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lElStatement 
Synopsis of Research Report Number 58 Part IV 

Measuring Indoor Nitrogen Dioxide Exposures: 
Effects of Housing and Meteorologic Factors 

BACKGROUND 

Nitrogen dioxide, a common indoor and outdoor air pollutant, is a by-product of high-temperature combus
tion. Motor vehicles and power plants are primarily responsible for the nitrogen dioxide in outdoor air. The 
U.S. Environmental Protection Agency has set the National Ambient Air Quality Standard for nitrogen dioxide 
as an annual average of 53 parts per billion (ppb) (100 JJg/m3

). Although the annual average concentrations of 
nitrogen dioxide are well below 50 ppb in most regions of the United States, the standard is exceeded in areas 
of Southern California, and short-term peaks of 100 ppb and occasionally 200 ppb occur in urban areas in 
other parts of the country. 
Indoor levels of nitrogen dioxide are often higher than outdoor levels, especially in homes with unvented 
heating and cooking appliances that utilize natural gas, kerosene, coal, or wood. Such exposures are of concern 
because some evidence indicates that nitrogen dioxide exposure may increase a person's risk of respiratory 
infection. However, because of methodologic problems, particularly the difficulty of assessing exposure, the 
evidence is not definitive. Measurements of indoor nitrogen dioxide exposure are important because they 
form the basis for epidemiologic studies that assess the health risks of outdoor nitrogen dioxide exposure and 
the subsequent air quality standards established. In the late 1980s, HEI supported a prospective investigation 
of more than 1,200 healthy infants living in homes with gas or electric cooking ranges in Albuquerque, NM. 
The main results on health outcomes and nitrogen dioxide exposures, as well as details on the quality 
assurance procedures, were published as Parts I, II, and III of this Research Report. A secondary goal of this 
study, which was necessary for addressing the main objective, was to obtain accurate assessments of nitrogen 
dioxide exposure in the study population. Part IV uses the nitrogen dioxide exposure data to characterize the 
influence of housing characteristics and meteorologic factors on indoor nitrogen dioxide levels. 

APPROACH 

Drs. John Spengler, Jonathan Samet, and their colleagues determined the impact of housing characteristics 
and the type and use of cooking ranges on nitrogen dioxide levels in infants' bedrooms in Albuquerque. 
Housing characteristics included the age, size, and type of construction of the house, the type of furnace, and 
the presence of a gas or kerosene space heater, fireplace, evaporative cooler, or attached garage. They also 
determined whether the cooking appliance was a gas range with a continuously burning pilot light, electronic 
ignition, or manually lit pilot light, or an electric range, whether the cooking range was used for space heating, 
and the minutes of stove use per season or year. The investigators focused most oftheir measurements on the 
winter season, when the use of many appliances that produce nitrogen dioxide is highest. They also studied 
seasonal and year-to-year variations. 

RESULTS AND IMPLICATIONS 

The results of this study confirm and extend those of previous studies of indoor nitrogen dioxide. Household 
characteristics that were associated with elevated levels of nitrogen dioxide in the infants' bedrooms were the 
presence of gas cooking appliances with continuously burning pilot lights, use of the gas stove or burners for 
space heating, the presence of wall or floor furnaces, and the size of the home (smaller homes have less volume 
to dilute the gas and fewer surfaces to adsorb it). Meteorologic factors that caused elevated nitrogen dioxide 
levels were decreasing temperature (which could increase the use of cooking and heating appliances) and 
increasing precipitation (which could decrease the exchange of indoor air with outdoor air). An important 
finding was the statistically significant year-to-year variability in average bedroom nitrogen dioxide concen
trations. The variability could not be explained by changes in temperature, outdoor levels of nitrogen dioxide, 
or housing characteristics. This finding has implications for the design and interpretation of epidemiologic 
studies that use measurements of nitrogen dioxide concentration taken at one time to represent concentrations 
at different times and emphasizes the need to time repeated measures of nitrogen dioxide concentrations 
closely with measurements of health outcomes. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of a research project sponsored 
by HEI from 1987 through 1992. This study was conducted by Drs. Jonathan Samet, John Spengler, and their colleagues at the Harvard School 
of Public Health, Boston, MA and the University of New Mexico Health Sciences Center, Albuquerque, NM. Support for this study came from 
HEI, whose funding in this instance was derived from the U.S. Environmental Protection Agency, 28 motor vehicle manufacturers, and the 
Gas Research Institute. The following Research Report contains both the detailed Investigators' Report and a Commentary on the study prepared 
by the Institute's Health Review Committee. 
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INVESTIGATORS' REPORT 

Nitrogen Dioxide and Respiratory Illness in Children 
Part IV: Effects of Housing and Meteorologic Factors on Indoor Nitrogen Dioxide Concentrations 

John D. Spengler, Margo Schwab, Aidan McDermott, William E. Lambert, 
and Jonathan M. Samet 

ABSTRACT 

In a prospective study of infants' exposure to nitrogen 
dioxide (N02l* and respiratory illness, N02 concentrations 
were measured in more than 1,400 homes in Albuquerque, 
NM, from January 1988 through June 1991 (Health Effects 
Institute Research Report Number 58, Parts I, II, and III). 
This report characterizes the variability in indoor N02 
concentrations across seasons and years, and identifies 
factors associated with variation in concentrations between 
homes and across seasons. In regression analyses of winter 
data, N02 levels in the infants' bedrooms were predomi
nately determined by the presence of gas cooking ranges 
with continuously burning pilot lights, the presence of wall 
or floor furnaces, the use ofthe stove for space heating, and 
the square footage of the living space. These findings are 
consistent with previously published analyses of data from 
homes in other U.S. cities. Relatively small differences in 
seasonal bedroom N02 levels were observed across years. 
The correlation coefficient (r) of bedroom N02 levels ob
tained in the same homes was 0.66 over two winters and 
0.48 over two summers. For homes that had gas cooking 
ranges with continuously burning pilot lights, the bedroom 
N02 concentrations differed, on average, less than 5 parts 
per billion (ppb) across winters. These differences were 

• A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is one part of Health Effects Institute Research 
Report Number 58, Part IV, which also includes a Commentary by the Health 
Review Committee, and an HE! Statement about the research project. Parts I 
and II (Health Outcomes by Samet and colleagues, and Assessment of 
Exposure to Nitrogen Dioxide by Lambert and coworkers) were published by 
the Health Effects Institute in June of 1993. Part III (Quality Assurance in an 
Epidemiologic Study by Lambert and associates) was published in July of 
1994. Part V (Frequency of Infants' Exposure to ''Peak" Concentrations ofN02 

in Homes with Gas Cooking Stoves by Samet and coworkers) is forthcoming. 
Correspondence concerning the Part IV Investigators' Report may be addressed 
to Dr. John D. Spengler, Department of Environmental Health, Harvard School 
of Public Health, 665 Huntington Avenue, Boston, MA 02115. 

This study was supported by funds from the U.S. Environmental Protection 
Agency, the motor vehicle industry, and the Gas Research Institute. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Agreement 
816285 to the Health Effects Institute, it has not been subjected to the 
Agency's peer and administrative review and therefore may not necessarily 
~eflect the views of the Agency, and no official endorsement should be 
mferred. The contents of this document also have not been reviewed by 
pn~ate party institutions, including those that support the Health Effects 
Institute; therefore, it may not reflect the views or policies of these parties, 
and no endorsement by them should be inferred. 
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hypothesized to be caused by differences in the use of 
indoor N02 sources, ventilation, and ambient (outdoor) N02 
levels. We were, however, unable to demonstrate an associa
tion between year-to-year differences in seasonal indoor N02 
concentrations and reported use of cooking range, furnace, 
or heater, or ambient N02 levels, or temperature. 

INTRODUCTION 

Nitrogen dioxide is a commonly occurring pollutant in 
indoor air and in the outdoor air of urban areas. It is 
produced during high-temperature combustion; nitrogen in 
air combines with oxygen to form oxides, some of which 
are converted to N02 (Atkinson 1988). Sources of N02 in 
outdoor air include motor vehicles, power plants, and in
dustry. Important sources of this pollutant in the indoor 
setting include unvented cooking and heating appliances 
that utilize natural gas or kerosene. Surveys of urban resi
dents indicate that the N02 exposure received inside homes 
is the largest contributor to total personal exposure, because 
indoor sources can raise concentrations in residences well 
above those found outdoors (Spengler et al. 1983) and 
people spend a large amount of time inside their homes 
(Szalai 1972; Jenkins et al. 1992). 

Exposures of the population to indoor and outdoor N02 
have been the focus of monitoring studies in Northeastern 
cities (Spengler et al. 1983; Leaderer et al. 1986; Goldstein 
et al. 1988; Ryan et al. 1988a,b, 1990), the Midwest (Quack
enboss et al. 1986), and southern California (Wilson et al. 
1986; Spengler et al. 1990; Schwab et al. 1994). These 
descriptive studies provided some understanding of the 
determinants of N02 concentrations in residences. Analy
ses ofthese databases (Drye et al. 1989) have demonstrated 
that indoor N02 concentrations are primarily determined 
by the presence and strength of indoor N02 sources, the rate 
of exchange of indoor air with outdoor air, and the infiltra
tion of N02 from outdoor air. However, few studies of 
indoor N02 levels have been conducted in the southwest
ern United States (Lebowitz et al. 1985; Marbury et al. 
1988), where housing characteristics, occupant behaviors, 
and climate may differ from those studied previously and 
may result in different patterns of residential exposure. 

1 
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In this report, we examine potential determinants of 
indoor NOz concentrations in more than 1,400 homes in 
Albuquerque, NM. The analyses use measurements col
lected from January 1988 through June 1991 for a prospec
tive cohort study of the relation between NOz exposure and 
respiratory infections in infants (Samet et al. 1992, 1993; 
Lambert et al. 1993). In contrast to the majority of the 
previous studies of indoor NOzlevels (Goldstein et al. 1979; 
Dockery et al. 1981; Spengler et al. 1983, 1990; Clausing et 
al. 1986; Leaderer et al. 1986; Noy et al. 1986; Quackenboss 
et al. 1986; Wilson et al. 1986; Ryan et al. 1988a,b, 1990), in 
the Albuquerque study repeated measurements were made 
across several successive seasons as the subjects were fol
lowed during the first 18 months of life. This extensive data 
set provides more accurate estimations of seasonal mean 
concentrations than most previous studies (Lambert et al. 
1992). This report examines predictors of indoor concen
trations ofNOz including housing characteristics, occupant 
behaviors, and meteorologic factors. 

SPECIFIC AIMS 

The goal of these analyses was to characterize the influ
ence of housing characteristics (e.g., appliances, construc
tion, and volume), occupant behaviors (e.g., cooking range, 
furnace, and heater use), and meteorologic factors (e.g., 
temperature and precipitation) on NOz concentrations in a 
sample of homes in Albuquerque. The specific objectives 
of the analyses were: 

1. To identify the major determinants of seasonal average 
indoor NOz concentrations; 

2. To characterize seasonal variability in indoor NOz con
centrations and to identify housing, occupant, and 
meteorologic factors associated with this seasonal vari
ability; and 

3. To characterize the year-to-year variability in indoor 
NOz concentrations and to identify housing, occupant, 
and meteorologic factors associated with this annual 
variability. 

METHODS 

SELECTION OF HOUSEHOLDS AND TIME FRAME 
OF MONITORING 

The overall design of the cohort study and criteria for the 
selection of subjects have been described previously (Samet 
et al. 1992, 1993). From January 1988 through June 1991, 
approximately 35 subjects were enrolled per month. The 
sample of households was selected with stratification by 
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type of cooking range: 25% electric and 75% gas. A total of 
1,315 infant subjects were enrolled, and 823 subjects (63%) 
completed the full 18 months of follow-up. Because 185 
subjects changed residences at least once during follow-up, 
NOz measurements were available from 1,416 houses (Lam
bert et al. 1993). The NOz monitoring for the entire sample 
covered four calendar years. The analyses presented in this 
report are based on data collected from April 1988 to April 
1991; before and after this period, sample sizes were too 
small for meaningful statistical analyses. Data from the 
winter seasons (November 1 through March 15) of 1988/89 
and 1989/90 were used to estimate the effects on NOz 
concentrations of indoor sources and of variables determin
ing dilution ofNOz, air exchange, and removal ofNOz. 

NITROGEN DIOXIDE MONITORING 

The protocol for measuring NOz was based on the results 
of the pilot studies for this project (Harlos et al. 1987; 
Marbury et al. 1988; Samet and Spengler 1989). Two-week 
integrated samples of NOz were collected by placing pas
sive diffusion samplers called "Palmes tubes" (Palmes et al. 
1976) inside each subject's home and at 11 outdoor loca
tions throughout the city. The details of sampler tube place
ment, laboratory analysis, and quality assurance practices 
are described in Part III of this Research Report (Lambert et 
al. 1994). In homes with gas ranges, consecutive two-week 
samples were obtained in the bedrooms of the subjects from 
the time of their enrollment until they reached 18 months 
of age. During alternate months in the winter, two-week 
samples were taken from the activity room (i.e. ,living room 
or family room) and the kitchen. In homes with electric 
ranges, samples were obtained in the subjects' bedrooms 
every other two-week cycle throughout follow-up; no sam
ples were collected in other rooms. A small number of 
four-week samples were also collected at the beginning of 
the study. This analysis focuses on the measurements made 
in the infants' bedrooms because these measurements pro
vide the most complete coverage for longitudinal analyses. 

Home visits were conducted at the time of subject enroll
ment and when a change of residence occurred. Techni
cians placed the first set ofNOz sampler tubes in the home 
according to standardized criteria, and instructed the par
ents in their use. The parents (usually the mothers) made 
subsequent exchanges of the samplers and were prompted 
to do so during biweekly telephone calls from field techni
cians. 

ASSESSMENT OF HOUSING CHARACTERISTICS AND 
COOKING RANGE USE 

At enrollment, technicians assessed housing charac
teristics by interview and direct observation. Information 
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was collected on construction characteristics, appliances, 
and size of the residence. During follow-up, information 
was also obtained at two-week intervals on the number of 
minutes that the stove top or oven had been used during the 
previous 24 hours. At the midpoint of follow-up (when the 
subject was 9 months of age) and upon completion of 
participation, the parents were asked about use of the stove 
for space heating, and changes in cooking and space heating 
appliances. 

DATA ANALYSIS 

The data were initially edited for outlying values and 
exposure durations. Data editing involved several steps. 
Samples with missing or erroneous information on expo
sure duration (4% ofthe available samples) were removed. 
All samples with concentrations less than or equal to the 
limit of detection of 1 ppb reported for Palmes tubes (Boleij 
etal. 1986) were recoded as 1 ppb (4%). Those samples from 
tubes opened to exposure for durations of less than one 
week or more than six weeks or from tubes opened twice 
(e.g., sampler tubes were closed during a vacation and 
reopened upon return) were removed (2%). The median 
duration of exposure of the remaining tubes was 15 days. 

For each household, each day of observation was as
signed a NOz value based on the availability of data. For 
example, if a tube was open for 15 days, all 15 days during 
that monitoring cycle were assigned the average concentra
tion associated with that integrated sample. In the event 
that two sampler tubes were exposed on the same day (e.g., 
the day on which sampler tubes were changed), the NOz 
level measured for the preceding interval was assigned to 
that day. For homes with electric ranges, the four-week 
samples collected during the early months of the study were 
used to fill in the gaps when two-week samples were not 
available. Days on which NOz measurements were not 
made were assigned a missing value. 

Previous studies have shown that the type of cooking 
range is usually the strongest determinant of indoor NOz 
levels (Goldstein et al. 1979; Spengler et al. 1983, 1990; 
Leaderer et al. 1986; Quackenboss et al. 1986; Wilson et al. 
1986; Ryan et al. 1988a,b, 1990). Thus, using range type, we 
stratified the sample into three groups: homes with electric 
ranges, homes with gas ranges with continuously burning 
pilot lights, and homes with gas ranges with electronic 
ignition or manually lit pilot lights. Because the analyses 
presented in this report focused on the house rather than 
the child, each time a subject changed residence during the 
study period (5% of the subjects), the data were treated as 
a separate observation or household. 

Because seasonal variation in NOz concentrations has 
been found in other locations (Spengler et al. 1983; Wilson 
et al. 1986; Ryan et al. 1988a,b), we stratified the data set 

into winter and summer periods. A review of climatologic 
data for 1988 through 1992 (National Oceanic and Atmos
pheric Administration 1988-1992) indicated that "winter" 
could be reasonably defined as cooler months (November 1 
through March 15) when daily mean temperatures averaged 
35°F to 40°F and "summer" as warmer months (May 1 
through September 30) when temperatures averaged 65°F 
to 80°F. When these definitions were applied to the 30-year 
climatologic record for Albuquerque (National Oceanic and 
Atmospheric Administration 1990), 80% of the average 
year's heating-degree days were in the winter and 15% in 
the summer. (A heating-degree day is defined as one during 
which the maximum temperature is lower than 65°F, and a 
heating-degree-day unit is calculated as the absolute differ
ence between the daily maximum temperature and 65°F.) 
The transition periods between winter and summer seasons 
were excluded from the analyses. Individual NOz measure
ments were assigned to the season associated with 75% or 
more of the particular sampling period. Therefore, a typical 
two-week sampling period whose beginning and ending 
days straddled a season boundary was assigned to the 
season in which 10 or more days were represented, or it was 
censored from the data set. 

Several studies have documented increased indoor NOz 
levels during the winter when air exchange rates tend to be 
lower and use of heating appliances is more intensive 
(Spengler et al. 1983; Quackenboss et al. 1986; Wilson et al. 
1986; Ryan et al. 1988a). In the Albuquerque study, bed
room concentrations in homes with gas ranges averaged 6 
ppb higher in the winter (21 ppb) than the summer (15 ppb) 
(Lambert et al. 1993). In order to document the effect of 
indoor NOz sources, this analysis focuses on the measure
ments collected from samples during the cooler months of 
the year. The analyses presented in this report use the 
bedroom samples collected during the winters (November 
1 through March 15) of 1989/90 and 1990/91. 

RESULTS 

SECTION 1: DETERMINANTS OF BEDROOM 
NITROGEN DIOXIDE CONCENTRATIONS 

Overview 

Factors contributing to the variation in NOz across homes 
were assessed using a three-step modeling approach. First, 
data collected during the winter of 1989/90 were used to 
test housing characteristics, particularly indoor NOz 
sources and ventilation factors, as predictors of average 
bedroom NOz levels. Linear regression was used to test the 
effect of each characteristic individually, and then multi-

3 
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variate linear models were constructed. Models were ap
plied to both untransformed (arithmetic) and natural loga
rithm-transformed mean bedroom NOz levels to evaluate 
the impact of the skewed distribution of the outcome vari
able. In the second stage of analysis, we explored the effects 
on bedroom NOzlevels of ambient temperature and precipi
tation. In the third stage of analysis, the multivariate model 
was validated by employing the models generated from 
data for the winter of 1989/90 to predict bedroom NOz 
levels in a separate set of households monitored during the 
previous winter of 1988/89. 

Description of the Data Set 

The data set used in this analysis consisted of measure
ments from 766 houses for the winter period of 1989/90, of 
which 77% had gas cooking ranges. For homes with gas 
ranges, the median number ofNOz measurements available 
was 7 (interquartile range 4 to 8), which met quality control 
criteria; for homes with electric ranges, the median number 
of measurements available was 3 (interquartile range 2 to 
3). In total, 398 homes with gas ranges and 125 homes with 
electric ranges were available from the winter of 1988/89 
for validation of the predictive models. In the validation 
data set, the median number of NOz measurements avail
able for homes with gas ranges was 7 (interquartile range 4 
to 8) and the median number of measurements available for 
homes with electric ranges was 2 (interquartile range 2 to 3). 

Housing and Occupant Characteristics Associated with 
Indoor Nitrogen Dioxide Concentrations 

Table 1 shows the percentage distribution ofthe housing 
and occupant characteristics across homes monitored for 
NOzlevels during the winter of1989/90. Of the homes with 
gas ranges, 58% had pilot lights. The residence charac
teristics were fairly homogeneous with respect to factors 
other than the type of cooking range. Central forced-air 
furnaces were the main type of heating system for most 
homes. Floor or wall furnaces were used in 17% of the 
homes with gas ranges with continuously burning pilot 
lights, 8% ofthe homes with gas ranges without pilot lights, 
and 11% of the homes with electric ranges. Other types of 
heating systems such as solar or wood-burning, or no heat
ing system, were reported for 17% of the homes with gas 
ranges without pilot lights and 10% of the homes with other 
range types. 

The average house size was 1,213 sq ft (standard devia
tion [SD] = 517 sq ft) for homes with gas ranges with 
continuously burning pilot lights, 1,578 sq ft (SD = 737 sq 
ft) for homes with gas ranges without pilot lights, and 1,619 
sq ft (SD = 776 sq ft) for homes with electric ranges. Homes 
built before 1970 averaged 1,157 sq ft (SD = 470 sq ft), 
whereas homes built after 1970 averaged 1,567 sq ft (SD = 
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765 sq ft). Among homes with gas cooking ranges with 
continuously burning pilot lights, 51% had attached ga
rages versus 81% ofthe homes with gas ranges without pilot 
lights or 80% of the homes with electric ranges. 

Homes with gas stoves with continuously burning pilot 
lights were less likely to have fireplaces (35%) than those 
with gas ranges without pilot lights (47%) or those with 
electric ranges (59%). Only 2% of households with gas 
ranges with continuously burning pilot lights reported 
owning unvented gas or kerosene space heaters. In 9% of 
homes with gas ranges, parents reported using their range 
for space heating. Most homes, irrespective of the type of 
stove, had evaporative air cooling units: 89% for homes 
with gas ranges with pilot lights, 94% for homes with gas 
ranges without pilot lights, and 87% for homes with electric 
ranges. Only 10% of homes with electric ranges and 5% of 
homes with gas ranges had refrigerated air conditioning 
units. 

Univariate Relations 

Table 2 shows the distributions of average NOz concen
trations for the winter of 1989/90 by type of cooking range 

Table 1. Selected Characteristics of Households 
Monitored for Bedroom Nitrogen Dioxide Levels 
by Type of Cooking Range a 

Gas Range Gas Range 
With Pilot Without 

Household Lightb Pilot Lightc 
Characteristic (%) (%) 

Wall or floor 
furnace 17 8 

Older home 
(built before 1970) 34 47 

Attached garage 51 81 

Fireplace 35 47 

Gas or kerosene 
space heater 2 4 

Microwave oven 81 85 

Evaporative cooler 89 94 

Use range 
burners or oven 
for space heating 11 5 

a Data are based on a sample of 766 homes from winter 1989/90. 

b Gas ranges with pilot lights were present in 349 homes. 

w:~~r~g 
(%) 

11 

25 

80 

59 

5 

88 

87 

4 

c Gas ranges with electronic (spark) ignition were present in 240 homes. 

d Electric ranges were present in 177 homes. 
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Table 2. Distribution of Average Bedroom Nitrogen Dioxide Concentrations (ppb) for Winter 1989/90 by Selected 
Household Characteristics and Type of Cooking Range 

Gas Range With Gas Range Without 
Pilot Light Pilot Light Electric Range 

Mean Mean Mean 
n (SD) Median n (SD) Median n (SD) Median 

Furnace type 
Floor or wall 52 44.7 35.6 18 23.4 19.4 17 12.5 10.2 

(32.1) (14.0) (7.4) 
Central 260 20.6 20.0 198 15.3 13.0 138 6.7 5.9 

(10.6) (13.0) (4.3) 
Year home built 

Before 1970 104 37.3 29.3 93 24.4 18.9 40 10.4 9.0 
(28.2) (22.9) (5.3) 

After 1970 202 18.9 17.6 106 9.4 7.4 120 6.0 4.9 
(8.7) (6.2) (4.2) 

Attached garage 
Yes 179 22.0 19.0 195 14.9 12.6 141 6.9 6.0 

(14.5) (10.4) (5.0) 
No 169 22.5 24.6 45 25.7 18.2 36 8.6 7.6 

(31.7) (30.4) (4.3) 
Fireplace 

Yes 123 24.1 19.0 112 13.1 9.0 105 6.3 6.0 
(22.3) (15.8) (3.5) 

No 225 29.4 23.4 128 22.2 17.1 72 8.5 7.0 
(26.3) (16.7) (6.1) 

Gas or kerosene 
space heater 

Yes 7 35.5 33.0 9 17.9 14.9 8 7.7 7.6 
(20.3) (9.7) (4.7) 

No 342 27.4 21.6 231 16.9 13.8 169 7.7 7.6 
(25.1) (16.8) (4.7) 

Microwave oven 
Yes 283 25.1 20.6 205 16.2 13.1 155 7.1 6.0 

(21.7) (16.0) (4.9) 
No 66 37.9 28.4 35 21.0 17.5 22 8.3 8.1 

(34.4) (19.7) (4.2) 
Evaporative cooler 
Yes 310 26.8 21.2 224 16.3 13.2 154 7.3 6.3 

(24.2) (15.0) (4.9) 
No 39 33.1 25.0 15 26.5 18.1 23 6.8 5.7 

(30.4) (32.1) (4.3) 

5 



Part IV: Effects of Housing and Meteorologic Factors on Indoor Nitrogen Dioxide Concentrations 

and other household characteristics. Table 3 shows the 
differences in the mean bedroom NOz concentrations and 
the statistical significance of the differences by range type 
and by selected household characteristics. Several trends 
are apparent across the different range types. Median con
centrations are 49% to 78% higher for residences with floor 
or wall furnaces than for those with central forced-air 
heating, 66% to 155% higher for residences built before 
1970 than for those built after 1970, 23% to 30% lower for 
residences with attached garages, 14% to 47% lower for 
residences with fireplaces, and 25% to 27% lower for 
residences with microwave ovens. Among homes with gas 
cooking ranges, the median concentration was 20% lower 
in homes with evaporative coolers; however, the median 
concentration in homes with electric ranges was 10% 
higher for those with evaporative coolers. These trends in 
mean winter bedroom NOz concentrations were generally 
statistically significant (Table 3). 

Table 3. Average Difference in Mean Winter Bedroom 
Nitrogen Dioxide Concentrations (ppb) by Selected 
Household Characteristics and Type of Cooking Range 

Gas Gas 
Range Range 
With Without 

Household Pilot Pilot Electric 
Characteristic Light Light Range 

Furnace type, floor or wall 24a 8a 6a 

vs. central 

Year home built, before 18a 15a 4a 
1970 vs. after 1970 

Attached garage, present vs. -1 -lib -2a 
absent 

Fireplace, present vs. absent -5b -9a -2a 

Gas or kerosene space 8 1 0 
heater, present vs. absent 

Microwave oven, present -13a -5 -1 
vs. absent 

Evaporative cooler, present -6 -10 1 
vs. absent 

a Difference in means based on Student's ttest is statistically significant with 
a value of p < 0.01. 

b Difference in means based on Student's ttest is statistically significant with 
a value of p < 0.05. 

6 

Stratified analyses were performed to determine whether 
trends in bedroom NOz concentrations by range type re
mained consistent across categories including other indoor 
NOz sources and household characteristics (Table 4). Con
sistent and statistically significant differences were ob
served in all but a few of the strata. 

The dominance of gas-fueled ranges as a source of indoor 
NOz is clear in the cumulative distribution plots of average 
bedroom NOz concentration by type of cooking range (Fig
ure 1). Homes in the upper end of the distributions tended 

Table 4. Z Scoresa of Differences in Mean Winter 
Bedroom Nitrogen Dioxide Concentrations by 
Selected Household Characteristics Within 
Strata of Cooking Range 

Household 
Characteristic 

Furnace type 
Floor or wall 
Central 

Year home built 
Before 1970 
After 1970 

Attached garage 
Present 
Absent 

Fireplace 
Present 
Absent 

Gas or kerosene 
space heater 

Present 
Absent 

Microwave oven 
Present 
Absent 

Evaporative 
cooler 

Present 
Absent 

Gas Range With 
vs. Without Pilot 

Light 

2.11 b 
6.00b 

5.21b 
3.14b 

6.17b 
0.69 

Gas Range 
Without Pilot 

Light vs. Electric 
Range 

2.81b 
7.91b 

7.68b 
3.68b 

a Because variances are known and sample sizes are large, Z is used as the 
test statistic. 

b Difference in means based on a standard normal distribution and two-tailed 
test is statistically significant with a value of p < 0.01. 

c Difference in means based on a standard normal distribution and two-tailed 
test is statistically significant with a value of p < 0.05. 
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Figure lA. Cumulative distribution of average winter bedroom N02 concentrations by type of cooking range: Gas range with continuously lit pilot light. 
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to have floor or wall furnaces, and their occupants tended 
to use the range for space heating, or to use kerosene or gas 
space heaters. 

During the winter, bedroom NOz concentrations varied 
inversely with the house size, represented by the living 
area in square feet (Figure 2). This finding follows theoreti
cal expectations (Drye et al. 1989) of lower indoor NOz 
levels due to greater dilution and increased indoor surface 
area available for reaction of NOz (Pitts et al. 1989; Brauer 
et al. 1993). The multiple correlation coefficient (R2

) be
tween the inverse of house size (1/area [sq ft]) and bedroom 
NOz was 0.22 (p = 0.0001) for homes with gas cooking 
ranges with pilot lights, 0.06 (p = 0.0001) for homes with 
gas ranges without pilot lights, and 0.07 (p = 0.004) for 
homes with electric ranges. This pattern of R2 values may 
reflect the relative strengths of NOz sources and also the 
house size and age. Homes with gas cooking ranges with 
continuously burning pilot lights tended to be smaller and 
older than those with electric ranges or gas ranges with 
electronic ignition. 

The distance of the infant's bedroom from the kitchen 
indicates the potential for dilution and chemisorption of 
NOz emitted by the cooking range before it reaches the 
sampler tube in the bedroom. The average distance between 
the kitchen and the bedroom was 28 ft for homes with 
continuously burning pilot lights, and 32ft for homes with 
electric ranges or gas ranges without pilot lights. In regres
sion models, the distance to the bedroom and the inverse 
square-footage of the home together explained 24% of the 
variability in average bedroom NOz levels for homes with 
gas ranges with continuously burning pilot lights, 11% for 
homes with gas ranges without pilot lights, and 6% for 
homes with electric ranges. 

Multivariate Models 

To estimate the effects of the household characteristics 
discussed above on bedroom NOz concentrations, we mod
eled the data from the winter of 1989/90. The sample of 
homes used in these analyses was restricted; homes with 
characteristics that were not representative ofthe sample at 
large were excluded. The characteristics of the censored 
homes included occupants who used the gas range for heat 
(n = 52 homes), average NOz concentrations greater than 
100 ppb (n = 9 homes), and inverse square footage greater 
than 0.0017 (equivalent to 1/600 sq ft) (n = 20 homes), 
representing homes less than 40% of the average size. 

Least squares regression models (which we called base 
models) were developed for two classes of homes, those 
with gas ranges and those with electric ranges. For homes 
with gas ranges, the included terms were type of pilot light 
(without pilot light versus continuously burning pilot 
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light), inverse size of the home, type of furnace (central 
forced-air versus floor or wall), and distance from infant's 
bedroom to the kitchen. Together these factors explained 
32% of the variability in winter mean bedroom NOzlevels 
(all coefficients were statistically significant at p < 0.001). 
When the dependent variable, the mean winter NOz level, 
was logarithmically transformed, 30% of the variance was 
explained. A second model for homes with electric ranges 
included a term for type of furnace only. This base model 
explained 12% ofthe variability (7% when the winter mean 
NOz level was log-transformed). 

Terms for the remaining household characteristics were 
added to these base regression models. For both categories 
of homes, coefficients for the age of the home and the 
presence of a fireplace were significant (p < 0.05). In homes 
with gas ranges, the coefficient for the presence of an 
electric oven was also significant (p < 0.05). Terms for the 
presence of an attached garage, gas or kerosene space heater, 
microwave oven, refrigerated air conditioning unit, or evapo
rative cooling unit were not significant when added to either 
of the base models. 

In terms of explained variation, the best-fitting regression 
models were for the base model plus a term for the age of 
the home (which we called the base-plus model). The age 
of the home can be viewed as a surrogate measure correlated 
with other factors influencing bedroom NOzlevels (e.g., the 
extent of weatherization and "tightness," and condition of 
cooking and heating appliances). For homes with gas 
ranges, the R2 was 0.39 (0.41 for the log-transformed NOz 
concentration). For homes with electric ranges, the R2 was 
0.17 (0.15 for the log-transformed NOz concentration). After 
the age of the home was added to the models, no other 
characteristic explained a significant proportion of the vari
ability. 

The model for untransformed mean winter bedroom NOz 
levels in homes with gas ranges was 

NOz = 14.6 + 6.5 x Range pilot (1 if yes, 0 if no) + 8.5 x 

Inverse volume (cu ft-1
) + 5.6 x 

Floor or wall furnace (1,0)- 0.07 x 

Distance to infant's bedroom (ft)- 7.9 x 

Built after 1970 (1,0). 

For homes with electric ranges, the model was 

NOz = 9.0 + 4.1 x Floor or wall furnace (1,0)- 3.0 x 

Built after 1970 (1,0). 

Temperature and Precipitation 

Meteorologic conditions, particularly temperature, are 
likely to influence the intensity and frequency of heating 
and cooking appliance use, as well as the exchange of 
indoor air with outdoor air. Using the winter data, we tested 
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the hypothesis that higher average NOz levels would be 
associated with more heating-degree days. The total num
ber of heating-degree days within the period during which 
each NOz sampler tube was exposed was calculated. 

Homes with fewer heating-degree days provided fewer 
measurements. Accordingly, we also calculated the average 
heating-degree days per home by dividing each home's total 
by the number of sampler tubes obtained. Other analysis 
variables included the total and mean precipitation during 
the measurement periods. 

We then generated multivariate linear regression models 
of the average bedroom NOz concentration as a function of 
each of the meteorologic analysis variables, after control
ling for housing unit characteristics (i.e., range type, pres
ence of continuously burning pilot lights, furnace type, 
inverse house volume, distance from the infant's bedroom 
to the kitchen, and house age). The coefficients were not 
statistically significant for any of the variables for homes 
with electric ranges. For homes with gas ranges the coeffi
cients for total heating-degree days, total precipitation, and 
mean precipitation were significant (p = 0.022, 0.004, and 
0.046, respectively) for models of the log-transformed mean 
winter NOz concentrations, although the contributions of 
these variables to the total explanatory power of the model 
were slight. The coefficient for the mean heating-degree 
days was also significant (p < 0.05) in the model of the 
log-transformed mean winter NOz concentration. 

We hypothesized that increases in bedroom NOz levels 
associated with lower ambient temperature would be great
est in homes with floor and wall furnaces. When the regres
sion analyses were repeated on the subset of homes that had 
gas ranges and floor or wall furnaces, 20% of the variability 
in average winter NOz concentrations (34% for the log
transformed NOz model) was explained by the base model. 
The coefficients for total temperature and total precipita
tion were statistically significant (p < 0.05), raising the R2 

to 0.27 when temperature was added and to 0.28 for both 
variables in the untransformed model, and to 0.43 for tem
perature and 0.46 for both variables in the log-transformed 
model. Bedroom NOzlevels increased with decreasing tem
perature and increasing precipitation. However, the total 
number of heating-degree days was not significant in the 
untransformed model but was significant (p = 0.01) in the 
log-transformed NOz model. 

Because averaging the data over all the 15-day sampling 
durations for the winter season may have masked a relation 
between NOzlevel and temperature, an alternative analysis 
was performed. Two sampler tubes exposed during the 
winter of 1989/90 were randomly selected from each home: 
one during a period associated with higher heating-degree 
days (mean total degrees per sample= 505) and one during 
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a period associated with lower heating-degree days (mean 
total degrees per sample = 347). The mean bedroom NOz 
concentrations (and standard deviations) were similar dur
ing the two periods. The difference in concentrations be
tween a pair of sampler tubes from a given household was 
not explained by the difference in heating-degree-day units 
associated with the pair of tubes (R2 = 0.004, p = 0.590). 

Model Verification 

Models generated for the 1989/90 winter period were 
applied to data collected from households in the previous 
winter (1988/89). A total of 308 homes with gas ranges and 
104 with electric ranges provided data during the winter of 
1988/89, but were not enrolled in the study during 1989/90. 
For homes with gas ranges, the correlation between the 
observed bedroom NOz values in 1988/89 and the values 
predicted by the 1989/90 model was 0.46 (p < 0.001). This 
model included terms for the presence of a pilot light, floor 
or wall furnace, the home's square footage and the distance 
from the infant's bedroom to the kitchen (base model). 
Adding a term for the age of the home increased the corre
lation to 0.57 (p < 0.001) (base-plus model). The mean of 
both the observed and predicted values was 20 ppb, al
though the standard deviation was 12 ppb for the observed 
values but only 6 ppb for the predicted distribution. Adding 
terms for other household characteristics to the model did 
not improve the correlation between observed and pre
dicted values. 

For homes with electric ranges, the model that included 
a term for the presence of floor and wall furnaces yielded a 
correlation between observed and predicted bedroom NOz 
levels of 0.27 (p = 0.006). The multiple correlation coeffi
cient R2 increased to 0.43 with the addition of a term for age 
of the home (p < 0.001). The distribution of predicted 
bedroom NOz concentrations was tighter than the observed 
distribution (observed SD = 5 ppb; predicted SD = 2 ppb). 

SECTION 2: SEASONAL AND 
YEAR-TO-YEAR PATTERNS 

Overview 

The primary goal of these analyses was to describe the 
extent of year-to-year variability in indoor NOz concentra
tions across the three-year study period and to identify 
factors contributing to the variation. 

Description of the Data Set 

The data set used in this analysis included 1,269 homes, 
45% of which had gas ranges with continuously burning 
pilot lights, 30% had gas ranges without pilot lights, and 
the remainder had electric ranges. Homes witf gas ranges 
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with pilot lights had an average of 23 two-week measure
ment periods throughout the 18-month observation period. 
The distribution of coverage was similar for homes with gas 
ranges without pilot lights. In homes with electric ranges, 
there was an average of 12 two-week measurement periods 
per home. Individual households were enrolled in the 
study for a maximum of only 18 of the 36 months covered 
by this data set. Thus, for any given season of a given year, 
the homes under observation differed from those contribut
ing data for other seasons. 

The composition of the sample changed over time owing 
to enrollment of new households, release of households 
completing the protocol, and missing data. However, pa
rameters for housing unit characteristics were fairly stable 
over the three years of data collection. As reported by 
Lambert and coworkers (1993), most of the participants 
lived in single-family detached units (73%) having one 
floor (79%) and constructed of stucco on a wood frame 
(77%). In 88% of the units, the water heaters were fueled 
by gas. The primary heating system was natural gas in 93% 
of the units. Central forced-air furnaces were used in 78% 
of the units, and floor or wall furnaces in 11%. Most of the 
homes were equipped with evaporative coolers (90%) 
rather than refrigerating air conditioners. Homes with gas 
ranges with continuously burning pilot lights were more 
than twice as likely as those with other range types to be 
heated by floor or wall furnaces. Floor or wall furnaces were 
more often present in older homes. Kerosene space heaters 
were used by only 1% ofthe households, most of which had 
electric ranges. Mobile home units and multifamily units 
were frequently equipped with ranges with continuously 
burning pilot lights (88% and 60%, respectively). Approxi
mately one-third of homes had less than 1,000 sq ft of living 

space, one-third had between 1,000 and 1,500 sq ft, and the 
remaining third had more than 1,500 sq ft. 

Temporal Patterns 

Temporal patterns of bedroom NOzlevels for homes with 
different types of cooking ranges are presented in Figure 3. 
Each point on the plot represents the daily average based 
on all households that provided data on that day. Several 
trends are evident. First, the duration of the period of 
elevated NOz levels varied from year to year. Second, the 

extent to which the bedroom NOzlevel was elevated during 
the winter varied from year to year. Third, there was year
to-year variation in the magnitude of differences in NOz 
concentrations among range-type groups. 

Table 5 shows that bedroom NOz levels for homes with 
electric ranges averaged 7 ppb during all seasons and years 
(SD ranged from 4 to 12 ppb). During the summers of 1989 
and 1990, homes with continuously burning pilot lights 

averaged 15 ppb NOz (SD = 9 ppb); homes with gas ranges 
without continuously burning pilot lights averaged 9 ppb 
NOz (SD = 5 ppb). During the winters of 1988/89 and 
1989/90, average NOzlevels in homes with gas ranges were 
approximately twice as high as during the subsequent sum
mer months. But the distributions of NOz levels were sur
prisingly similar during the summer of 1988 and the winter 
of 1990/91 for homes with gas ranges. 

This comparison does not, however, reflect the changing 
composition of the sample across the three-year period. 

Therefore, further analyses were performed, restricting the 
data set to homes providing measurements in a consecutive 
pair of winters or summers. For each pair of seasons, and 
range type, we calculated the distribution of bedroom NOz 
concentrations for homes providing at least three sampler 
tube measurements and the same number of measurements 
in each season of each year. Table 6 shows between-season 
differences of the same magnitudes observed in Figure 3 
and Table 5. These data indicate that average bedroom NOz 
concentrations can vary significantly from year to year. 

Temperature 

Observed year-to-year differences in bedroom NOz con
centrations may have been the result of fluctuations in 
temperature. For instance, it is likely that unusually cool 
weather would be associated with increased use of supple
mental heating sources such as unvented space heaters and 
gas ranges. On the other hand, unusually cool summers 
would tend to reduce the frequency with which windows 
were opened and decrease use of evaporative coolers, 
thereby reducing air exchange rates. Yet Figure 4, which 
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Figure 3. Temporal profiles of daily bedroom NOz concentrations averaged 
across all homes by type of cooking range. 
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shows the distribution of average daily temperatures across 
each season, does not suggest strong differences in tempera-
ture among the three winters or summers. 

Table 5. Number of Samples and Distributions of 
Bedroom Nitrogen Dioxide Concentrations (ppb) 
by Season, Year, and Type of Cooking Range 

Gas Range Gas Range 
Season With Without Electric 
and Year Pilot Light PilotLight Range 

Summer 1988 
Tubesa 704 474 217 
nb 149 93 67 
Mean 20.32 11.70 7.97 
SD 11.60 6.16 5.11 
Median 18.10 10.84 6.39 

Winter 1988/89 
Tubes 1,453 851 415 
n 254 144 127 
Mean 28.58 19.76 7.85 
SD 26.33 23.30 11.77 
Median 22.89 15.33 5.75 

Summer 1989 
Tubes 2,341 1,468 662 
n 341 209 183 
Mean 15.25 9.03 7.35 
SD 8.31 4.92 5.69 
Median 13.66 8.07 6.15 

Winter 1989/90 
Tubes 2,247 1,416 578 
n 358 240 183 
Mean 27.72 16.92 7.30 
SD 24.81 16.61 5.01 
Median 22.01 13.88 6.27 

Summer 1990 
Tubes 1,926 1,645 591 
n 284 222 163 
Mean 14.80 9.24 6.95 
SD 9.57 4.54 3.87 
Median 13.29 8.44 5.97 

Winter 1990/91 
Tubes 1,001 994 321 
n 157 155 92 
Mean 20.87 15.01 6.29 
SD 13.02 12.84 4.32 
Median 17.33 12.42 5.59 

a Number of sampler tubes used in all homes in that season and year. 
b Number of homes for the season and year; basis of statistics. 
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To further investigate the relation between seasonal tem
peratures and bedroom NOz levels, weighted daily tempera
ture data were used to calculate the average temperature 
during the time period for which sampler tubes in a given 
household were exposed. In regression models, the mean 
temperature during the period when the tubes were ex
posed explained less than 5% of the variability in the 
average bedroom NOz (p > 0.05). That the distributions of 
NOz were not significantly different during the summer of 
1988 and the winter of 1990/91 when median temperatures 
during these periods were 79°F and 41 °F, respectively, 
further supports the conclusion that seasonal temperature 
estimates were not a strong predictor of the seasonal aver
age indoor NOz concentration. 

Ambient Nitrogen Dioxide Concentrations 

We then explored the hypothesis that the observed pat
tern of yearly differences in bedroom NOz concentrations 
reflected variability in ambient (outdoor) NOz levels. As 
documented by Lambert and coworkers (1993), the NOz 

Table 6. Comparison of Mean Bedroom Nitrogen Dioxide 
Concentrations (ppb) Within the Same Homes Across 
Pairs of Seasonsa 

Gas Range Gas Range 
Pair of With Pilot Without Electric 
Seasons Light Pilot Light Range 

Summer 1988 n = 301 n = 214 n = 47 
Mean (SD) 21.5 (19.0)b 10.4 (6.6)b 8.3 (12.4) 

Summer 1989 
Mean(SD) 16.0 (11.7) 8.4 (5.1) 6.6 (4.2) 

Winter 1988/89 n = 541 n = 214 n =52 
Mean(SD) 28.7 (33.5) 14.1 (8.8) 6.7 (4.5) 

Winter 1989/90 
Mean(SD) 27.6 (32.2) 14.9 (9.8) 6.3 (4.6) 

Summer 1989 n = 495 n = 357 n = 42 
Mean(SD) 14.9 (9.0) 9.1 (6.5) 6.4 (3.0) 

Summer 1990 
Mean(SD) 15.2 (9.9) 9.7 (6.5) 5.8 (3.1) 

Winter 1989/90 n = 354 n = 336 n = 37 
Mean(SD) 26.7 (22.7)c 17.1 (18.4) 7.5 (8.2) 

Winter 1990/91 
Mean(SD) 21.2 (13.3) 15.2 (13.9) 6.3 (4.6) 

a Homes providing at least three measurements and the same number of 
measurements in the pair of consecutive seasons. 

b Difference in means based on Student's paired t test is statistically 
significant with a value of p < 0.001. 

c Difference in means based on Student's paired t test is statistically 
significant with a value of p < 0.05. 
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levels in samples collected at 11 outdoor sites averaged 15 
ppb during the winter months and 10 ppb during the 
summer months. Figure 5 shows that, within a given sea
son, there were only slight differences in ambient concen
trations across the three years. Median levels were 2 ppb 
higher during the summer of 1988 than the other summers, 
but the number of sampler tubes was small and the differ
ence was not statistically significant. 

Household Characteristics 

The next step was to explore the effects of key household 
variables on the seasonal and year-to-year variability in 
bedroom NOzlevels. In addition to the presence of continu
ously burning pilot lights, past studies have shown that use 
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Figure 4. Distributions of daily average temperature (°F) by season and year. 

~·~-·· 9oth Petcenllle 
75th Percenllle 

Mean 

Medlen 

25th Percentile 
10th Percenllle 

5th Percentile 

40 

:0 30 
c.. 
E: 

"' 0 z 
20 -c: 

.~ 

.c 
E 
<( 

10 

0~----~-----L----~------~----~-----L----~ 
90 89 108 98 103 87 

Summer Winter Summer Winter Summer Winter 
'88 '88/89 '89 '89/90 '90 '90/91 

Figure 5. Distributions of average ambient NOz concentrations in samples 
collected at 11 outdoor sites, by season and year. The numbers below the 
bars indicate the number of sampler tubes obtained for that season and year. 

of the cooking range for heat, unvented gas or kerosene 
space heaters, and vented heaters with faulty flues, back 
drafting, or leaky combustion chambers are likely to be the 
other principal indoor sources of bedroom NOz (Wilson et 
al. 1986; Ryan et al. 1988b). These problems are more 
frequently associated with floor and wall furnaces, which 
are more prevalent in older houses. 

In most years of the study, between 10% and 12% of the 
parents in homes with gas ranges and continuously burning 
pilot lights reported that they used the cooking range for 
space heating. Among homes with gas ranges without pilot 
lights, 4% to 6% ofthe households reported using the range 
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Figure 6A. Temporal profile of daily bedroom NOz concentrations averaged 
across all homes where occupants reported ever using the gas cooking range 
for space heating and homes with gas ranges with continuously burning 
pilot lights: Gas range without pilot lights; 
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Figure 6B. Temporal profile of daily bedroom N02 concentrations averaged 
across all homes where occupants reported ever using the gas cooking range 
for space heating and homes with gas ranges with continuously burning 
pilot lights: Gas range with pilot lights. 
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for space heating. Figure 6 compares the temporal variabil
ity in bedroom N02 concentrations in homes, with stratifi
cation by whether or not the range was reported to be used 
for space heating. Reported use of the cooking range for 
space heating was associated with higher levels of N02 
throughout the year. Among households with gas ranges 
with continuously burning pilot lights who reported using 
the range for space heating, N02 levels averaged approxi
mately 22 ppb higher during the winters of 1988/89 and 
1989/90, but only approximately 8 ppb higher during the 
winter of 1990/91. Among households with gas ranges 
without pilot lights who reported using the range for space 
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heating, N02 averages were 38 ppb higher during the winter 
of 1988/89, but only 15 ppb higher during the subsequent 
two winters. During the summers, households that reported 
using the range for heat had average N02 levels that were 3 
to 6 ppb higher than the rest of the households. 

After excluding households in which the cooking range 
was used for space heating, we divided the sample into 
mutually exclusive categories to describe the increase in 
seasonal variability associated with other sources of N02. 
Figures 7, 8, and 9 show the median monthly bedroom N02 
concentrations for homes providing measurements in each 
N02 source category during 1989. Figure 8 shows the con
tributions of other sources to the N02 levels in homes with 
gas ranges without pilot lights. In Figure 9, the baseline is 
homes with gas ranges that have continuously burning pilot 
lights, illustrating the effect on bedroom N02 levels of 
having an unvented kerosene or gas space heater and the 
effect of having a flo or or wall furnace. 

Figures 7, 8, and 9 demonstrate that other indoor sources 
increased the average bedroom N02 levels and their sea
sonal variability. The presence of a floor or wall furnace 
increased both the overall concentration and the seasonal 
variability in bedroom N02 to the levels observed in homes 
with stronger cooking range sources. Homes with unvented 
gas or kerosene space heaters showed steep month-to
month fluctuations in N02 concentrations that may reflect 
intermittent use. 

Cooking Range Use 

We speculated that patterns of cooking range use would 
vary with family size, season, and the use of other cooking 
appliances such as microwave ovens. Range use may have 
contributed to the seasonal and year-to-year fluctuations in 
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ranges with continuously burning pilot lights and no other NOz sources: (e) 
gas range with pilot lights but without other sources (n = 377); (•) gas range 
with pilot light and gas or kerosene space heaters (n = 6); ( +) gas range with 
pilot light and floor or wall furnace (n = 44). 



J.D. Spengler et al. 

bedroom NOz concentrations described above. Using the 
data collected on household range use on one day during 
each two-week period, we calculated an index of seasonal 
average range use in each year for each home. These data 
provide an indication of typical patterns rather than a 
documentation of the actual patterns during particular two
week intervals. Table 7 shows the average minutes per day 
of range use reported during each season of each year. The 
median use ofthe range was about 10 to 15 minutes per day 

Table 7. Average Use of Cooking Range by Season, Year, 
and Type of Cooking Range 

Gas Gas 
Range Range 

Season With Without Electric 
and Year Pilot Light Pilot Light Range 

Summer 1988 
na 142 85 70 
Mean (minutes/day) 51.1 46.6 51.2 
SD 43.9 35.1 39.1 
Median 43.2 42.5 41.7 

Winter 1988/89 
n 238 147 118 
Mean (minutes/day) 58.8 51.1 47.3 
SD 57.7 37.2 32.6 
Median 56.8 41.9 42.2 

Summer 1989 
n 316 207 164 
Mean (minutes/day) 38.9 40.0 40.0 
SD 28.9 25.8 25.8 
Median 32.8 33.2 37.5 

Winter 1989/90 
n 345 240 165 
Mean (minutes/day) 55.4 52.8 53.3 
SD 52.1 37.7 37.9 
Median 45.0 45.0 45.8 

Summer 1990 
n 284 222 147 
Mean (minutes/day) 36.1 40.6 39.4 
SD 28.9 29.4 26.1 
Median 30.09 33.3 35.0 

Winter 1990/91 
n 157 155 86 
Mean (minutes/day) 54.0 51.5 55.6 
SD 42.2 35.9 40.6 
Median 41.2 44.7 41.4 

a Number of homes with data for the season. 

longer during the winter than during the summer for all 
range types. There does not appear to be a difference in 
range use across the three winters studied. For all range 
types, average range use during the summer of 1988 was 
longer than during the other summers. This pattern ofrange 
use was evaluated as an explanation for the elevated indoor 
NOz concentrations observed during the summer of 1988. 

Regression models for homes providing data in pairs of 
seasons were constructed in which the dependent variable 
was the difference in average bedroom NOz concentrations 
between a pair of seasons, and the independent variable 
was the difference in average cooking range use between 
the seasons. Similar models were generated using the rela
tive differences in NOz concentrations and range use (i.e., 
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Figure 10. Regression of winter 1989/90 average bedroom NOz concentra
tions on winter 1988/89 average bedroom N02 concentrations for 294 homes. 
Dashed line represents 95% confidence interval. 
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the difference as a proportion of the average). The multiple 
correlation coefficients, R2

, associated with the models 
were small and never above 0.06, and differences in range 
use were not strong predictors of the variation in seasonal 
average bedroom NOz level either between consecutive 
winters or between summer and winter seasons. 

Seasonal Variations in Nitrogen Dioxide Concentrations 

We examined the extent to which NOz values recorded 
in one season or year predicted exposures during sub
sequent periods. Figures 10, 11, and 12 illustrate the rela
tion between average bedroom NOzlevels recorded in a pair 
of similar winters, a pair of similar summers, and a pair of 
consecutive winter and summer seasons (see Table 8 for 
model parameters). The plots are for the full sample (i.e., 
households with all cooking range and heating system 
types). All three plots show substantial scatter; average 
concentrations in some homes differed by a factor of 2 
between consecutive summers or consecutive winters. 
Homes with values near the limit of detection during one 
season but with elevated concentrations (e.g., greater than 
20 ppb) the following season may be homes in which the 
protocol was not followed (i.e., sampler tubes were never 
uncapped) during the first season. Table 9 shows the Pear
son correlation coefficients between all pairs of winter and 
summer seasons, stratified by range type and heating sys
tem (e.g., floor or wall furnace versus central forced-air 
heating system). The seasonal correlations tend to be higher 
for categories of homes with stronger sources ofNOz emis
sions (i.e., higher correlations for homes with gas ranges 
with continuously burning pilot lights versus homes with 
gas ranges without pilot lights versus homes with electric 
ranges). 
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Figure 12. Regression of winter 1989/90 average bedroom NOz concentra
tions on summer 1989 average indoor N02 concentrations for 548 homes. 
Dashed line represents 95% confidence interval. 
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The results of linear regression analysis show that 66% 
of the variation in the average bedroom N02 levels recorded 
during the winter of 1989/90 is explained by concentrations 
recorded in the winter of 1988/89 (Figure 10); the intercept 
is 3.8 ppb. Homes with average concentrations greater than 
100 ppb were excluded from this analysis because of their 
undue influence; inclusion of these points brings the R2 to 
0.81. Only 48% of the variability in concentrations re
corded in the summer of 1990 is explained by concentra
tions recorded in the summer of 1989 (intercept= 3.0 ppb) 
(Figure 11). Finally, 38% of the variability in concentra
tions during the winter of 1989/90 is explained by the 
variability in concentrations recorded during the previous 
summer (intercept= -0.3) (Figure 12). 

DISCUSSION 

Previous studies have shown gas cooking ranges with 
continuously burning pilot lights to be strong predictors of 
residential indoor NOz levels (Quackenboss et al. 1986; 
Wilson et al. 1986; Ryan et al. 1988b; Spengler et al. 1990). 
Although the type of range and its ignition system most 
strongly influence indoor NOz levels, the presence of other 
indoor NOz sources and the condition of gas-fueled appli
ances have also been demonstrated to influence indoor NOz 
levels. The use of the range burners or oven for space 
heating, the use of unvented gas or kerosene space heaters 
in the home, and the presence of vented furnaces with 
faulty flues, back drafting, or leaky combustion chambers 
strongly affect indoor levels of NOz (Wilson et al. 1986; 
Ryan et al. 1988b). Other home characteristics also have 
been associated with NOz levels. Households with micro
wave ovens may have lower NOz levels because the gas 

Table 8. Model Parameters for Linear Regressions of Mean 
Bedroom Nitrogen Dioxide Concentrations Between 
Seasons and Years 

Regression Parameters 

Model Constant p Rz 

Winter 1989/90 3.6006 0.7368 0.66 
on winter 1988/89a 

Summer 1990 2.9764 
on summer 1989b 

0.7321 0.48 

Winter 1989/90 -0.2679 1.7781 0.38 
on summer 1989c 

a Corresponds to linear regression fit depicted in Figure 10. 

b Corresponds to linear regression fit depicted in Figure 11. 

c Corresponds to linear regression fit depicted in Figure 12. 

SEE 

0.0309 

0.0435 

0.0979 
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range is used less frequently (Marbury et al. 1988). A larger 
house size provides a greater opportunity for dilution of 
indoor NOz resulting in generally lower NOz concentra
tions (Colome et al. 1994; Wallace 1994). Older houses, 
typically associated with smaller size and the presence of 
older appliances, tend to have higher NOz levels. Attached 
garages, when used for automobiles, may lead to increased 
in-horne NOz concentrations from automobile exhaust, as 
indicated by carbon monoxide measurements in southern 
California homes (Colome et al. 1994). Evaporative air con
ditioners tend to increase air exchange rates, whereas refrig
eration units tend to decrease ventilation. Finally, fireplaces 
can increase air exchange rates by drawing air up the chimney. 

In this study of Albuquerque homes, there was a distinct 
seasonal pattern to the indoor NOz concentrations in homes 
with gas cooking stoves: the winter concentrations were 

twice the summer concentrations. The bedroom NOz con
centrations in homes with gas ranges with continuously 
burning pilot lights averaged 10 ppb higher than those in 
homes with gas ranges with electronic ignition or manually 
lit burners. Bedroom concentrations in homes with electric 
ranges showed little evidence of seasonal variation and 
averaged approximately 10 ppb. Homes in which occupants 
used the gas cooking range for supplemental space heating 
had substantially higher bedroom NOz concentrations in 
the winter. Homes that had wall or floor furnaces and 
homes built before 1970 consistently had higher NOz con
centrations. Homes built before 1970 were on average 
smaller than those built later (1, 157 sq ft versus 1,56 7 sq ft). 
In smaller homes, the infant's oedroorn was closer to the 
kitchen, and smaller homes also provided less surface area 
for NOz reactions and smaller volume for dilution. 

Table 9. Pearson Correlation Coefficients of Bedroom Nitrogen Dioxide Concentrations Over Pairs of Seasons by Type of 
Cooking Range and Heating System 

Gas Range With Pilot Light Gas Range Without Pilot Light Electric Range 

Floor Floor Floor 
Pair of Seasons Central or Wall Central or Wall Central or Wall 

Summer 1988 0.82a 0.46 0.70a 0.33 0.59a 0.91b 

Summer 1989 n = 95 n = 14 n = 62 n=5 n =51 n=6 

Summer 1989 0.56a 0.60a 0.86a 0.55 0.28c -0.32 
Summer 1990 n = 115 n = 28 n = 87 n=4 n = 60 n=5 

Winter 1988/89 0.88a 0.98a 0.63a 0.96b 0.38b 0.96b 

Winter 1989/90 n = 125 n = 22 n = 72 n=5 n = 66 n=7 

Winter 1989/90 0.53a 0.61b 0.92a 0.74b 0.81a 0.80 
Winter 1990/91 n = 89 n = 16 n = 96 n = 11 n = 43 n=4 

Summer 1988 0.60a 0.37 0.53a 0.12 0.44a 0.36 
Winter 1988/89 n = 111 n = 18 n =73 n=7 n =54 n=6 

Summer 1989 0.5oa 0.47b 0.75a 0.84b 0.36a -0.91 
Winter 1989/90 n = 211 n =45 n = 152 n=8 n = 114 n=9 

Summer 1990 0.53a 0.61b 0.76a 0.79b 0.45a 0.78 
Winter 1990/91 n = 123 n = 24 n = 142 n = 13 n = 78 n=4 

Summer 1988 0.49a 0.57 0.35b 0.33 -0.00 1.0 
Winter 1989/90 n =54 n = 10 n = 32 n=4 n = 21 n=2 

Summer 1989 0.45a 0.61c 0.82a 0.97 0.28 
Winter 1990/91 n = 36 n = 13 n = 36 n=3 n = 15 n=l 

a For this correlation coefficient, r, comparing mean bedroom N02 concentrations across a pair of seasons, p < 0.005. 

b For this correlation coefficient, r, comparing mean bedroom N02 concentrations across a pair of seasons, p < 0.01. 

c For this correlation coefficient, r, comparing mean bedroom N02 concentrations across a pair of seasons, p < 0.05. 

21 



Part IV: Effects of Housing and Meteorologic Factors on Indoor Nitrogen Dioxide Concentrations 

Regression analysis confirmed that pilot lights and wall 
or floor furnaces were also important predictors of N02 

concentration, as were the inverse square footage and age 
of the home. Other factors that were also statistically sig
nificant but explained little of the overall variance included 
the distance from the kitchen to the infant's bedroom and 
the number of heating-degree days associated with the 
sample. Bedroom NOz concentrations were lower in homes 
with fireplaces. Fireplaces were more prevalent in larger 
homes, and their presence may increase the air exchange 
tate (Madera and Sonderegger 1980). Table 10 presents the 
multivariate regression parameters for the base and base
plus models. 

The finding that the distance from the kitchen to the 
bedroom explained 6% of the variability in bedroom N02 

levels in the bedrooms of homes with electric cooking 
ranges was unexpected. However, other findings from the 
regression analyses of determinants of indoor NOz concen
tration followed expectations. More of the variance was 
explained in models for homes with gas ranges, and the 
coefficients for a number of household characteristics were 
statistically significant. In homes with electric ranges, the 
coefficient for the home's inverse square footage was not 
statistically significant. We speculate that in homes with 
electric stoves, just as in those with gas stoves, the bedroom
to-kitchen distance serves as a surrogate measure of house 
size and of the indoor surface areas available for reaction 
with NOz that enters the house with outdoor air. It is also 
plausible that the larger homes were located in more pe
ripheral areas of the city where traffic density and ambient 
NOz levels are lower. 

The bedroom NOz concentrations measured in one win
ter season were modestly correlated (r = 0.66) with those in 
the succeeding winter; a lower correlation was observed 
between consecutive summers (r = 0.48). Correlations 
tended to be higher for homes with gas ranges with pilot 
lights than for homes with other range types. For homes 
with gas ranges with continuously burning pilot lights, the 
bedroom NOz values differed by an average of 5.5 ppb 
between one pair of winters but only by 1 ppb between a 
different pair of consecutive winters. These differences 
were not solely a reflection of uniformly higher NOzlevels. 
The between-year correlations also differed; not only were 
concentrations higher during 1989/90 than 1990/91, but the 
ranking of the homes differed from winter to winter. For 
homes with gas ranges with pilot lights, winter-to-winter 
correlations (r) across the three winters ranged from a low 
of 0.53 to a high of 0.88. These findings differ somewhat 
from those of Houthuijs and coworkers (1990), who re
ported high year-to-year reliability in one-week average 
NOz measurements collected during two consecutive win-
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ters in 56 homes in the Netherlands; the distribution of 
average personal NOz exposures in this study differed by 
only 2 ppb, and the test-retest correlation was 0.89 for 
bedroom measurements. The contrast between the findings 
may reflect housing characteristics and source strength. 

We explored several possible explanations for the year
to-year differences. The differences were not related to 
temperature patterns, nor was there a change in the proto
cols for monitor placement or sample analysis between the 
sampling periods. Examination of the yearly patterns of 
outdoor concentrations did not reveal a trend. The lack of 
temporal variation across homes without indoor N02 

sources (i.e., electric range homes without gas appliances) 
supports the conclusion that the year-to-year trends were 
not a consequence of fluctuation in ambientNOzlevels. The 
observed patterns, therefore, are hypothesized to reflect 
occupant behaviors that influenced the air exchange rate or 
NOz source use or both. The difference in the extent of 
temporal variability between groups of homes with differ
ent source factors supports this hypothesis. But our analysis 
did not show a strong relation between range use and 
bedroom NOzlevels. The variable used (24-hour recall once 
every two weeks) may not have been sufficiently sensitive 
to detect the range-use activities that were driving the NOz 
patterns. 

The base and base-plus models developed from the 
1989/90 winter data set were used to predict winter bed
room NOz concentrations in an independent set of homes 
monitored in the winter of1 988/89. Values predicted by the 
base model and observed values were significantly corre
lated (r = 0.46). The base-plus model improved the correla
tion to 0.57. Although the means of the predicted and 
observed values were the same, the standard deviation of 
the predicted values was half that of the observed values. 
Model performance should be evaluated against the crite
rion of predicting concentrations in a set of homes without 
accounting for year-to-year differences in source use, tem
perature, subject compliance with the monitoring protocol, 
and other factors. The model explains less than half of the 
variance within the test set of homes. For these homes one 
winter season can predict only 44% ofthe variation in the 
bedroom NOz concentrations measured in the next winter 
season. A model that predicts 32% of the variation in an 
independent sample of homes measured in a different win
ter season might reflect the best that can be done with a 
limited set of descriptors to characterize a home. We ac
knowledge that we did not have ambient NOz measure
ments specific to each home, which may have explained 
further variation in the models and increased predictive 
power. 
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Table 10. Summary of Models Predicting Mean Winter Bedroom Nitrogen Dioxide Levels 

Base Model Base-Plus Model 

Gas Range Electric Range Gas Range Electric Range 

Arithmetic Logarithmic Arithmetic Logarithmic Arithmetic Logarithmic Arithmetic Logarithmic 

~ Rz ~ Rz ~ Rz ~ Rz ~ Rz ~ Rz ~ Rz ~ Rz 

Intercept 9.59a 2.27a 5.44a 1.64a 17.88a 2.70a 9.15a 2.41a 

Range type and 4.55a 0.09 0.32a 0.12 6.45a 0.1 0.48a 0.14 
pilot lights 

Inverse size of 11.12a 0.11 0.64a 0.11 3.15b 0.08 0.32 0.07 6.16a 0.08 0.39a 0.09 1.87 0.09 0.09 0.05 
home 

Kitchen-to-bed -0.12a 0.03 -0.01a 0.04 -0.03 0.01 -0.004 0.02 -0.06 0.03 -0.01 b 0.03 0.04 0.02 -0.01 0.02 
room distance 

Heating system 11.55a 0.09 0.46a 0.04 4.50a 0.07 0.45a 0.05 6.13a 0.08 0.21b 0.05 3.35b 0.07 0.20 0.04 

Age of home -7.56a 0.1 -0.48a 0.1 -2.09b 0.03 -0.39a 0.05 

Fireplace -2.28b 0.01 o.12b 0.01 -1.57 0.01 -0.14 0.01 

Electric oven -2.84 0 -0.23b 0.01 0 0 0 0 

Attached garage 0.49 0 0.04 0 0.8 0 -0.05 0 

Microwave oven 1.23 0 -0.09 0 -0.41 0 -0.13 0.02 

Total R2 0.32 0.30 0.17 0.12 0.40 0.43 0.23 0.19 

a For this coefficient in the multivariate linear regression model, p < 0.01. 

b For this coefficient in the multivariate linear regression model, p < 0.05. 
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Comparison data are available from a number of other 
U.S. cities. In the Harvard Six-Cities Study (Ferris et al. 
1979), indoor and outdoor NOz was monitored over two 
winter and two summer months using Palmes tubes. We 
considered data from that study as providing comparisons 
to a community with low ambient NOz concentrations 
(Topeka, KS) and to a more developed urban area with 
higher ambient NOzlevels (St. Louis, MO). Indoor NOz data 
from several seasons are also available from other studies 
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Figure 13A. Cumulative distributions ofbedroom NOzlevels for homes with 
electric ranges in Albuquerque and several other areas in the United States 
for summer season. 
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Figure 14A. Cumulative distributions ofbedroom NOzlevels for homes with 
gas ranges without pilot lights in Albuquerque and several other areas in 
the United States for summer season. 
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Figure 15A. Cumulative distributions ofbedroom NOzlevels for homes with 
gas ranges with continuously burning pilot lights in Albuquerque and 
several other areas in the United States for summer season. 
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for approximately 500 homes in the greater Boston area 
(Ryan et al. 1988b) and 600 homes in southern California 
(Colome et al. 1994). 

The cumulative frequency distributions of summer and 
winter bedroom NOz values are plotted in Figures 13, 14, 
and 15 for Topeka, St. Louis, southern California, Boston, 
and Albuquerque. The data are plotted separately for homes 
with electric ranges, and for homes with gas ranges with 
and without continuously burning pilot lights. Irrespective 

100% 

"' <].) s 80% 0 :r: 
'"'"" 60% 0 

<].) 

CI:J 
<1l 40% ...., 
.:: 
<].) 
u ,_, 

20% <].) 

A. 

0% 
0 10 

-· 

20 30 40 

-Albuquerque 
---e- Southern Cahfomia 

.......... Topeka 

--€\--- Boston 

............ St. Louis 

50 
Bedroom N02 Concentration (ppb) 

60 

Figure 13B. Cumulative distributions of bedroom N02 levels for homes with 
electric ranges in Albuquerque and several other areas in the United States 
for winter season. 
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Figure 14B. Cumulative distributions of bedroom N02 levels for homes with 
gas ranges without pilot lights in Albuquerque and several other areas in 
the United States for winter season. 
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several other areas in the United States for winter season. 
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of range type, the bedroom concentrations in St. Louis and 
southern California are consistently higher than those in the 
other communities. Nitrogen dioxide levels in Albuquer
que homes with electric ranges are similar to those observed 
in Topeka during both winter and summer and in Boston 
during winter. Similar trends are apparent for homes with 
gas stoves. In the summer, homes in Albuquerque are well 
ventilated, and in homes with gas ranges, bedroom NOz 
levels approach the values observed in homes with electric 
ranges. During the winter, the median concentration in 
Albuquerque homes with gas ranges with pilot lights is only 
2 ppb less than the median value in Boston homes and 5 
ppb less than that in St. Louis homes. However, at the upper 
percentiles(> 80%) the concentrations in Albuquerque are 
higher than those in Boston for homes with gas ranges 
without pilot lights and, to a lesser extent, for homes with 
electric ranges. Wall and floor furnaces have been associ
ated with higher indoor NOz concentrations in Albuquer
que and southern California during winter, and these types 
of heaters are not typically present in Boston homes. 

The collection of several measurements from each house
hold during a given season, and over several seasons and 
years, has provided an opportunity to study the potential 
exposure misclassification associated with more limited 
monitoring efforts. These same design features, however, 
raise difficult statistical issues, including repeated meas
ures and unequal coverage across the study period and 
between homes within a given season. We attempted to 
address these problems by using the within-home average 
concentration for a given season and including only homes 
represented in a pair of seasons for cross-seasonal compari
sons. The use of within-household averages based on three 
to six measurements per home also increased the stability 
ofthe seasonal estimates (Lambert et al. 1992). Finally, we 
tested the sensitivity of our results by applying several 
analytic approaches; the consistency of findings gives cre
dence to the temporal trends documented above. 

During the past 15 years, Palmes tubes have been used in 
many epidemiologic studies of indoor air quality and res
piratory health, and have come to be regarded as a standard 
method of measurement. Although there is a potential for 
errors due to interference by other nitrogen compounds, 
particularly nitrous acid (HONO) (Spicer et al. 1993), we do 
not see any error that would lead to bias in the comparisons 
made in this report. Further, we documented indoor HONO 
levels in a sample of 10 households participating in this 
study (Spengler et al. 1993) and found the indoor concen
trations to be low (1.8 to 8.1 ppb, mean= 4.7 ppb), suggest
ing that only a small upward error in apparent NOz 
concentration is present. 

Exposure assessment and epidemiologic investigations 
typically use either source description or limited exposure 
measurements to characterize exposure to NOz. In the ab
sence of information on the year-to-year stability of indoor 
NOz levels, it has been assumed that measurements col
lected in one year offer a sufficiently accurate index of 
concentrations in other years. Our finding that the distribu
tion of bedroom NOz concentrations can differ significantly 
from year to year suggests that measurements taken in 
different years should not be interpreted as replications of 
one another. Rather, because source-use patterns and am
bient conditions are likely to vary, data collected during 
different years should be interpreted as representing differ
ent situations. 

These results underscore the potential for exposure mis
classification if exposure is classified by single measure
ments. Previous analyses have demonstrated the 
implications of the choice of exposure indicators on the 
outcome of epidemiologic studies (Shy et al. 1978; Gladen 
and Rogan 1979; Ozkaynak et al. 1986). Brunekreef and 
coworkers (1986, 1987) showed that variability in exposure 
measurements can lead to bias in the regression coeffi
cients, reducing the power of a study to detect a significant 
association. On the other hand, Lebret (1990) has shown 
that random error in exposure indicators can also lead to an 
overestimate of effects. As discussed by Lambert and co
workers (1992), misclassification can be reduced through 
repeated measures and consideration of the sample timing. 
Our analysis provides further support for the idea that 
prospective designs in which exposure measurements are 
closely matched in time with the health measurement of 
interest are needed for studying health and exposure rela
tionships. 

Finally, these results have important implications for 
exposure assessment in a policy context. If the distribution 
of indoor NOz concentrations in communities is strongly 
influenced by the time at which the measurements are 
collected, the exposure models used for determining 
whether air quality standards have been met must allow for 
year-to-year variability in indoor NOz levels. 
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linear regression model coefficient 

nitrous acid 
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sample correlation coefficient 
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standard deviation 

standard error of the estimate 

29 





COMMENTARY 
Health Review Committee 

INTRODUCTION 

As Part IV of HEI Research Report Number 58, Nitrogen 
Dioxide and Respiratory Illness in Children, this report by 

Dr. Spengler and colleagues continues the presentation of 
data obtained during a prospective study of the effect of 
exposure to nitrogen dioxide (NOz)* on respiratory illness 

in infants. Parts I, II, and III were Health Outcomes (Samet 
et al. 1993), Assessment of Exposure to Nitrogen Dioxide 
(Lambert et al. 1993), and Quality Assurance in an 
Epidemiologic Study (Lambert et al. 1994). Part IV de

scribes the results of analyses aimed at characterizing the 
influence of housing characteristics, occupant behavior, 

and meteorologic factors on NOz levels in a sample of more 
than 1,400 bedrooms of infants in Albuquerque, NM. Part 

V, which addresses the frequency of infants' exposure to 
peak concentrations of NOz in homes with gas stoves, is 

forthcoming. 

A draft final report was submitted to HEI in December 

1994, and a revised report, submitted in June 1996, was 
accepted for publication by the HEI Health Review Com
mittee in July 1996. During the review of the Investigators' 
Report, the Health Review Committee and the investigators 
had the opportunity to exchange comments and to clarify 
issues in the Investigators' Report and the Health Review 
Committee's Commentary. The following Commentary is 
intended to serve as an aid to the sponsors of HEI and the 
public by highlighting both the strengths and the limita
tions of the study. 

SCIENTIFIC BACKGROUND 

Oxides of nitrogen are common air pollutants both in
doors and outdoors. The most abundant are NOz and nitric 
oxide (NO). Nitrogen dioxide is derived primarily from NO, 

a product of the combustion of fossil fuel by industrial 
operations, electric power generation, and motor vehicles 
(Morrow 1984; Finlayson-Pitts and Pitts 1986). In the at

mosphere, NO is oxidized rapidly by ozone and organic 
gases, and more slowly by oxygen, to form NOz (Drone 
1976; National Research Council1991b). 

During the 1970s, laboratory and field studies showed 
that unvented kerosene and gas space heaters and gas 
appliances such as cooking ranges are potential sources of 

* A list of abbreviations appears at the end of the Investigators' Report for 
your reference. 

This document has not been reviewed by public or private party institutions 
including those that support the Health Effects Institute; therefore, it may not 
reflect the views of these parties, and no endorsements by them should be 
inferred. 
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indoor oxides of nitrogen. Indoor concentrations of these 
pollutants often exceed outdoor concentrations (National 
Research Council1991a; Samet 1991; U.S. Environmental 
Protection Agency 1993). Exhaust from automobiles in 
attached garages can add to indoor NOzlevels (Samet 1991). 
Cigarette smoke is another source of indoor NOz, but families 
with cigarette smokers were not included in this study. 

For a detailed discussion of the context of this study and 

the rationale for studying the association between exposure 
to indoor NOz and respiratory illness in infants, the reader 
is encouraged to consult Part I of this Research Report. 

Briefly, by the mid 1980s, a large body of toxicologic data 
indicated that exposing laboratory animals to moderately 
high concentrations of NOz adversely affected several lung 
components that are important in resisting and controlling 

infectious microorganisms. In addition, epidemiologic in
vestigations raised the suspicion that children exposed to 
elevated levels ofNOz, in either outdoor or indoor air, may 
be more prone to develop respiratory illnesses than chil
dren living in areas with lower levels of ambient NOz 
(reviewed by the U.S. Environmental Protection Agency 
[1993] and in the HEI Health Review Committee's Commen

tary on Parts I and II of this Research Report. 

For these reasons, HEI funded a prospective study to 
evaluate whether exposure to NOz affects the incidence or 
duration ofrespiratory illnesses in infants during their first 
18 months of life. Dr. Jonathan Samet, the Principal Inves
tigator, and his colleagues at the University of New Mexico 
and the Harvard School of Public Health designed the study 
to minimize misclassifications of exposure levels and 
health outcomes, which were limitations of some earlier 
investigations. The main findings on health effects and 

exposure assessment were reported in Parts I and II of this 
Research Report (Samet et al. 1993a; Lambert et al. 1994) 
and in the peer-reviewed literature (Samet et al. 1993b). In 
this report, Dr. Spengler and colleagues evaluate factors 
associated with variations in indoor NOz concentrations 
and examine seasonal and year-to-year variability. 

OBJECTIVES AND STUDY DESIGN 

The objective of the overall study was to determine 

whether respiratory infections in infants increase in fre

quency or duration, or both, after exposure to elevated 

levels of NOz. A secondary goal, which was necessary for 

achieving the main objective, was to provide accurate as

sessments of NOz exposure in the study population. Out

door levels ofNOz in Albuquerque are usually low, and do 
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not significantly affect indoor levels. Therefore, gas ranges 
and unvented gas appliances represent the principal indoor 
sources of human exposures to NOz in the Albuquerque 
area (Harlos et al. 1987; Marbury et al. 1988; Samet and 
Spengler 1989). 

The main objective of Part IV was to characterize the 
temporal variation in NOz in the infants' bedrooms and de
velop empirical models that would predict those concentra
tions. The specific aims of the analyses reported here were: 
1. To determine whether the variation in NOz concentra

tions in the infants' bedrooms was associated with 
housing characteristics (including age, size, and type 
of construction of the house, type of furnace, and 
presence of a gas or kerosene space heater, fireplace, 
evaporative cooler, or attached garage), and type and 
use of cooking range (gas range with continuously 
burning pilot light, gas range with electronic ignition 
or manually lit pilot light, or electric range, use of the 
cooking range for space heating, and minutes of cook
ing range use per season or year); and 

2. To determine seasonal and year-to-year variations in 
bedroom NOz concentrations. 

The investigators collected their data during the winters 
(November 1 through March 15) of 1988/89, 1989/90, and 
1990/91, and the summers (May 1 through September 30) 
of 1988, 1989, and 1990. They placed passive diffusion 
samplers for NOz (Palmes tubes) at various locations in the 
homes (in the infant's bedroom, kitchen, and family room 
for homes with gas ranges; only in the infant's bedroom for 
homes with electric ranges) and at 11 outdoor locations in 
Albuquerque. In this study, measurements of NOz in the 
infants' bedrooms provided the most complete coverage for 
longitudinal analyses, and the investigators focused their 
analyses on these data. The other measurements were used 
in the analyses in Parts I and II of this Research Report. 

Dr. Spengler and colleagues oversaw the production of 
the Palmes tubes at the Air Quality Laboratory of the Har
vard School of Public Health and shipped them to the 
University of New Mexico, where project staff labeled them 
with bar codes before placing them in subjects' homes or 
outdoors. After a two-week exposure period, the tubes 
were returned to the University of New Mexico, the bar
code labels were optically scanned, and the dates and times 
of tube opening and closing were keyed into a computer. 
The tubes were then shipped to the Harvard School of 
Public Health for NOz analysis. At Harvard, the staff opti
cally scanned the tube labels and compared the inventory 
with the shipping list produced by the University of New 
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Mexico. A detailed discussion of the quality control and 
quality assurance procedures for NOz measurements can be 
found in Parts II and III of this Research Report. 

Because the investigators were interested in the effect of 
housing characteristics on NOz levels, when a participant 
changed residence during the study period (5% of all par
ticipants), they treated the data obtained in each new house 
separately from the data obtained in the previous residence. 
No house was studied for longer than the 18-month obser
vation period for each infant; therefore, the investigators 
did not collect data for each house over the full length of 
the study. However, infants were enrolled over a 30-month 
period; thus, the analyses are based on data collected over 
a three-year period from April 1988 through March 1991. 

TECHNICAL EVALUATION 

ATTAINMENT OF STUDY OBJECTIVES 

The investigators successfully attained the major objec
tives for this part of the study. They evaluated factors 
thought to be associated with variations in bedroom NOz 
concentrations and characterized the variability of bed
room NOz concentrations across seasons and years. They 
developed multivariate models based on data collected in 
one season and used them to determine how closely the 
data produced from the model matched bedroom NOz lev
els measured in a previous year. 

ASSESSMENT OF METHODS AND STUDY DESIGN 

The study design and methods that the investigators used 
to assess levels of exposure were generally sound and, as 
discussed in the HEI Health Review Committee's Commen
tary on Parts I and II, represent a significant improvement 
over many earlier efforts in this field. In addition to obtain
ing repeated measurements of NOz concentrations in mul
tiple locations in the subjects' homes throughout the entire 
observation period, the investigators designed and fol
lowed well-defined quality control and quality assurance 
procedures, paying careful attention to a variety of factors 
that could affect the collection of data on NOz concentra
tions. Rigorous procedures to track sample collections 
were implemented. Because ofthese procedures, the over
all study provides one of the largest and most reliable data 
bases on indoor NOz concentrations. 
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ANALYTICAL AND STATISTICAL METHODS 

Dr. Spengler and colleagues adopted a three-step model

ing approach to predict bedroom NOz levels. First, they 

used linear regression techniques to relate housing charac

teristics to average bedroom NOz concentrations measured 

in the winter of 1989/90. Linear regressions were devel

oped for both untransformed and log-transformed averages. 

The investigators analyzed housing characteristics indi

vidually in the regressions and then jointly in multiple 

regressions. They next developed separate multivariate 

models (called "base models") for homes with gas ranges 

and homes with electric ranges. From these, they developed 

other models by adding the age of the home (called "base

plus models"). The rationale for including the age of the 

home is that it can act as a surrogate measure for other 

factors influencing bedroom NOzlevels, such as "tightness" 

of the home and the condition of cooking and heating 

appliances. The investigators also explored the effects of 

ambient temperature and precipitation on bedroom NOz 

levels. Finally, they tested the multivariate models devel

oped from data collected during the winter of 1989/90 for 

their ability to reconstruct indoor NOz levels in a separate 

set of households monitored during the winter of 1988/89. 

Although outdoor NOz concentrations were measured over 

the course of the study, they were not used in these analy

ses, and their absence may have affected the accuracy of the 

models (see the section on Results and Interpretation). 

The validation analysis using the model of 1989/90 to 

reconstruct 1988/89 data is a strong feature of this study. 

Two items, however, distract and can cause confusion. 

First, the authors report that the mean of the predicted and 

observed average N02 levels are equal. However, if the 

average concentrations for 1988/89 and 1989/90 were ap

proximately the same, then the observed and predicted 

averages would be expected to be equal, because the aver

age of the model predictions equals the mean value of the 

observed data. 

Second, the authors note that the standard deviation of 

the observed average NOzlevels is 12 ppm and the standard 

deviation of the predicted average NOz levels is 6 ppm. This 

may be a feature of the regression analysis used to derive 

the model. Regression models produce a "regression to the 

mean" effect, so the prediction levels will have a smaller 

standard deviation than the observed levels. 

The model validation would have been enhanced if the 

investigators had contrasted the correlations of the pre

dicted average NOz concentrations and the observed aver

age NOz concentrations with the multiple correlation 

coefficients of the models. The square of the correlation 

between the observed and predicted average N02 levels 

measures a model's validity. The difference between the 

square of a model's multiple correlation and the square of 

the correlation of the observed and predicted average NOz 

levels is a direct measure of overfitting in a model. 

RESULTS AND INTERPRETATION 

Variations in Bedroom Nitrogen Dioxide Concentrations 
Among Homes in a Single Winter 

The investigators focused most oftheir measurements on 

the winter season, when the use of appliances that produce 

NOz is generally highest. As expected, they found that 

bedroom NOz concentrations were consistently higher in 

homes with gas cooking stoves than in homes with electric 

ranges. Gas ranges with continuously burning pilot lights 

produced higher bedroom levels ofN02 than did gas ranges 

with electronic or manual ignition. Homes with any type 

of gas cooking range had higher bedroom NOzlevels during 

the winter than during the summer; these levels increased 

if the gas range was used for supplemental space heating. 

This part of the overall study provided data that con

firmed previous investigations: homes with wall or floor 

furnaces had higher bedroom levels of NOz than did homes 

with central, forced-air furnaces (Wilson et al. 1986); bed

room NOz levels were lower in homes with a fireplace than 

in homes without a fireplace, presumably because indoor 

air was lost up the chimney; and bedroom NOz levels were 

higher in homes built before 1970, which tended to be 

smaller than homes built after that year (NOz in indoor air 

is diluted as the house volume increases, and large homes 

also provide more surfaces to react with NOz and remove it 

from indoor air [Spicer et al. 1986]). New information 

contributed by this study indicated that bedroom N02 

levels were inversely related to the distance from the 

kitchen to the bedroom. The authors proposed that the 

distance from the kitchen to the bedroom can serve as a 

surrogate measure of house size. Another new finding was 

that decreasing temperature and increasing precipitation 

caused bedroom NOz levels to rise. These meteorologic 

factors could increase the use of cooking and heating appli

ances and decrease the exchange of indoor air with outdoor 

air. 

It is important to note that the mean bedroom N02 levels 

reported in this study fall in the middle to lower range of 

levels reported in other studies. The NOz levels reported 

by Dr. Spengler and colleagues are lower than those found 

in bedrooms in heavily polluted areas of the country and in 

poorly ventilated inner-city apartments (Table 1 in this 
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Commentary). Thus, the study results may not be gener
alizable to areas of the country with different climates, 
types of architecture, or ambient levels of NOz. 

Year-to-Year and Seasonal Variations in Bedroom 
Nitrogen Dioxide Concentrations 

The repeated measurements over the three-year study 
showed no temporal variability in bedroom NOz levels in 
homes with electric cooking ranges. However, in homes 
with gas appliances, several trends were evident. The 
duration of the period during which NOz levels in infants' 
bedrooms were elevated and the extent to which they were 
elevated during the winter months varied from year to year. 
The magnitude of the differences in NOz levels between 
homes having gas ranges with pilot lights and homes having 
gas ranges without pilot lights also varied from year to year. 
Because these comparisons did not reflect the changing 
composition ofthe study population (and thus the changing 
housing characteristics), the investigators next restricted 
their data set to homes providing measurements in a con
secutive pair of winters or summers. An important new 
finding emerged: namely, in seasonal comparisons between 
years (winter to winter or summer to summer), differences 
in average bedroom NOz concentrations were statistically 
significant. The investigators were unable to explain these 

year-to-year variations by changes in temperature, ambient 
outdoor NOz levels, or the household characteristics de
scribed above. They proposed that the differences in bed
room NOzlevels across years resulted from variations in the 
behavior of the occupants, which could have affected the 
rate of air exchange between outdoors and indoors, or the 
use of appliances that produce NOz, or both. 

The predictive models that were generated from data 
collected over one winter did not have strong capabilities 
to reconstruct the indoor NOz levels in Albuquerque bed
rooms measured over a preceding winter. This lack of 
power might be due to the generally low levels of indoor 
NOz or to the study design. The investigators did not match 
outdoor NOz measurements with indoor measurements. 
Including outdoor NOz levels in the models would have 
allowed them to address indoor-outdoor issues in homes 
with and without indoor NOz sources and allow for more 
detailed modeling. 

IMPLICATIONS FOR FUTURE RESEARCH 

The finding that bedroom levels of NOz can differ signifi
cantly from season to season, from year to year, and with 
housing characteristics, has important implications for ex
posure classification in future epidemiologic studies. It 

Table 1. Winter Bedroom Nitrogen Dioxide Concentrations in Dwellings with Gas Cooking Ranges 

Study Location Housing Type Average NOz (ppb) 

Albuquerque, NM* Majority single family, unattached 21-29 (with pilot light) 
15-20 (without pilot light) 

Southern, CA Mixed single family attached, 28-40 
unattached, condominium 

New Haven, CT Single family, unattached 14.6 

Albuquerque, NM Mixed 20-36 

California Mobile homes 19.9 

Portage, WI Mixed 11-17 

Tucson, AZ Mixed 23 

Boston, MA Mixed 25.8 (winter/spring) 
New York, NY Apartments 33.4-40.3 

Watertown, MA Not given 23.4-24.4 (Nov, Dec) 
Middlesbrough, U.K. Not given 30.7 

Middlesbrough, U.K. Not given 31.8 

These data are from Table 5 of the Investigators' Report; the data for all the other studies are taken from Table 7-16 of U.S Environmental Protectwn Agency (1993). 
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suggests that concentrations measured in one year cannot 
be considered as an accurate index of concentrations in 
other years. The spatial, temporal, and seasonal variations 
in indoor NOz concentrations observed in this study em
phasize the importance of prospective study designs that 
closely match exposure measurements and health out
comes. 

CONCLUSIONS 

Dr. Spengler and colleagues reported the effects of hous
ing characteristics and meteorologic factors on repeated 
measurements of NOz levels in the bedrooms of infants in 
Albuquerque. The investigators obtained detailed informa
tion on the multiple factors that influence indoor NOz 
levels. As expected, these included the presence of gas 
cooking ranges, particularly those with continuously burn
ing pilot lights, the use of the gas stove or burners for space 
heating, the presence of wall or floor furnaces, and the size 
of the house. They also found significant year-to-year vari
ation in bedroom NOz levels that could not be substantially 
explained by changes in temperature, ambient levels of 
NOz, or housing characteristics. The variation in NOz lev
els across years has important implications for designing 
and interpreting epidemiologic studies that use NOz meas
urements taken at one point in time to represent NOz levels 
at different time points. Thus, the results of this study 
emphasize the need to time closely repeated measurements 
of N02 levels with measurements of health outcomes in 
order to reduce the chances of exposure misclassification. 
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