf
https://www.census.gov/content/dam/Census/programs-surveys/ahs/tech-documentation/2015/Quick_Guide_to_Estimating_Variance_Using_Replicate_Weights_2009_to_Current.pdf
http://www.census.gov/library/stories/2021/04/how-many-american-homes-have-pests.html
http://www.census.gov/library/stories/2021/04/how-many-american-homes-have-pests.html
http://www.census.gov/library/stories/2021/04/how-many-american-homes-have-pests.html


Page 16 of 16Chu et al. Environmental Health           (2022) 21:56 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	57.	 U.S. Environmental Protection Agency. Energy, Weatherization and Indoor 
Air Quality. https://​www.​epa.​gov/​indoor-​air-​quali​ty-​iaq/​energy-​weath​
eriza​tion-​and-​indoor-​air-​quali​ty. Accessed 09 Sept 2021.

	58.	 National Academies of Sciences, Engineering, and Medicine. 2016. Health 
Risks of Indoor Exposure to Particulate Matter: Workshop Summary. 
Washington, DC: The National Academies Press. https://​doi.​org/​10.​17226/​
23531.

	59.	 Mendell MJ, Mirer AG, Cheung K, Tong M, Douwes J. Respiratory and 
allergic health effects of dampness, mold, and dampness-related agents: 
a review of the epidemiologic evidence. Environ Health Perspect. 
2011;119(6):748–56.

	60.	 Shepherd CA. CDC and HUD to release an updated housing inspection 
manual--the Healthy Housing Reference Manual. Journal of Environmen-
tal Health. 2006;68(8):48–50.

	61.	 Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, Behar 
JV, Hern SC, Engelmann WH. The National Human Activity Pattern Survey 
(NHAPS): a resource for assessing exposure to environmental pollutants. J 
Eposure Sci Environ Epidemiol. 2001;11(3):231–52.

	62.	 Zota A, Adamkiewicz G, Levy JI, Spengler JD. Ventilation in public hous-
ing: implications for indoor nitrogen dioxide concentrations. Indoor Air. 
2005;15(6):393–401.

	63.	 British Columbia Housing, BC Hydro, and City of Vancouver. Illustrated 
Guide to Achieving Airtightness; 2017. www.​bchou​sing.​org/​publi​catio​ns/​
Illus​trated-​Guide-​Achie​ving-​Airti​ghtne​ss.​pdf. Accessed 01 Nov 2021.

	64.	 Persily AK, Emmerich SJ. Indoor air quality in sustainable, energy efficient 
buildings. HVAC&R Research. 2012;18(1–2):4–20. https://​www.​resea​rchga​
te.​net/​profi​le/​Steven-​Emmer​ich/​publi​cation/​24172​8450_​Indoor_​Air_​
Quali​ty_​in_​Susta​inable_​Energy_​Effic​ient_​Build​ings/​links/​5453e​05e0c​
f26d5​090a5​52f7/​Indoor-​Air-​Quali​ty-​in-​Susta​inable-​Energy-​Effic​ient-​Build​
ings.​pdf

	65.	 Shrestha PM, Humphrey JL, Barton KE, Carlton EJ, Adgate JL, Root ED, 
Miller SL. Impact of Low-Income Home Energy-Efficiency Retrofits on 
Building Air Tightness and Healthy Home Indicators. Sustainability. 
2019;11:2667. https://​doi.​org/​10.​3390/​su110​92667.

	66.	 Fabian P, Adamkiewicz G, Levy JI. Simulating indoor concentrations of 
NO(2) and PM(2.5) in multifamily housing for use in health-based inter-
vention modeling. Indoor Air. 2012;22(1):12–23.

	67.	 Goodman JL. Causes and indicators of housing quality. Soc Indic Res. 
1978;5(1):195–210.

	68.	 Jacobs DE, Wilson J, Dixon SL, Smith J, Evens A. The relationship of 
housing and population health: a 30-year retrospective analysis. Environ 
Health Perspect. 2009;117(4):597–604.

	69.	 Burr JA, Mutchler JE, Gerst K. Patterns of residential crowding among His-
panics in later life: immigration, assimilation, and housing market factors. 
J Gerontol B Psychol Sci Soc Sci. 2010;65(6):772–82.

	70.	 Clark WA, Deurloo MC, Dieleman FM. Housing consumption and residen-
tial crowding in US housing markets. J Urban Aff. 2000;22(1):49–63.

	71.	 Wong-Parodi G, Dias MB, Taylor M. Effect of using an indoor air quality 
sensor on perceptions of and behaviors toward air pollution (Pittsburgh 
Empowerment Library Study): online survey and interviews. JMIR 
Mhealth Uhealth. 2018;6(3): e8273.

	72.	 United States Environmental Protection Agency. Safe Drinking Water Act 
(SDWA) Compliance Monitoring. www.​epa.​gov/​compl​iance/​safe-​drink​
ing-​water-​act-​sdwa-​compl​iance-​monit​oring. Accessed 01 Dec 2021.

	73.	 Swistock BR, Clemens S, Sharpe WE, Rummel S. Water quality and 
management of private drinking water wells in Pennsylvania. Journal of 
Environmental Health. 2013;75(6):60.

	74.	 Joint Center for Housing Studies, Harvard University. State of the Nation’s 
Housing 2020; 2020. www.​jchs.​harva​rd.​edu/​sites/​defau​lt/​files/​repor​ts/​
files/​Harva​rd_​JCHS_​The_​State_​of_​the_​Natio​ns_​Housi​ng_​2020_​Report_​
Revis​ed_​120720.​pdf. Accessed 26 Jan 2021.

	75.	 U.S. Department of Energy. Form EIA-176, "Annual Report of Natural and 
Supplemental Gas Supply and Disposition". https://​www.​eia.​gov/​dnav/​
ng/​ng_​cons_​num_​dcu_​nus_a.​htm. Accessed 02 May 02, 2022.

	76.	 U.S. Census Bureau, Department of Commerce Department of Housing 
and Urban Development. AHS 2019 Public Use File (PUF). https://​www.​
census.​gov/​progr​ams-​surve​ys/​ahs/​data.​html. Accessed 03 May, 2022.

	77.	 Singer BC, Chan WR, Kim YS, Offermann FJ, Walker IS. 2020. Indoor air 
quality in California homes built in 2011–2017 with code-required 
mechanical ventilation – the Healthy Efficient NewGas Homes Study. 
Indoor Air. Published online 18-Apr-2020.

	78.	 Zhao H, Chan WR, Delp WW, Tang H, Walker IS, Singer BC. Factors impact-
ing range hood use in California houses and low-income apartments. Int 
J Environ Res Public Health. 2020;17(23):8870.

	79.	 Chu MT, Gillooly SE, Levy JI, Vallarino J, Reyna LN, Laurent JG, Coull BA, 
Adamkiewicz G. Real-time indoor PM2.5 monitoring in an urban cohort: 
Implications for exposure disparities and source control. Environmental 
Research. 2021 Feb 1;193:110561.

	80.	 Jacobs DE, Clickner RP, Zhou JY, Viet SM, Marker DA, Rogers JW, Zeldin DC, 
Broene P, Friedman W. The prevalence of lead-based paint hazards in US 
housing. Environ Health Perspect. 2002;110(10):A599-606.

	81.	 Dewalt FG, Cox DC, O’Haver R, Salatino B, Holmes D, Ashley PJ, Pinzer EA, 
Friedman W, Marker D, Viet SM, Fraser A. Prevalence of Lead Hazards and 
Soil Arsenic in U.S. Housing. J Environ Health. 2015 Dec;78(5):22–9; quiz 
52. PMID: 26738315.

	82.	 Will A. Re-Benchmarking the Leading Indicator of Remodeling Activity. 
Harvard Joint Center for Housing Studies Research Note. 2016 Apr. 
https://​www.​jchs.​harva​rd.​edu/​sites/​jchs.​harva​rd.​edu/​files/​n16-4_​will.​pdf. 
Accessed 01 March 2022.

	83.	 Tsoi MF, Cheung CL, Cheung TT, Cheung BM. Continual decrease in blood 
lead level in Americans: United States National Health Nutrition and 
examination survey 1999–2014. Am J Med. 2016;129(11):1213–8.

	84.	 Harlan SL, Brazel AJ, Prashad L, Stefanov WL, Larsen L. Neighbor-
hood microclimates and vulnerability to heat stress. Soc Sci Med. 
2006;63(11):2847–63.

	85.	 U.S. Department of Housing and Urban Development, 2021. Affordable 
Housing/Worst Case Needs Reports to Congress. https://​www.​hudus​er.​
gov/​portal/​publi​catio​ns/​affhsg/​rha_​main.​html. Accessed 01 Dec 2021.

	86.	 Hughes HK, Matsui EC, Tschudy MM, Pollack CE, Keet CA. Pediatric asthma 
health disparities: race, hardship, housing, and asthma in a national 
survey. Acad Pediatr. 2017;17(2):127–34.

	87.	 Mundra K, Sharma A. Housing adequacy gap for minorities and immi-
grants in the US: evidence from the 2009 American Housing Survey. J 
Hous Res. 2015;24(1):55–72.

	88.	 Friedman S, Rosenbaum E. Nativity status and racial/ethnic differences 
in access to quality housing: Does homeownership bring greater parity? 
Hous Policy Debate. 2004;15(4):865–901.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.epa.gov/indoor-air-quality-iaq/energy-weatherization-and-indoor-air-quality
https://www.epa.gov/indoor-air-quality-iaq/energy-weatherization-and-indoor-air-quality
https://doi.org/10.17226/23531
https://doi.org/10.17226/23531
http://www.bchousing.org/publications/Illustrated-Guide-Achieving-Airtightness.pdf
http://www.bchousing.org/publications/Illustrated-Guide-Achieving-Airtightness.pdf
https://www.researchgate.net/profile/Steven-Emmerich/publication/241728450_Indoor_Air_Quality_in_Sustainable_Energy_Efficient_Buildings/links/5453e05e0cf26d5090a552f7/Indoor-Air-Quality-in-Sustainable-Energy-Efficient-Buildings.pdf
https://www.researchgate.net/profile/Steven-Emmerich/publication/241728450_Indoor_Air_Quality_in_Sustainable_Energy_Efficient_Buildings/links/5453e05e0cf26d5090a552f7/Indoor-Air-Quality-in-Sustainable-Energy-Efficient-Buildings.pdf
https://www.researchgate.net/profile/Steven-Emmerich/publication/241728450_Indoor_Air_Quality_in_Sustainable_Energy_Efficient_Buildings/links/5453e05e0cf26d5090a552f7/Indoor-Air-Quality-in-Sustainable-Energy-Efficient-Buildings.pdf
https://www.researchgate.net/profile/Steven-Emmerich/publication/241728450_Indoor_Air_Quality_in_Sustainable_Energy_Efficient_Buildings/links/5453e05e0cf26d5090a552f7/Indoor-Air-Quality-in-Sustainable-Energy-Efficient-Buildings.pdf
https://www.researchgate.net/profile/Steven-Emmerich/publication/241728450_Indoor_Air_Quality_in_Sustainable_Energy_Efficient_Buildings/links/5453e05e0cf26d5090a552f7/Indoor-Air-Quality-in-Sustainable-Energy-Efficient-Buildings.pdf
https://doi.org/10.3390/su11092667
http://www.epa.gov/compliance/safe-drinking-water-act-sdwa-compliance-monitoring
http://www.epa.gov/compliance/safe-drinking-water-act-sdwa-compliance-monitoring
http://www.jchs.harvard.edu/sites/default/files/reports/files/Harvard_JCHS_The_State_of_the_Nations_Housing_2020_Report_Revised_120720.pdf
http://www.jchs.harvard.edu/sites/default/files/reports/files/Harvard_JCHS_The_State_of_the_Nations_Housing_2020_Report_Revised_120720.pdf
http://www.jchs.harvard.edu/sites/default/files/reports/files/Harvard_JCHS_The_State_of_the_Nations_Housing_2020_Report_Revised_120720.pdf
https://www.eia.gov/dnav/ng/ng_cons_num_dcu_nus_a.htm
https://www.eia.gov/dnav/ng/ng_cons_num_dcu_nus_a.htm
https://www.census.gov/programs-surveys/ahs/data.html
https://www.census.gov/programs-surveys/ahs/data.html
https://www.jchs.harvard.edu/sites/jchs.harvard.edu/files/n16-4_will.pdf
https://www.huduser.gov/portal/publications/affhsg/rha_main.html
https://www.huduser.gov/portal/publications/affhsg/rha_main.html

	Development of a multidimensional housing and environmental quality index (HEQI): application to the American Housing Survey
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Data
	Housing and health domain identification
	Data selection
	Data reduction
	Validity testing
	Statistical analyses

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


