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Long‐term exposure to neighborhood smoke from household
heating and risk of respiratory and dermatological prescription
medications—Growing Up in New Zealand child cohort study

To the Editor,

Domestic wood‐heating has regained popularity in Europe and

Northern America due to policies encouraging wood and other bio-

mass burning for energy security and climate change mitigation.1

Whether these policies are truly low‐carbon has been questioned,2

and they also have important implications for air quality. Ambient

wood‐smoke exposure is associated with childhood respiratory dis-

eases3 but investigation of wood‐smoke exposure on childhood skin

diseases is limited. We aimed to assess childhood exposure to neigh-

borhood environments with wood/coal heated households and the

onset of both respiratory and skin diseases.

This analysis included 3461 children (Data S1) from the Growing

Up in New Zealand cohort study4 and used data collected from face‐
to‐face and telephone interviews with their parents during the third

trimester of the mother's pregnancy (2008‐2010), when the children

were 9 months (2009‐2011), 2 years (2011‐2012), and 4½ years

(2013‐2014) old.
We established data linkage with pharmaceutical (Data S2) and

perinatal records from New Zealand national datasets. We

assessed first‐time dispensing for respiratory and/or dermatological

medication prescriptions during the cooler season (April to Novem-

ber) (Data S3) in the first 48 months of life as the outcome group

(those with no such prescriptions dispensed as the reference

group) after excluding same‐date episodes that also contained out-

comes other than respiratory and/or dermatological (i.e., multiple

outcomes).

Based on the smallest statistical area unit (meshblock), we geo-

coded the children's residential locations to link up with the 2013

New Zealand Index of Deprivation and the density of wood/coal

heated households (number per hectare) derived from census
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database.5 We accounted for residential mobility across the four

time points using time‐weighted averages of cumulative exposure

method.6

Multilevel logistic regression was used to assess associations

between the exposure variables of wood/coal smoke (either as a

continuous or quartile categorical variable) and each binary outcome

variables (prescriptions for respiratory medications, or dermatologi-

cal medications or either respiratory or dermatological medications),

with adjustment for child's sex, child's main ethnic group, birth

weight, exclusive breastfeeding duration, mother's age at child's

birth, household tenure at birth, wood/coal heating of own home,

presence of smokers at home, specific household hardship (putting

up with feeling cold to save heating costs or being forced to buy

cheaper food to afford other things needed), and the meshblock‐
level NZ Deprivation Index score, as well as the random effects due

to clustering in area census units nested within different regional

councils. We conducted sensitivity analyses on the association

between exposure and outcome in crude and partly adjusted mod-

els, and by using the pharmaceutical records that described pre-

scriptions dispensed during the warmer seasons (December to

March).

Among 3461 children, 1372 (40%) received respiratory, 2456

(71%) received dermatological, and 2750 (79%) received respiratory

or dermatological prescriptions during the cooler season in the first

4 years of life. Among them, there were 8993 respiratory prescrip-

tions (prevalently for allergic‐related treatments) including antihis-

tamines (62%) and beta‐adrenoceptor agonists (30%); and 25 666

dermatological prescriptions (prevalently in atopic dermatitis treat-

ments) including topical corticosteroids (42%) and barrier creams

and emollients (29%). The mean (±SD) number of prescriptions dis-

pensed to these children in their first 4 years was 6.6 (±6.1) for res-

piratory (n = 1372), 10.5 (±11.5) for dermatological (n = 2456), and

TABLE 1 Multivariable analysis: Exposure to neighborhood ambient wood or coal smoke and the odds of receipt of first‐time prescriptions
for respiratory, dermatological, and respiratory or dermatological medications during cooler seasons in the first 4 years of life

Independent variables n %

Adjusted OR (95% CI)

FA1 respiratory FA2 dermatological
FA3 respiratory or
dermatological

Wood or coal smoke 2nd Qa (Ref: 1st Q) 865 25 1.08 (0.88, 1.32) 1.04 (0.85, 1.29) 1.15 (0.91, 1.45)

Wood or coal smoke 3rd Qa 866 25 1.13 (0.92, 1.38) 1.23 (0.99, 1.52) 1.35 (1.06, 1.71)

Wood or coal smoke 4th Qa 865 25 1.27 (1.04, 1.55) 1.38 (1.11, 1.71) 1.48 (1.17, 1.89)

Female (Ref: male) 1686 49 0.68 (0.59, 0.79) 1.06 (0.91, 1.23) 0.91 (0.77, 1.08)

Māori (Ref: European/New Zealander) 793 23 1.19 (0.99, 1.44) 1.47 (1.19, 1.80) 1.42 (1.12, 1.79)

Pacific 332 10 1.06 (0.82, 1.39) 1.21 (0.91, 1.62) 1.30 (0.93, 1.80)

Asian 477 14 1.67 (1.34, 2.07) 1.83 (1.42, 2.37) 1.85 (1.38, 2.50)

Other ethnicities 74 2 1.31 (0.81, 2.12) 0.89 (0.54, 1.46) 1.39 (0.75, 2.58)

Birth weight 2nd T (Ref: 1st T) 1164 34 1.09 (0.92, 1.29) 0.96 (0.80, 1.16) 1.02 (0.82, 1.26)

Birth weight 3rd T 1147 33 0.86 (0.72, 1.03) 0.86 (0.71, 1.03) 0.79 (0.64, 0.97)

Excl. breastfed ≥6 M (Ref: <6 M) 776 22 0.87 (0.73, 1.03) 0.96 (0.80, 1.15) 0.99 (0.81, 1.22)

Mother's age 2nd T (Ref: 1st T) 1155 33 0.85 (0.71, 1.02) 0.70 (0.58, 0.85) 0.71 (0.56, 0.88)

Mother's age 3rd T 1153 33 0.85 (0.71, 1.02) 0.62 (0.51, 0.76) 0.65 (0.52, 0.82)

Private rental (Ref: Owner) 1239 36 1.00 (0.85, 1.17) 0.82 (0.69, 0.97) 0.86 (0.71, 1.05)

Public rental 148 4 1.09 (0.76, 1.57) 0.96 (0.63, 1.45) 1.00 (0.62, 1.62)

Other household tenure 76 2 1.63 (1.01, 2.61) 0.66 (0.40, 1.07) 0.73 (0.43, 1.23)

Wood/coal heating at home (Ref: no) 961 28 0.88 (0.75, 1.03) 0.84 (0.71, 0.99) 0.76 (0.63, 0.92)

Number of home smokers ≥1 (Ref: 0) 803 23 0.93 (0.78, 1.10) 1.01 (0.83, 1.23) 0.98 (0.79, 1.22)

Household hardship (Ref: no) 1767 51 1.13 (0.98, 1.31) 1.17 (1.00, 1.37) 1.18 (0.99, 1.40)

Area deprivation 2nd Ta (Ref: 1st T) 1157 33 0.88 (0.74, 1.05) 0.95 (0.79, 1.15) 0.98 (0.79, 1.20)

Area deprivation 3rd Ta 1153 33 0.92 (0.76, 1.11) 0.95 (0.77, 1.16) 0.94 (0.75, 1.18)

Other model information

P‐value for random intercepts 0.41 0.49 0.54

P‐value for linear exposure–response relationshipb 0.02 0.03 0.003

OR (95%CI) per wood or coal smoke household per ha 1.04 (1.00, 1.09) 1.07 (1.02, 1.12) 1.08 (1.02, 1.14)

Statistically significant odds ratios are shown in bold.

a, area‐level variable; b, between the quartiles of wood or coal smoke and the health outcome; 95%CI, 95% confidence intervals; FA, fully adjusted

model; ha, hectare; M, month; T, tertile; OR, odds ratios; Ref, reference group; Q, quartile.
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14.0 (±14.7) for respiratory or dermatological medications

(n = 2750). The age at first dermatological medication prescription

(median=162 days) being earlier than the age at first respiratory

medication prescription (465 days) is consistent with the atopic

march. Living in the highest density quartile of wood/coal heated

households was associated with a 27% [4%‐55%], 38% [11%‐71%]

and 48% [17%‐89%] increased odds of receiving first‐time prescrip-

tions for respiratory, dermatological, and respiratory or dermatologi-

cal medications respectively (Table 1). Positive linear exposure–
response relationships were detected across all models. Sensitivity

analyses showed that the associations between exposure and out-

comes were present in all models in the cooler but not in the war-

mer months (Table 2).

Our findings of an increased odds of young children receiving

respiratory medications are consistent with other studies on the

effects of wood‐smoke exposure.1 This finding supports using the

same modeling approach to assess the rarely reported effects on

childhood skin diseases. We could only find four relevant studies on

the effects of household wood/coal heating on childhood skin dis-

ease (Data S4) but none of these examined exposure to ambient

wood/coal smoke. The less heterogeneous wintertime particulate air

pollution in New Zealand (~83% by wood burning) allows us to avoid

the need to assess particle mass concentration and compositions

from other sources. Therefore, we could apply a simpler approach

using the census‐based density exposure variable that provides read-

ily interpretable information for policy review (Data S5). In our study,

we also took into account wood/coal heating in the child's home,

which was counterintuitively associated with a decreased odds of

first‐time respiratory and/or dermatological prescriptions. However,

ground level smoke concentration is very low below the chimney

but increases to a maximum at a horizontal distance (~10 × chim-

ney's height) away from the chimney.7 Therefore, wood/coal smoke

emitted from neighboring households’ chimneys contributes more to

indoor infiltration and exposure than that emitted from the chimney

in the child's home. The decreased odds we observed here may be

related to wood/coal heating being used instead of other less healthy

heating methods, for example, unflued gas heating.8 Unmeasured

residual confounding might still exist (e.g., wood‐burner design, sea-

sonal pollination) even though we have adjusted for potential con-

founders. Nevertheless, we have taken into account both spatial

TABLE 2 Sensitivity analyses: Odds ratios for 2nd, 3rd and 4th quartile of exposure to neighborhood ambient wood or coal smoke in the
crude, partly (PA) and fully adjusted (FA) models of receipt of first‐time prescriptions for respiratory, dermatological, and respiratory or
dermatological medications in the first 4 years of life

Respiratory
Odds ratios (95%CI)

Dermatological
Odds ratios (95%CI)

Respiratory or dermatological
Odds ratios (95%CI)

Crude (cooler season) 1.08 (0.89, 1.32) 1.12 (0.91, 1.37) 1.23 (0.98, 1.55)

1.13 (0.93, 1.37) 1.30 (1.05, 1.60) 1.44 (1.14, 1.82)

1.23 (1.01, 1.15) 1.36 (1.10, 1.69) 1.48 (1.17, 1.88)

n = 3461, y%=40% n = 3461, y%=71% n = 3461, y%=79%

PA1: child variables only

(cooler season)

1.08 (0.88, 1.32) 1.08 (0.88, 1.33) 1.19 (0.95, 1.50)

1.12 (0.92, 1.37) 1.26 (1.02, 1.56) 1.40 (1.10, 1.77)

1.23 (1.01, 1.50) 1.36 (1.10, 1.69) 1.48 (1.16, 1.87)

n = 3461, y%=40% n = 3461, y%=71% n = 3461, y%=79%

PA2: PA1 + maternal variables

(cooler season)

1.07 (0.87, 1.30) 1.06 (0.86, 1.30) 1.17 (0.93, 1.47)

1.12 (0.92, 1.36) 1.24 (1.01, 1.54) 1.38 (1.09, 1.75)

1.25 (1.02, 1.52) 1.39 (1.12, 1.72) 1.50 (1.18, 1.90)

n = 3461, y%=40% n = 3461, y%=71% n = 3461, y%=79%

PA3: PA2 + home environmental

variables (cooler season)

1.07 (0.87, 1.30) 1.04 (0.84, 1.28) 1.14 (0.90, 1.44)

1.11 (0.91, 1.36) 1.22 (0.99, 1.51) 1.34 (1.06, 1.70)

1.26 (1.03, 1.54) 1.38 (1.11, 1.71) 1.48 (1.17, 1.88)

n = 3461, y%=40% n = 3461, y%=71% n = 3461, y%=79%

FA4: warmer season instead

of cooler season

0.97 (0.20, 4.64) 0.92 (0.75, 1.13) 0.94 (0.24, 3.61)

0.95 (0.20, 4.55) 0.95 (0.78, 1.18) 0.98 (0.25, 3.80)

0.99 (0.21, 4.68) 0.92 (0.75, 1.13) 1.00 (0.26, 3.81)

n = 3184, y%=22% n = 3184, y%=52% n = 3184, y%=62%

Child: sex, ethnicity, birth weight. Maternal: breastfeeding, mother's age. Home environmental: smokers, solid fuel heating at home, and household hard-

ship. Statistically significant odds ratios are shown in bold.

CI, confidence intervals; FA, fully adjusted model; n, number of children included in the model; PA, partly adjusted model; y%, percentage of children

with the outcome.
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(meshblock level) and temporal factors (partitioned to cooler season)

so that spatial‐ or temporal‐only residual confounding will have been

further reduced.

Living in an environment with higher density of wood/coal

heated households in the first 4 years is associated with an

increased risk of having first‐time respiratory and/or dermatological

medications (mainly allergy‐related), which may indicate the innate

immunomodulatory effects of wood‐smoke particles.9 That the asso-

ciations were found in the cooler but not the warmer season is con-

sistent with wintertime particulate emissions from residential

heating. Our finding that community wood/coal smoke affects skin

health of children in an exposure–response relationship is novel and

warrants further investigation.
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γδ T cells amplify Blomia tropicalis‐induced allergic
airway disease

To the Editor,

Allergic asthma is a chronic and heterogeneous immunological disease

characterized by airway inflammation, hyper‐IgE production, mucus

hypersecretion and airway hyperreactivity (AHR). The most studied

house dust mites’ (HDM) respiratory allergens belong to Der-

matophagoides pteronyssuns and Dermatophagoides farinae mite spe-

cies. However, the storage mite Blomia tropicalis represents an

important allergenic source and sensitization to its allergens is com-

monly associated with typical clinical manifestations of allergy, includ-

ing asthma.1–3 Although these mites may coexist in tropical and

subtropical regions, B. tropicalis is the major allergen in some coun-

tries.4,5 A limited number of reports have focused on the allergic pro-

cesses involved in the immune responses triggered by B. tropicalis.3,6,7

Here, we used allergic asthma murine models and ex vivo analysis of

B. tropicalis allergic subjects to better explore the role of immune cells

in allergic responses obtained in the context of B. tropicalis exposure.

Mice received B. tropicalis allergens exclusively administered

intranasally (without adjuvant) for both sensitization and challenge

phases (Appendix S1). This model reproduced the major allergic

asthma hallmarks, namely enhanced BALF cell counts accompanied

by airway eosinophilia and airway hyperresponsiveness (AHR) (Fig-

ure 1A and B). We addressed the involvement of IL‐4, as a major

Th2 cytokine by comparing lung inflammation in IL‐4‐deficient
(IL‐4−/−) and wild‐type (WT) mice. The lack of IL‐4 resulted in the

absence of the typical airway eosinophilia and AHR observed in WT

mice following B. tropicalis sensitization and challenge (Figure S1A

and B). These results show that IL‐4 is required for B. tropicalis aller-

gen‐induced asthma in our model.

Distinct immune cells, such as iNKT cells and γδ T cells, may be

capable to secrete IL‐4 and favour asthmatic inflammatory Th2‐cyto-
kine‐dependent responses.8,9 As previously described, iNKT cells can

be divided into three major subsets, iNKT1 (IFN‐γ and IL‐4 produc-

ers), iNKT2 (IL‐4 producers) and iNKT17 (IL‐17 producers).

These subsets were present in the lung of B. tropicalis‐treated mice

(Figure S2A). No major differences were observed concerning their

ability to secrete IL‐4, IL‐13 or IFN‐γ but the frequency of IL‐17‐pro-
ducing iNKT cells was enhanced when compared to controls

(Figure S2A). However, this enhanced frequency was not critical for

airway inflammation since iNKT cell‐deficient mice presented similar

airway eosinophilia than WT mice (Figure S2B).

Concerning γδ T cells, including the Vγ1.1+ (hereafter mentioned

as Vγ1+) γδ T‐cell subset, we found that their number were higher in

the lung of B. tropicalis‐treated than in NaCl‐treated mice (Figure S3).

It is noteworthy that airway eosinophilia and AHR were significantly

reduced in B. tropicalis‐sensitized and B. tropicalis‐challenged TCRδ−/−

mice when compared to WT controls (Figure 1C, 1D). Further, IgE

levels in the serum, Mucin‐5 mRNA expression and mucus deposition

in the lung were also impaired in TCRδ−/− compared to WT mice (Fig-

ure S4). Previous reports have shown that the influence of γδ T cells

on allergic responses may be complex.9 Here, we focused our analysis

on Vγ1+ and Vγ1− γδ T‐cell subsets (Figure S5A). Among γδ T cells,

IL‐4 and IL‐13 were mainly produced by the Vγ1+ γδ T‐cell subset in
the lungs of the asthmatic mice (Figure S5B and C). Of note, the fre-

quency of IL‐4+ and IL‐13+ among gated Vγ1+ γδ T cells from B. tropi-

calis‐treated mice was higher than in controls (Figure S5B). These cells

also secreted higher levels of IFN‐γ and IL‐17 in asthmatic mice (Fig-

ure S5B). In contrast, the percentage of IL‐4+, IL‐13+, IL‐17+ and

IFN‐γ+ among gated Vγ1− subset was similar in mice treated with

B. tropicalis and controls (Figure S5B and C). These findings indicating

that cytokine‐producing Vγ1+ γδ T cells may be critical for this inflam-

matory allergic response.

The enhanced frequency of IL‐4‐producing Vγ1+ γδ T cells in the

lung of B. tropicalis‐treated mice (Figure S5B) led us to the question

whether airway eosinophilia and AHR could be restored by transfer-

ring fully competent Vγ1+ γδ T cells to B. tropicalis‐sensitized and

B. tropicalis‐challenged TCRδ−/− mice. This was the case since the

adoptive transfer of 25 000 Vγ1+ γδ T cells from WT mice one hour

before the first challenge restored airway inflammation, particularly

for airway eosinophilia, and AHR in TCRδ−/− mice (Figure 1E and F).

In contrast, adoptive transfer of Vγ1+ γδ T cells from IL‐4−/− mice had

no effect (Figure 1E and F). The failure to develop an effective AHRAbbreviations: AHR, airway hyperreactivity; BALF, bronchoalveolar lavage fluid; WT, wild

type.
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1

Supplementary material 1: Attrition flow diagram describing the number of children1
included in this data analysis2

3

4



2

Supplementary material 2: Using pharmaceutical records to define outcomes5

Using each child’s unique National Health Index (NHI) number, we established linkage6
between the Growing Up in New Zealand data and regional and national datasets, including7
perinatal records and the New Zealand Ministry of Health Pharmaceutical Collection. The8
Pharmaceutical Collection includes records of all subsidized medications dispensed to the9
cohort children from community pharmacies. In New Zealand, more than 20,000 medicines10
and medical devices are currently subsidized by the government11
(www.pharmac.govt.nz/medicines). Prescriptions for children under six years old are fully12
subsidized (1). The Pharmaceutical Collection does not include medications dispensed from13
hospital pharmacies during emergency department or inpatient visits or given directly by a14
doctor in emergency circumstances on a physicians’ supply order. Our earlier study has15
applied these data to describe community antibiotic prescriptions dispensed to the cohort (2).16

Both respiratory and dermatological outcomes in this analysis are defined based on17
broad drug classification level-1 categories in the Pharmaceutical Collection. Level-218
classifications of respiratory medication prescriptions in our data included antihistamines,19
beta-adrenoceptor agonists, inhaled corticosteroids, nasal preparations, anticholinergic20
agents, and inhaled long-acting beta-adrenoceptor agonists. Level-2 classifications of21
prescriptions for dermatological medications included topical corticosteroids, barrier creams22
and emollients, topical anti-bacterials and antifungals, psoriasis and eczema preparations,23
parasiticidal preparations, antipruritic preparations, scalp preparations, minor skin infection24
preparations, anti-acne preparations, disinfecting and cleansing agents, and other skin25
preparations.26

Caution in interpretations: The prescription outcomes we defined in this study could27
represent a mix of several treatments or preparations rather than a specific disease. Besides,28
acute or asymptomatic events that required emergency room visits or hospital admissions29
were not captured. Nevertheless, pharmaceutical data in New Zealand has full coverage30
across the country (3) with high quality necessary for epidemiological research (4).31
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Supplementary material 3: Justifications for the partition of cooler and warmer seasons46

47

Sources of ambient temperature data for the four cities in New Zealand with the largest48
populations:49

City Population Source of temperature data
Auckland 1,495,000 http://www.myweather2.com/City-Town/New-

Zealand/Auckland/climate-profile.aspx
Wellington 405,000 http://www.myweather2.com/City-Town/New-

Zealand/Wellington/climate-profile.aspx
Christchurch 389,700 http://www.myweather2.com/City-Town/New-

Zealand/Christchurch/climate-profile.aspx
Hamilton 230,000 http://www.myweather2.com/City-Town/New-

Zealand/Hamilton/climate-profile.aspx
50

Average minimum temperature (°C)

Auckland Wellington Christchurch Hamilton

Population-
weighted
average

January 16 14 12 16 15.1

February 16 14 12 16 15.1

March 15 13 9 14 13.7

April 13 12 7 12 11.8

May 11 10 4 10 9.7

June 9 8 1 8 7.5

July 8 7 1 7 6.7

August 8 7 3 7 7.0

September 10 9 5 9 9.0

October 12 10 6 11 10.7

November 13 11 8 12 11.8

December 15 13 10 15 13.9

Population 1,495,000 405,000 389,700 230,000

Weighting 0.59 0.16 0.15 0.09
51

52

Reference:53

"Subnational Population Estimates: At 30 June 2016 (provisional)". Statistics New Zealand.54
21 October 2016. Accessed on 16 August 2017.55

56

57

58
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Supplementary material 4: Literature review on the effects of wood/coal smoke on59
children skin60

61

PubMed search terms: (children OR child OR childhood) AND (skin OR eczema OR "atopic62
dermatitis" OR dermal) AND (wood OR coal) AND (heating OR burning OR combustion63
OR stove)64

65

We identified only four relevant studies when we searched the PubMed database in June66
2018 using the above search terms. Two studies in Germany investigated the effects of67
wood/coal heating on eczema in children. Both studies found no association between the68
indoor wood/coal used for heating the home and the odds of atopic dermatitis (1) and eczema69
(2). A cross-sectional study in Belarus also did not find any associations between exposure to70
indoor wood/coal heating at home and the odds of atopic eczema and recurrent itchy rash in71
the past 12 months among children living in both urban and rural areas (3). The one72
published study to date that has shown an association between childhood exposure to indoor73
wood-stove heating and the presence of physician-diagnosed atopic dermatitis was conducted74
in Finland, but the association was only evident among children living on farms (OR 1.44,75
p=0.049) and not among children living in other rural or in urban settings (4).76
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Supplementary material 5: Current policies on wood/coal smoke emissions93

Wood burners are still promoted by the government for household heating in some developed94
countries, including Denmark, Germany, Norway, the United Kingdom and North America95
(1). In London, where the government has provided incentives for new wood burners, the96
annual increase, from 2009 to 2011, in particulate matter concentration due to domestic wood97
burning for heating in wintertime was estimated to be at least six times more than the annual98
decrease in particulate concentration due to road traffic emission control schemes (2).99
Wood/coal burning has now become an increasing source of fine particulate emissions100
globally (3) and could have exceeded the particulate emissions from road transport (4).101

In New Zealand, the regulation on wood smoke emissions, stated in the Resource102
Management Regulations 2004 (The National Environmental Standards for Air Quality –103
Section 22-23) (5), is that "the discharge of particles to air from a woodburner installed after104
1 September 2005 in a building on a property with an allotment size of less than 2 hectares is105
prohibited". However, exemption is given to households with woodburners that satisfy106
specific standards including wood smoke discharge being less than 1.5 g of particles for each107
kilogram of dry wood burnt. Under the New Zealand National Environmental Standards for108
PM10 of 50 microgram per cubic meter, to dilute 1.5 g of particles requires 30,000 m3 of fresh109
clean air, which is a volume of air that is 10 times above the height of a single storey house110
on a typical suburban land area of 800 m2. A review of the current regulation on wood/coal111
smoke emissions would appear necessary given the rapid increases in population density in112
some urban areas of New Zealand in recent years.113

114
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