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A B S T R A C T   

Background: Housing and indoor home environments are associated with the risk of infections and asthma in 
children. To better understand the determinants and characteristics of these environments, we aimed to describe 
the associations between parental health and socioeconomic position and housing and indoor home environ-
ments of children in Denmark, and the clustering of the factors within these environments. 
Methods: Offspring in the Danish National Birth Cohort (DNBC) whose parents responded to the 11-year follow- 
up were eligible for inclusion. We included complete cases only. Data on the indoor and housing environments (i. 
e. variables on housing, sources of gaseous and particle pollution, mould and moisture, and pets) were collected 
through an online questionnaire responded to by a parent. Data on socioeconomic position were obtained 
through linkage with registry data on maternal education at offspring birth and household equivalized income at 
offspring birth. Data on parental health were obtained by linking self-reported data from the 11-year follow-up 
for mother and father with administrative registry data for the mother. We present descriptive statistics and 
exploratory factor analyses. 
Results: A total of 42 723 offspring were included for analyses. The distributions of nearly all indoor and housing 
environments differed according to educational and income strata, with patterns similar for both education and 
income. Generally, higher parental educational and income strata had more favorable indoor and housing en-
vironments (less secondhand smoking, gas stove use, mould and condensation and higher house ownership, 
detached house dwellings and newer building age). However, candle use was approximately similar between 
strata, fireplace use among lower educational and income strata tended towards the extremes (none or daily), 
and water damage was more common among higher educational and income strata. Parental health was strongly 
associated with housing and indoor home environment factors - especially parental affective disorders was 
strongly associated with mould. Four factors were extracted from the exploratory factor analyses, relating pri-
marily in order of extraction to: housing ownership, mould and moisture, candle use and household density. 
Conclusion: Parental health and socioeconomic position are strongly related to housing and indoor home envi-
ronments. Additionally, several factors in these environments correlate strongly and cluster together. Observa-
tional studies on associations and causal effects of factors in the indoor and housing environments of children on 
their morbidity, must consider both of these conclusions to arrive at valid estimates and effects.   

1. Introduction 

Some of the earliest observations regarding public health have been 
tied to housing and its central role in determining population health 
(Krieger and Higgins, 2002). While the recognized importance of 

ambient air pollution in environmental epidemiology (Forouzanfar 
et al., 2016; Cohen et al., 2017), and income and education in social 
epidemiology, cannot be dismissed, an increased recognition of housing 
conditions as a critical aspect of both these branches of epidemiology 
may be long overdue. Large scale cohort studies of health outcomes 
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related to air pollution from indoor sources in high income countries are 
lacking (Butler and Madhavan, 2017). Nonetheless, some evidence in-
dicates that indoor sources of pollution are responsible for a large 
portion of an individual’s cumulative exposure to air pollution, since an 
overwhelming amount of time in middle and high-income countries is 
spent indoors (Klepeis et al., 2001). Among the most important indoor 
sources for fine-fraction particles and nitrogen oxide emissions are to-
bacco smoking, wood-burning stoves and open fire places (Riddervold 
et al., 2012), cooking practices and appliance use, heating systems, 
burning of candles (Karottki et al., 2015) and incenses. Outdoor air 
pollution, building materials, furnishing and a number of human and 
animal activities (for example farming) also contribute substantially to 
indoor air pollution as well as more dust and dirt inside (Stephens, 
2015). Other aspects of the home environment that constitute or relate 
to the indoor microbiome, due to excess moisture, water damage 
(Mendell et al., 2018) and growth of mould (Mendell et al., 2011), have 
also been linked to adverse health outcomes in children and adults. 
Location, characteristics and composition of the household in terms of 
people, pets and plants also contribute to microbiologic diversity and the 
indoor air quality. Housing characteristics and household composition 
impact psychosocial health, as shown in studies on the associations 
between housing conditions and mental well-being (Singh et al., 2019), 
and most specifically and recently, in a study of the Covid-19 pandemic 
(Groot et al., 2020). Household density (or crowding) and the built 
environment have also been highlighted as determinants of the spread of 
infectious diseases, as observed in the COVID-19 pandemic (Ahmad 
et al., 2020) and historical pandemics (Krieger and Higgins, 2002). 
Multiple and inter-related aspects of housing, ranging from potential 
risk factors for infection and asthma (such as mould), to determinants of 
mental well-being (such as household density), are essential to under-
standing population health and impacts over the life course. 

Children may be particularly susceptible to hazardous exposures in 
the indoor home environment as their lungs and immune systems are 
under development (Agusti and Faner, 2019). Thus, large scale cohort 
studies of indoor risk factors for child health and development are 
warranted. The indoor home environments of children reflect the 
housing characteristics and it is likely to be influenced by socioeconomic 
factors, behavior and health status of the parents, which also influences 
the health of their children. Thus, an understanding of such relationships 
is crucial to addressing indoor risk factors in a causal framework. 

The aim of this study was to describe housing and indoor environ-
mental characteristics in the households of children in the Danish Na-
tional Birth Cohort (DNBC) at age 11 and to examine how parental 
health and socioeconomic characteristics were related to the housing 
and indoor home environments their children grow up in. 

2. Methods 

2.1. Sample population 

We examined the parentally-reported housing conditions of partici-
pants in the 11-year follow-up of offspring in the Danish National Birth 
Cohort (DNBC). Briefly, the DNBC consists of approximately 100 000 
pregnancies enrolled by general practitioners from across Denmark in 
the 1990′s (Olsen et al., 2001). Mothers and offspring have participated 
in multiple follow-ups, with the most recent and still ongoing approxi-
mately 20 years after offspring birth (Clotworthy et al., 2021). At the 11- 
year follow-up (2010–2014), approximately half of the mothers (or fa-
thers) responded to an online questionnaire regarding their child’s 
health and a wide range of questions regarding housing and indoor 
home environment at the time of the offspring’s 11 year birthday. 
Children of parents who participated in the 11-year follow-up were 
included in our study. 

2.2. Data sources: The indoor home environment 

The portion of the 11-year follow-up questionnaire dealing with 
housing and the indoor home environment at the time of completing the 
questionnaire included approximately 40 items. Of particular interest 
for the present study were the items regarding housing, the potential 
indoor sources of particle and gaseous pollution (indoor passive smok-
ing, candle-burning, exhaust hood use, type of cooking stove, wood- 
burning stove use), items on mould and moisture (water damage, 
visible moisture in the child’s bedroom or in other rooms, and mould in 
the child’s room or in other rooms), and sources of allergic sensitization 
(pets). 

2.2.1. Ownership 
Dwellings were categorized as owned by the resident or rent or 

shared/cooperative. 

2.2.2. Housing type 
Dwellings were reported and categorized as apartment/flats, semi- 

detached houses, detached houses and farmhouses. 

2.2.3. Housing age 
The age of the dwelling was reported in intervals (e.g. 1941–1960). 

We aggregated these into two categories: before 1994, and 1994 and 
after. The cut-off was chosen based on intervals reported that approxi-
mately coincided with the full phasing out of asbestos in construction in 
Denmark (Rasmussen, 2010). 

2.2.4. Household composition 
The number of adults and children in the household were reported 

and categorized into the following categories of household composition: 
single parent and child, single parent and children, couple and child, 
couple and two children, couple and multiple children, and multiple 
adults and children. 

2.2.5. Household density 
Household density was gathered from two variables, dwelling size 

and number of individuals in the household. The size of the dwelling was 
reported as square meters, in intervals of 10, so the middle value was 
taken for all intervals between the lowest and highest value intervals. 
Household density (individuals/square meter) was divided into tertiles. 

2.2.6. Cooking stove 
Respondents were asked what kind of cooking stove they had. We 

categorized respondents as those with: (1) electronic plates and oven (2) 
gas burner and gas oven or electric oven and other. 

2.2.7. Exhaust hood use 
Respondents were asked if they had an exhaust hood and, if so, how 

frequently they used it while cooking. We categorized respondents as 
follows: (1) no exhaust hood/never use and rarely, or (2) often and 
always. 

2.2.8. Secondhand smoking indoors 
Respondents were asked whether smokers lived in the home and, if 

so, where in the home they smoked. We categorized respondents’ to-
bacco smoking as follows: (1) no (2) outdoors (3) at an extractor fan or 
an open window (4) mostly in rooms where the child is not staying (5) 
living room and (6) all or almost all rooms. 

2.2.9. Wood-burning stove or fireplace use 
Respondents were asked if they had a wood-burning stove or fire-

place, and if so, how often they used it. We categorized the responses as 
follows: (1) no fireplace (2) never use or extremely rarely (3) weekly and 
(4) daily. 
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2.2.10. Candle burning 
Respondents were asked how frequently they burned candle lights 

during summer and winter periods. We categorized the variables as 
follows: (1) never or rarely (2) <once weekly (3) 1–2 times weekly (4) 
3–4 times weekly (5) 5–6 times weekly and (6) daily. The two variables 
were considered separately for summertime and wintertime. 

2.2.11. Condensation /visible moisture 
Respondents were asked about condensation or visible moisture in 

different rooms in their homes, which was used to create one variable 
describing condensation/moisture in the child’s bedroom and another 
describing condensation/moisture in any other room. For the child’s 
bedroom, respondents were asked to specify how many centimeters of 
condensation they had observed in the room’s windowpanes. We cate-
gorized condensation/moisture in the child’s bedroom as follows: (1) 
none (2) <5 cm and (3) ≥5 cm. We categorized condensation/moisture 
in any other room as follows: (1) none and (2) any. 

2.2.12. Mould 
Respondents were asked about mould and its visibility and odor, for 

each room in their homes. From this we created two variables, one for 
mould in the child’s bedroom and another for all other rooms. We 
categorized both as follows: (1) none (2) visible, odorless mould and (3) 
visible, odorous mould. 

2.2.13. Flooding/water damage 
Respondents were asked if they had ever experienced flooding or 

water damage in their home and water damage in any of the rooms, and 
if so, they were asked to specify the room and number of events. We 
categorized respondents according to whether they reported water 
damage/flooding as follows: (1) no water damage/flooding (2) water 
damage/flooding in any room one or multiple times. 

2.2.14. Pets 
Respondents were asked whether they kept pets indoors (yes, no) 

and which pets (including dogs or cats). We categorized respondents 
according to whether they kept a dog or cat indoors, or not, and whether 
they kept other animals (e.g. rats, reptiles, fish or rabbits) indoors or not 
(yes, no). 

2.3. Data sources: Determinants of housing and indoor home environment 
characteristics 

We report the distribution of potential sources of indoor air pollution 
at home and housing environments by (some of) their potential de-
terminants. These include highest attained maternal education, equiv-
alized household income, and parental chronic diseases. Data from 
national administrative registers were linked using the unique civil 
registration number (CPR number). 

2.3.1. Highest attained education 
We obtained data on the highest attained maternal education from 

the Population Education’s Register within the household the year 
before the birth of the offspring in the DNBC. Educational level was 
classified according to the International Standard Classification of Ed-
ucation (ISCED) version 2011 (International Standard Classification of 
Education (ISCED), 2011), as low (ISCED 0–2), medium (ISCED 3–4), 
and high (ISCED 5–8). 

2.3.2. Equivalized household income 
We obtained data on equivalized total disposable household income 

from the Income Statistics Register for the year before the birth of the 
offspring in the DNBC. Quartiles were created for each year of study 
enrolment. The year before birth was chosen since most households 
acquire housing prior to child birth or shortly thereafter rather than later 
in childhood (approximately two thirds of our sample stayed in the same 

housing from the child age six until follow-up). This means that pur-
chasing power in the form of equivalized household income around time 
of birth will generally be of most relevance. Additionally, income is 
more stable prior to child birth than shortly thereafter, due to temporary 
decreases in income during parental leave. 

2.3.3. Chronic diseases 
At the maternal level, we also linked to the Danish National Patient 

Register (DNPR) (Lynge et al., 2011) to obtain data on a long-term re-
cord of the following ICD-8 and ICD-10 codes: F30-F39 and F40-F48 
(affective disorders and neurotic, stress-related somatoform disorders), 
250 and E10-E14 (type 1 and 2 diabetes), 491–492 and J448 (chronic 
obstructive pulmonary function), 691 and L20 (atopic dermatitis) and 
493 and J45 (asthma). Although not exhaustive, these were chosen as 
we suspected they could potentially determine choice of housing and 
behaviors influencing indoor air quality. Data from the DNPR were 
combined with self-reported diagnosis of type 1 diabetes, type 2 dia-
betes, asthma, allergies and eczema, or depression in both mother and 
father from the 11-year follow-up questionnaire. For the above disease 
categories we combined self-reported data with registry data to capture 
both potentially milder maternal cases unlikely to appear in the DNPR, 
as well as to include diagnoses of the reported father available through 
the questionnaire. 

Additionally, a cardiometabolic disease category, including self- 
reported symptoms of high cholesterol and blood pressure, was 
included. 

2.4. Statistical analyses 

Statistical analyses were performed using Stata statistical software, 
version 15 (Statacorp, College Station, TX, USA). Visualizations were 
created in Microsoft Excel 2016. 

In order to characterize both the self-reported housing and indoor 
home environments, as well as several potential determinants thereof, 
we reported the absolute and relative frequencies of several of the most 
important indoor and housing characteristics by highest attained 
maternal education, equivalized household income, and parental 
chronic diseases. Chi-squared tests with Bonferroni corrections for 
multiple testing were performed to formally test for differences with p- 
values < 0.05 between groups within a variable. Bar plots were created 
to illustrate relative frequencies for group comparisons. 

To describe correlations and clustering of indoor and housing char-
acteristics, we computed polychoric correlations and conducted 
exploratory factor analyses. Variables with no clear ordinal character 
were dichotomized into binary or ordinal variables, for example, hous-
ing type was categorized into a house or not a house, rather than type of 
dwelling. Four factors were extracted in the factor analysis, with 
eigenfactors of 1.3 and above. Factor loadings were first computed and 
subsequently orthogonally rotated, to maximize the square loadings of 
each factor and their interpretability. The matrix and factor loadings are 
visualized as heatmaps with correlations and factor loadings from − 1 to 
1, with − 1 indicating a perfect negative correlation or loading and 1 
indicating a perfect positive polychoric correlation or factor loading. In 
the rotated factor loadings, only values over 0.2 are displayed, in order 
to guide interpretation of the most important factor loadings for each 
factor. 

We conducted complete case analyses, excluding participants with 
any missing data, since the extent of missing data was minimal for those 
participating in the 11-year follow-up. 

3. Results 

We included a total of 42 723 complete cases among the 47 714 
responses to the 11-year follow-up (seeSupplementary figure 1 for the 
flow of participation). The majority of the mothers responding owned 
their housing (85.5 %), lived in a detached house (70.2 %), and nearly 
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half lived in the same housing from childbirth to 11-year follow-up (45.1 
%; Table 1). 

3.1. Housing 

Both maternal education and income were strongly associated with 
multiple housing characteristics (Figs. 1 and 2, respectively). Children of 
parents with higher income and higher education more often lived in an 
owned dwelling. Children of parents in the lowest income and education 
strata were more likely to live in either an apartment or a farmhouse, 
whereas the highest strata more often lived in detached houses. Greater 
proportions of those in the lowest educational stratum moved from 
childbirth to 11-year follow-up (low vs. high: 63.4 % vs. 52.3 %; p <
0.001). Children in denser households were overrepresented in the 
lowest quartile of income (lowest vs. highest; 34.8 % vs. 16.6 %; p <
0.001). Both single parent households (2 family members) and larger 
households (6 and more) were more common in the lowest income 
quartile. Most housing variables were associated with parental diseases. 
Parental chronic diseases were generally more frequent among single 
parents. Affective disorders was the only parental disease associated 
with all but a few of the housing variables, suggesting that children of 
parents with affective disorder were more likely to live with one parent 
only, move during childhood into an older rented apartment, with a 
smaller numbers of rooms and higher household density (Table 2). 

3.2. Sources of gaseous and particle pollution 

The distribution of indoor sources of particle and gaseous air pollu-
tion were distinct for different levels of maternal education and income 
(Figs. 1 and 2, respectively). Especially secondhand smoking indoors 
was related to income and education. A larger proportion of parents in 
the lowest quartile of income smoked in rooms without the child or in all 
rooms (lowest quartile: 1.3 % and 3.8 % vs. highest quartile: 0.8 % and 
1.3 %, respectively; p < 0.001), while the proportion of parents 
reporting not smoking was larger among the highest strata of education 
(low: 63.9 % vs. high: 87.6 %, respectively; p < 0.001). Although sta-
tistically significant for some comparisons, the differences in summer 
and winter candle burning were qualitatively similar for each income 
quartile and maternal educational level. Bigger differences were 
observed for use of fireplaces, with a greater proportion in both ex-
tremes, no or daily fireplace use, in the lower strata, but overall higher 
use in the higher strata. Heterogeneous associations were found between 
sources of gaseous and particle pollution and parental chronic diseases. 
Interestingly, parental asthma was significantly and negatively associ-
ated with winter candle burning, but not with other sources of gaseous 
and particle pollution (Table 2). 

3.3. Mould, moisture, and water damage 

The socioeconomic patterning of mould, moisture and water damage 
was generally similar when looking at income and education (Figs. 1 and 
2, respectively). Greater proportions of children from low education and 
low income households had reported mould and moisture in the child’s 
room. For example, for visible and smelly/discolored mould, the levels 
were higher for low education compared to high (0.6 % vs 0.3 %; p <
0.01). Water damage or flooding was substantially more common in the 
highest education and income strata, with nearly a fifth in the highest 
education strata having experienced flooding in the home. Parental al-
lergies and atopy as well as affective disorders were positively associated 
with mould, moisture and water damage (Table 2). 

3.4. Animal-related exposures 

Approximately half of the children in our study lived in homes with 
dogs or cats indoors at age 11 (Table 1). A greater proportion of these 
belonged to the lowest educational strata (low: 59.8 % vs. high: 47.9 %; 

Table 1 
Indoor environment and housing variables in the Danish National Birth Cohort 
(No. 42 723) Total number of observations and relative frequencies of indoor 
and housing variables.  

Variable Categories % 

Housing   
Ownership Rent or shared housing  14.5  

Owned  85.5  

Housing type Apartment  7.5  
Semi-detached house  10.6  
Detached house  70.2  
Farmhouse  11.7  

Building year before 1994  80.2  
1994 and after  19.8  

Household composition Single parent and child  2.6  
Single parent and children  8.6  
Couple and child  6.4  
Couple and two children  44.4  
Couple and more than two children  32.1  
Multiple adults and child/children  5.9  

Same housing at age 11 Moved during childhood  54.9  
Same housing during childhood  45.1  

Number of rooms 4 or less  4.3  
5–6  42.1  
7+ 53.6  

Household density tertiles 1st (39.8–99.5 m^2/person)  37.0  
2nd (32.2–39.8 m^2/person)  37.2  
3rd (min* − 31.8 m^2/person)  25.7  

Sources of gaseous and particle pollution  
Stove Electric  90.9  

Gas  9.1  

Use of exhaust hood Yes, always or often  6.4  
No, rarely or never  93.6  

Secondhand smoking indoors None  81.3  
Outdoor  12.4  
Fan/window  2.7  
Room without child  1.1  
Living room/all rooms  2.5  

Fireplace use None  57.2  
Rarely  9.6  
<1/week  3.1  
1–2/week  3.6  
3–4/week  5.2  
5–6/week  4.7  
Daily  16.5  

Summer candle burning Never or rarely  50.8  
<once /week  29.6  
1–2 x/ week  12.2  
3–4 x/week  4.6  
5–6 x/week  1.4  
Daily  1.4  

Winter candle burning Never or rarely  5.5  
<once /week  11.6  
1–2 x/ week  16.1  
3–4 x/week  20.9  
5–6 x/week  20.4  
Daily  25.3  

Moisture and mold   
Condensation, child’s bedroom No, <5 cm  57.5  

Yes, >5 cm  42.5  

Condensation, other rooms No moisture  91.9  
Moisture  8.1  

Mold in child’s bedroom No mould  98.9  
Mould, visible only  0.8  
Mould, visible and smelly/discolored  0.3  

Mold in other rooms No mould  94.2  
Mould, visible only  3.9 

(continued on next page) 
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p < 0.001; Fig. 1). Likewise, a greater proportion with lower education 
kept other pets indoors (low: 20.4 % vs. high: 15.6 %; p < 0.001; Fig. 1). 
Parental asthma, allergies and atopy were negatively associated with 
cats and dogs ownership; while the associations were positive for af-
fective disorders, diabetes and cardiometabolic diseases (Table 2). 

3.5. Correlations and factor loadings 

Polychoric correlations were moderate among type of housing, 
housing age, and ownership and sources of particle pollution (save 
candles during winter). Living in a house as opposed to an apartment 
positively correlated with the use of an exhaust hood, so that children 
living in an apartment would be more exposed to cooking fumes, as well 
as any gas coming from a gas stove. Newer buildings were less likely to 
have condensation, mould, moisture and water damage and all sources 
of gaseous and particle pollution. Increased number of family members 
correlated with both more rooms and higher household density. Mould 
and moisture in all rooms were highly correlated, and to a lesser extent 
flooding/water damage and moisture in other rooms (Fig. 3). 

From the exploratory factor analysis, four relevant factors were 
extracted. The first extracted factor (house ownership) explaining the 
most variance was characterized by house ownership, more household 
members and more rooms resulting in less dense housing, fireplace use, 
exhaust hood use, cats or dogs indoors and the same housing since 
childbirth. The second extracted factor (mould and moisture) was 
characterized primarily by mould and moisture in the child’s bedroom 
and other rooms, lack of exhaust hood use with use of a gas stove, 
fireplace use, water damage, and an older building age. The third 

Table 1 (continued ) 

Variable Categories %  

Mould, visible and smelly/discolored  1.9  

Flooding/water damage No flooding  84.7  
Flooding  15.3  

Child’s bedroom colder Not colder  81.5  
Colder than other rooms  18.5  

Pets   
Cat or dog, indoors None  49.0  

Cat or dog indoors  51.0  

Other pets, indoors None  83.9  
Other pets indoors  16.1  

Fig. 1. Distribution of housing characteristics, sources of gas and particle pollution, and mould, moisture and pets, by highest maternal educational attainment at 
offspring birth in the Danish National Birth Cohort, 2010–2014 (N = 42 723) (A) Housing (B) Sources of gaseous and particle pollution (C) Moisture, mold and pets. 
Relative frequencies of indoor and housing variables are visualized as bar plots and reported as relative frequencies for education strata. Education reported ac-
cording ISCED, International Standard Classification of Education, version 2011. *Bonferroni corrected p-value for chi-squared tests. 

Fig. 2. Distribution of housing characteristics, sources of gas and particle pollution, and mould, moisture and pets, by equivalized household income at offspring 
birth in the Danish National Birth Cohort, 2010–2014 (N = 42 723). (A) Housing (B) Sources of gaseous and particle pollution (C) Moisture, mold and pets. Relative 
frequencies of indoor and housing variables are presented as bar plots and absolute frequencies for income quartiles. *Bonferroni corrected p-value for chi- 
squared tests. 
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Table 2 
Distribution of indoor environment and housing characteristics by parental disease status in the Danish National Birth Cohort, 2010–2014 (N = 42 723).    

Maternal and paternal chronic diseases 

Asthma Allergies and atopy Affective disorders Diabetes Cardiometabolic 

No Yes P* No Yes P* No Yes P* No Yes P* No Yes P* 

no.  34 
141 

8582  20 
072 

22 
651  

34 
573 

8150  39 
881 

2842  31 
105 

11 
618  

Housing                 
Ownership Rent or 

shared 
housing 

13.9 17.1  13.9 15.1  12.5 23.2  14.3 17.3  14.2 15.5   

Owned 86.1 82.9  <0.001 86.1 84.9  0.02 87.5 76.8  <0.001 85.7 82.7  <0.001 85.8 84.5  0.01  

Housing type Apartment 7.1 8.9  7.0 8.0  6.7 10.7  7.4 8.5  7.3 7.9   
Semi- 
detached 
house 

10.3 11.7  9.9 11.3  9.7 14.3  10.6 10.8  10.7 10.5   

Detached 
house 

70.6 68.6  69.6 70.7  71.5 64.5  70.3 68.8  70.3 70.0   

Farmhouse 11.9 10.8  <0.001 13.6 10.1  <0.001 12.0 10.5  <0.001 11.7 11.9  1.00 11.7 11.7  1.00  

Building year before 1994 80.1 80.9  80.4 80.1  79.7 82.6  80.1 82.5  79.8 81.5   
1994 and 
after 

19.9 19.1  1.00 19.6 19.9  1.00 20.3 17.4  <0.001 19.9 17.5  0.04 20.2 18.5  <0.01  

Family 
composition 

Single parent 
and child 

2.5 3.0  2.7 2.6  2.1 4.7  2.6 3.1  2.4 3.1   

Single parent 
and children 

8.5 9.1  8.3 8.8  7.3 13.9  8.5 9.5  8.4 9.1   

Couple and 
child 

6.5 6.2  6.9 6.0  6.2 7.4  6.3 8.3  5.6 8.7   

Couple and 
two children 

44.9 42.6  44.2 44.6  45.2 41.1  44.5 43.9  44.5 44.3   

Couple and 
multiple 
children 

31.8 33.0  31.8 32.3  33.2 27.1  32.4 27.7  33.6 27.8   

Multiple 
adults and 
child/ 
children 

5.8 6.2  0.01 6.1 5.7  0.02 5.9 5.9  <0.001 5.8 7.5  <0.001 5.5 6.9  <0.001  

Same housing at 
age 11 

Moved during 
childhood 

54.3 57.2  54.0 55.7  53.1 62.4  55.0 53.9  56.1 51.7   

Same housing 
during 
childhood 

45.7 42.8  <0.001 46.0 44.3  0.01 46.9 37.6  <0.001 45.0 46.1  1.00 43.9 48.3  <0.001  

Number of 
rooms 

4 or less 4.2 4.9  4.2 4.4  3.6 7.3  4.2 5.6  4.2 4.7   

5–6 42.1 42.1  41.4 42.7  41.1 46.2  42.0 43.5  41.7 43.1   
7+ 53.7 53.1  0.25 54.4 52.9  0.10 55.3 46.5  <0.001 53.8 51.0  <0.01 54.1 52.2  0.01  

Household 
density 
tertiles 

1st 
(39.8–99.5 
m^2/person) 

37.4 35.6  38.2 36.0  37.9 33.6  37.1 36.0  36.6 38.2   

2nd 
(32.2–39.8 
m^2/person) 

37.5 36.2  37.3 37.2  36.9 38.7  37.2 38.4  37.2 37.4   

3rd (min* −
31.8 m^2/ 
person) 

25.1 28.2  <0.001 24.5 26.8  <0.001 25.3 27.7  <0.001 25.7 25.6  1.00 26.2 24.4  <0.01  

Sources of gaseous and particle pollution 
Gas stove No, electric 90.9 91.0  91.1 90.8  90.9 91.1  90.8 92.5  90.7 91.6   

Yes 9.1 9.0  1.00 8.9 9.2  1.00 9.1 8.9  1.00 9.2 7.5  0.05 9.3 8.4  0.08  

Use of exhaust 
hood 

Yes, always or 
often 

6.4 6.5  6.3 6.6  6.0 8.1  6.4 6.7  6.6 6.1   

No, rarely or 
never 

93.6 93.5  1.00 93.7 93.4  1.00 94.0 91.9  <0.001 93.6 93.3  1.00 93.4 93.9  1.00  

Secondhand 
smoking 
indoors 

None 81.4 81.3  79.7 82.8  82.9 74.7  81.6 77.4  82.1 79.3   

Outdoor 12.3 12.6  13.0 11.8  11.6 15.6  12.3 13.9  12.1 13.1   
Fan/window 2.7 2.9  3.1 2.4  2.4 4.0  2.6 3.6  2.6 3.1   
Room 
without child 

1.1 1.1  1.2 1.0  0.9 1.9  1.1 1.5  1.0 1.3  

(continued on next page) 
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Table 2 (continued )   

Maternal and paternal chronic diseases 

Asthma Allergies and atopy Affective disorders Diabetes Cardiometabolic 

No Yes P* No Yes P* No Yes P* No Yes P* No Yes P* 

no.  34 
141 

8582  20 
072 

22 
651  

34 
573 

8150  39 
881 

2842  31 
105 

11 
618   

Living room/ 
all rooms 

2.5 2.2  1.00 2.9 2.0  <0.001 2.2 3.7  <0.001 2.4 3.6  <0.001 2.2 3.2  <0.001  

Fireplace use None 56.8 58.8  57.1 57.2  56.1 61.7  57.0 59.5  57.0 57.7   
Rarely 9.6 9.4  9.5 9.7  9.6 9.5  9.7 8.4  9.4 10   
<1/weekly 3.2 2.9  3.2 3.1  3.3 2.6  3.1 3.3  3.2 3.1   
1–2/weekly 3.6 3.7  3.4 3.8  3.7 3.0  3.6 3.3  3.7 3.3   
3–4/weekly 5.4 4.7  5.1 5.3  5.5 4.3  5.3 4.9  5.4 4.9   
5–6/weekly 4.8 4.3  4.7 4.8  4.9 3.9  4.8 4.0  4.9 4.3   
Daily 16.6 16.1  0.10 17.0 16.1  1.00 16.9 14.9  <0.001 16.5 16.4  1.00 16.4 16.7  0.09  

Summer candle 
use 

Never or 
rarely 

50.6 51.6  50.2 51.4  50.7 51.1  50.8 50.6  51.4 49.2   

<once /week 29.8 29.0  30.2 29.1  29.9 28.5  29.7 29.0  29.4 30.2   
1–2 x/ week 12.2 11.9  12.4 12.0  12.2 12.2  12.2 12.4  11.9 12.9   
3–4 x/week 4.7 4.4  4.6 4.7  4.5 5.0  4.6 4.7  4.6 4.7   
5–6 x/week 1.4 1.6  1.4 1.4  1.4 1.7  1.4 1.6  1.4 1.6   
Daily 1.3 1.5  1.00 1.3 1.4  1.00 1.3 1.5  0.34 1.3 1.7  1.00 1.3 1.5  <0.001  

Winter candle 
use 

Never or 
rarely 

5.3 6.6  5.2 5.8  5.4 6.0  5.5 5.8  5.5 5.6   

<once /week 11.5 12.1  11.4 11.9  11.6 11.9  11.6 12.5  11.7 11.4   
1–2 x/ week 16.1 16.2  15.9 16.3  16.2 16.0  16.1 16.1  16.3 15.8   
3–4 x/week 21.2 20.1  21.0 20.9  21.2 19.8  21.0 20.2  21.1 20.5   
5–6 x/week 20.5 20.5  20.7 20.1  20.5 19.8  20.4 20.8  20.5 20.2   
Daily 25.5 24.9  <0.01 25.7 25.0  0.13 25.1 26.5  0.04 25.4 24.7  1.00 24.9 26.5  0.54  

Mould and moisture 
Condensation, 

child’s 
bedroom 

No, <5 cm 57.6 57.0  58.3 56.8  57.8 56.0  57.5 57.5  57.2 58.3   

Yes, >5 cm 42.4 43.0  1.00 41.7 43.2  0.04 42.2 44.0  0.06 42.5 42.5  1.00 42.8 41.7  0.90  

Condensation, 
other rooms 

No moisture 92.1 91.1  92.4 91.4  92.4 89.5  91.9 91.1  92.0 91.4   

Moisture 7.9 8.9  0.08 7.6 8.6  <0.01 7.6 10.5  <0.001 8.1 8.9  1.00 8.0 8.6  0.63  

Mould in child’s 
bedroom 

No mould 99.0 98.8  99.2 98.7  99.1 98.4  98.9 99.1  99.0 98.8   

Mould, visible 
only 

0.7 0.9  0.6 0.9  0.7 1.0  0.8 0.6  0.7 0.8   

Mould, visible 
and smelly/ 
discolored 

0.3 0.3  <0.001 0.2 0.4  <0.001 0.2 0.6  <0.001 0.3 0.2  1.00 0.3 0.3  1.00  

Mould in other 
rooms 

No mould 94.5 93.1  95.0 93.5  94.8 91.6  94.3 92.9  94.5 93.4   

Mould, visible 
only 

3.7 4.4  3.4 4.3  3.5 5.4  3.9 4.2  3.7 4.3   

Mould, visible 
and smelly/ 
discolored 

1.8 2.5  <0.001 1.7 2.1  <0.001 1.7 3.0  <0.001 1.9 2.9  <0.01 1.8 2.3  <0.001  

Flooding No flooding 85.1 83.4  85.9 83.7  84.9 83.9  84.7 84.4  84.9 84.1   
Flooding 14.9 16.6  <0.01 14.1 16.3  <0.001 15.1 16.1  0.43 15.3 15.6  1.00 15.1 15.9  0.85  

Child’s bedroom 
colder 

Not colder 81.4 81.6  80.9 82.0  81.6 80.7  81.6 79.3  81.7 80.8   

Colder than 
other rooms 

18.6 18.4  1.00 19.1 18.0  0.06 18.4 19.3  1.00 18.4 20.7  0.04 18.3 19.2  0.45  

Pets 
Cat or dog 

indoor 
None 47.8 53.9  44.7 52.9  50.1 44.8  49.3 46.2  50.0 46.5   

Cat or dog 
indoors 

52.2 46.1  <0.001 55.3 47.1  <0.001 49.9 55.2  <0.001 50.7 53.8  0.03 50.0 53.5  <0.001  

Other pets 
indoors 

None 84.0 83.5  84.4 83.4  84.6 80.8  84.0 82.7  84.3 82.8   

Other pets 
indoors 

16.0 16.5  1.00 15.6 16.6  0.13 15.4 19.2  <0.001 16.0 17.3  1.00 15.7 17.2  <0.01 

Relative frequencies of indoor and housing variables are presented as bar plots and absolute frequencies of parental disease status. 
* Bonferroni corrected p-values for chi-squared tests. 
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extracted factor (candle burning) was characterized by candle burning 
during summer and winter only. The fourth extracted factor (density) 
was characterized primarily by a denser household with more family 
members and mould in the child’s bedroom (Fig. 3). Extraction of 
principal components showed a similar clustering of variables on prin-
cipal components as observed for factors in the exploratory factor 
analysis (data not shown). 

4. Discussion 

In this large study of the home environment at age 11 of the Danish 
National Birth Cohort we found that certain indoor and housing char-
acteristics potentially detrimental to health, such as candle-burning, 
were widespread in these Danish family homes. Parental health and 
socioeconomic position were strongly related to housing, gas and par-
ticle pollution, mould and moisture and keeping of pets indoors, and 
may explain some of the differences observed. Our study illustrates the 
importance of considering parental characteristics and intercorrelations 
between indoor and housing characteristics, when examining associa-
tions between specific home related exposures and childhood disease 
outcomes. 

Housing conditions impact inhabitants, but do inhabitants impact 
housing conditions? Our results provide evidence that this is the case. 
Healthier, wealthier and more educated parents are more likely to have 
the resources to be able to choose and provide optimal housing condi-
tions and homes for child development and health. Likewise, we found 

more favorable conditions in more advantaged households and espe-
cially with higher maternal education, nonetheless with a few caveats. 
Certain sources of gaseous and particle pollution, such as fireplace use, 
were more evident amongst households of higher socioeconomic levels, 
which could reduce the advantage of a generally beneficial indoor 
environment. 

Additionally, some more favorable indoor and housing factors often 
clustered with less favorable factors. 

These results are in line with findings from a French population re-
ported by Ryu et al. where the direction of associations between socio-
economic variables and indoor air pollution were dependent on the 
pollutant of interest (Ryu et al., 2018). Although the factors of interest 
were not entirely comparable to ours, a recent scoping review by Lauren 
Ferguson et al. (2020) also highlights the need to consider that despite 
more favorable housing in higher socioeconomic strata, specific sources 
of and levels of pollution in the home may still be greater than in lower 
socioeconomic strata (Kettleson et al., 2015). 

4.1. Housing 

We observed that education and income were strongly associated 
with home ownership, with income being more strongly associated than 
education. Likewise, higher socioeconomic position was associated with 
living in a house, rather than an apartment. These results are consistent 
with findings from other studies using the HOUSES (HOUsing-based 
SocioEconomic Status) index (based on housing variables such as square 

Fig. 3. Heatmap of the correlation matrix and factor loadings for indoor environment and housing variables in the Danish National Birth Cohort, 2010–2014 (N = 42 
723). Scale visualized in heatmap with red (-1 for most negative correlations) and lavender (1 for most positive associations); factor loadings lower than 0.2 are 
coloured a neutral yellow (A) Polychoric correlation matrix (B) Factor loadings from exploratory factor analysis; orthogonally rotated factor loadings for the 4 
extracted factors with eigenvalues over 1.3. 
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footage of housing unit, number of bedrooms/bathrooms and building 
value) as a proxy of socioeconomic status (Juhn et al., 2011; Ryu et al., 
2018). 

Children of parents with higher socioeconomic position less often 
moved within their lifetime than those with lower socioeconomic posi-
tion, although this was generally limited to the first years of life. 

4.2. Gaseous and particle pollution 

Evidence suggests that the type of building is one out of multiple 
characteristics that can impact the levels of indoor pollution, especially 
factors related to housing size, with apartments and smaller spaces with 
limited ventilation having increased levels of pollution generated indoor 
(Baxter et al., 2007). In addition to the effect of dilution of indoor 
pollution with greater space, within the same built structure indoor 
pollution varies greatly by indoor activities, such as use of a fireplace, 
cross-ventilation, and more (Derbez et al., 2018). Our results suggest 
that, in larger homes, fireplace usage is likely the major source of 
gaseous and particle pollution, rather than smoking, cooking fumes or 
candle use. However, candle use was generally higher in our cohort 
(summer: 49.2%; winter: 94.5%) compared to other cohorts such as two 
United States samples in Boston (25 %) and Californian (49.2 %) (Baxter 
et al., 2007; Klepeis et al., 2017). Moreover; a previous Danish study 
found that candle burning was responsible for more than half of the 
residential daily integrated exposure to particle number concentration 
in homes where candle burning took place (Bekö et al., 2013). There-
fore, we might expect greater particle pollution attributable to candle 
use in Danish homes across income and education strata. In contrast, our 
results also showed that children living with an asthmatic parent were 
less likely to be exposed to candle burning, especially during winter, and 
thus potentially exposed to lower particle number concentrations. 

Consistent with other studies (Brown et al., 2015; Orton et al., 2014; 
Riaz et al., 2018), an inverse association between secondhand smoking 
indoors and income and education was found in our study, putting these 
children at increased risk of developing respiratory infections and other 
diseases (Jones et al., 2011). However, secondhand smoking in the home 
(19 %) was less common in the DNBC compared to a wide range of other 
European birth cohorts (Aguilera et al., 2013; Mölter et al., 2015; Ped-
ersen et al., 2013) 

Gas stove usage in the DNBC at age 11 was less frequent (9%) as 
compared to those reported during pregnancy for the cohorts PIAMA (83 
%), MAAS (78%), EDEN (69 %), INMA (44 %), and BAMSE (12 %), but 
higher than in GINA/LISA South (8 %) and GINA/LISA North (5%) 
(Aguilera et al., 2013; Mölter et al., 2015; Pedersen et al., 2013). 
Secondhand smoking in the home (19 %) was also less common in the 
DNBC compared to all of the above cohorts: EDEN (47%), MAAS (43 %), 
GINA/LISA North (30 %), PIAMA (29 %), BAMSE (21 %), and GINA/ 
LISA South (20 %) (Mölter et al., 2015; Vrijheid et al., 2012; Pedersen 
et al., 2013). For the INMA cohort, a similar pattern of gas stove usage to 
our results was observed across socioeconomic strata, although measure 
were not directly comparable (Vrijheid et al., 2012). 

4.3. Mould, moisture and water damage 

The level of mould in the homes of the DNBC at age 11 (6%) was 
much lower than previously reported in a cross-sectional Japanese study 
on newly-built buildings in 2009 (Takeda et al., 2009), where levels 
were tenfold that in ours, but were approximately four times higher than 
reported in a cross-sectional study of Swedish children’s homes in 2005 
(Bornehag et al., 2005). Our findings that water damage or flooding is 
more common in higher socioeconomic strata, while mould is more 
common in lower socioeconomic strata is in line with findings from 
other European countries, although the measures of socioeconomic 
position are not entirely comparable (Norbäck et al., 2017). Birth cohort 
data from BAMSE suggest that a similar positive association between 
both socioeconomic position and building year and residential mould 

exists. These observations could be in part due to construction and 
physical differences between the types of housing more common among 
socioeconomic strata (i.e. apartments vs. detached villas). 

Visible mould and moisture have been associated with adverse res-
piratory symptoms in adults and children (Tischer et al., 2011; Sauni 
et al., 2015), however, we are not aware of other studies that considered 
parental chronic diseases and how they impact housing and indoor 
environment characteristics. In our study, the positive associations we 
observed for affective disorders and mould were therefore of particular 
interest. That the proportion of reports of mould were higher among 
those with parental affective disorders may have several explanations. 
While we cannot exclude the possibility that the relationship between 
mould and affective disorders could be due to reverse causation or a 
bidirectional relationship, as mould has been associated with induced 
cognitive effects (Harding et al., 2020), a causal relationship with 
modified behaviours among those with affective disorders as a medi-
ating path may also explain our findings. 

4.4. Animal-related exposures 

Cats and dogs were more common in the DNBC (51 %) than in other 
European birth cohorts, such as PIAMA (48%), MAAS (37%), GINI/LISA 
North (20%), BAMSE (15%) and GINI/LISA South (10%) (Aguilera et al., 
2013; Jones et al., 2011; Mölter et al., 2015; Pedersen et al., 2013; Riaz 
et al., 2018). 

Pet ownership, of dogs and cats, or other pets, was consistently 
associated with lower socioeconomic position and parental diabetes, 
cardiometabolic disease, or affective disorders, whereas the proportion 
of pet ownership was lower among those with parental asthma or al-
lergies and atopy. The latter is consistent with previous evidence 
showing that individuals with allergies tend to avoid cat and/or dog 
ownership (Eller et al., 2008). 

4.5. Factor analysis 

The polychoric correlations observed were largely in the directions 
expected. For example, the mould and moisture variables we included 
appeared to cluster strongly, a finding compatible with a previous study 
that found that moisture and building age are associated with the indoor 
microbiome and increased fungal richness (Kettleson et al., 2015). 
Additionally, certain housing characteristics, such as housing type and 
building age, were strongly correlated with most variables. Older 
building age was strongly correlated with mould and moisture and 
clustered in the factor explaining the second most variance (Factor 2 | 
Mould and moisture). The factor explaining most variance had strong 
factor loadings for housing type, ownership, fireplace use and negative 
factor loadings for mould. This indicates that housing environments 
with greater amounts of gaseous and particle pollution from fireplace 
use will often have less mould, an important consideration when 
considering either fireplace use or mould as a risk factor for disease 
outcomes in resident children. Both the owned house (Factor 1) and 
density (Factor 4) factor had strong loadings for number of family 
members – however the loadings for the two factors were in opposite 
directions for household density and mould in the child’s bedroom. This 
indicates two diverging indoor environments for larger families. 

Although our results from both descriptive analyses and exploratory 
factor analyses are compatible, there were at face value a few apparent 
contradictory findings. For example, higher fireplace usage was 
observed in the lowest maternal educational strata, while loading 
strongly on a factor in the factor analyses that was descriptive of a more 
advantaged household (Owned House). Comparisons between the two 
types of analyses should be cautious, as the factor analysis is a clustering 
of variables on which an individual will score more or less highly on, 
while the descriptive analyses describe associations between two vari-
ables in isolation. Additionally, the nature of an association in the latter 
analyses may not be linear, as is the case for fireplace usage and 
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maternal education, where children in the lower strata are both more 
likely to have either none or daily exposure. 

5. Strengths and limitations 

With this wealth of DNBC 11 year follow-up data on inhabitants and 
their housing we can describe the different home indoor characteristics 
children grow up in to better understand what this means when 
analyzing the associations between home-related factors and health 
outcomes in children. We provide evidence from exploratory factor 
analyses which we have not identified in other cohorts. For the future, 
this may be important to be able to identify whether we indeed describe 
clustering of factors that are generalizable to other cohorts and settings. 
Potential avenues to explore this could be birth cohort consortia. Our 
large cohort, which consists of detailed data for >40,000 children, with 
little missing data (approximately 10%) and linkage to administrative 
registry data on indicators of socioeconomic position and parental dis-
ease is unique and help us draw accurate pictures of the environments 
we examined. Although attrition in the cohort is associated with poorer 
socioeconomic position, we expect to still be able to make valid com-
parisons across strata of socioeconomic position, as previous studies in 
the DNBC indicate little effect of selection bias in association studies 
(Nohr and Liew, 2018). Another potential bias of our results relates to 
the timing of data collection. While questionnaire data were collected 
cross-sectionally at follow-up, registry data were selected as deemed 
appropriate. For comparisons between socioeconomic groups, differen-
tial misclassification might occur if certain socioeconomic or health 
status strata report more or less accurately on the housing conditions 
investigated. It was not possible to investigate whether this might be the 
case, for example, with comparisons to results from blinded inspection 
in a sub-sample of the cohort households. Our study provides compre-
hensive data on multiple indoor air pollution sources of exposure for a 
larger population than previously reported on. Nevertheless, our co-
hort’s data on exposures is not exhaustive, as data on mechanical or 
technological ventilation, use of cleaning products, seasonal variations 
in indoor activities, renovations, building materials of concern, and 
specific pollutants were not available. Additionally, the interactions 
between outdoor and indoor environment are not examined here. 

We did not explicitly investigate causal effects in any of our analyses, 
so that the temporal relations and magnitude of causal effects cannot be 
assumed from our findings. Nevertheless, reverse causality is unlikely to 
explain most, if any, of these findings. 

5.1. Conclusion 

We found that socioeconomic position was strongly associated with 
nearly all indoor and housing characteristics at age 11 of the children 
participating in the Danish National Birth Cohort, with generally more 
favorable conditions among higher socioeconomic strata. We also found 
that parental diseases, such as affective disorder, were associated with 
indoor and housing characteristics. The correlations between indoor and 
housing characteristics are strong, with clustering of variables such as 
mould and moisture. When studying the effects of indoor air on child-
hood diseases, it is therefore essential to understand the complex re-
lationships between indoor and housing factors and the people that 
shape them. 
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air quality in energy-efficient dwellings: levels and sources of pollutants. Published 
online Indoor Air. 28 (2), 318–338. https://doi.org/10.1111/ina.12431. 

Eller, E., Roll, S., Chen, C.-M., Herbarth, O., Wichmann, H.-E., von Berg, A., Krämer, U., 
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