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AbstrAct
Objectives We carried out an evaluation of a large-scale 
New Zealand retrofit programme using administrative 
data that provided the statistical power to assess 
the effect of insulation and/or heating retrofits on 
cardiovascular and respiratory-related mortality in people 
aged 65 and over with prior respiratory or circulatory 
hospitalisations.
Design Quasi-experimental cohort study based on 
administrative data.
setting New Zealand.
Participants From a larger study cohort of over 900 000 
people, we selected two subcohorts: 3287 people who 
were aged 65 and over and had experienced pretreatment 
period cardiovascular-related hospitalisation (ICD-10 
chapter 9), and 1561 people aged 65 and over who 
had experienced pretreatment respiratory-related 
hospitalisation (ICD-10 chapter 10).
Interventions Treatment group individuals lived in a home 
that received insulation and/or heating retrofits under the 
Warm Up New Zealand: Heat Smart programme. Control 
group individuals lived in a home that was matched to a 
treatment home based on physical characteristics and 
location.
Primary and secondary outcome measures HR for  
all-cause mortality for treatment with insulation, heating, 
or insulation and heating relative to control group.
results People with pretreatment circulatory 
hospitalisation who occupied a household that received 
only insulation had an HR for all-cause mortality of 
0.673 (95% CI 0.535 to 0.847) (p<0.001) relative to 
control group members. Individuals with a pretreatment 
respiratory hospitalisation who occupied a household 
that received only an insulation retrofit had an HR for 
all-cause mortality of 0.830 (95% CI 0.655 to 1.051) 
(p=0.122) relative to control group members. There 
was no evidence of an additional benefit from receiving 
heating.
conclusions We interpret the hazard rate observed 
for cardiovascular subcohort individuals who received 
insulation as evidence of a protective effect, reducing 
the risk of mortality for vulnerable older adults. There is 
suggestive evidence of a protective effect of insulation 
for the respiratory subcohort.

IntrODuctIOn
Recent systematic reviews of associa-
tions between housing and health have 
concluded that there is strong evidence 
for an association between energy efficien-
cy-related retrofits and a variety of health 
outcomes including respiratory health.1 2 
Randomised controlled trials carried out in 
New Zealand, which has relatively poor 
quality housing for a first world nation,3 
have linked insulation retrofits with 
reductions in respiratory symptoms and 
days off work and school.4 They have also 
linked retrofitted heating with reductions 
in wheeze for children with asthma and 
reduced general practitioner visit rates.5 
The hypothesised causal pathways include 
reductions in exposure to allergens such as 
mould and dust mite faecal matter due to 
reduced dampness and reductions in bron-
choconstriction resulting from increased 
indoor temperatures. Patterns of excess 
winter mortality and morbidity observed 
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strengths and limitations of this study

 ► A large cohort allows for the analysis of mortality, 
a rare event that has previously been difficult to 
explore in this field.

 ► The study’s quasi-experimental cohort design limits 
the impact of selection bias.

 ► The cohort is constructed from an administrative 
data set that does not include individual health 
data such as smoking status or obesity, making it 
impossible to explicitly control for such factors.

 ► The data do not include causes of mortality, which 
limits the strength of the conclusions that can be 
drawn from results.

 ► Population mobility and the limitations of 
administrative address data introduce the potential 
for non-differential misclassification bias towards 
the null.
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in New Zealand driven by cardiovascular and respi-
ratory illnesses are also consistent with the exposure 
of vulnerable groups to low indoor temperatures.6 7 
However, none of these prior New Zealand trials, nor 
those in other countries, have been of sufficient scale 
to detect statistically significant impacts of retrofits on 
rare events such as mortality.

In 2009, responding to the global financial crisis and 
a growing political consensus regarding the energy effi-
ciency and public health benefits of improving housing 
stock, the New Zealand government implemented a 
large-scale intervention that part-funded the retrofit-
ting of private homes with energy efficiency measures. 
Warm Up New Zealand: Heat Smart (WUNZ: HS) was 
a multiyear $347 million programme (July 2009–2014) 
that primarily provided part-funding for floor and 
ceiling insulation and heating retrofits (primarily 
heat pumps). Heating retrofits were only available to 
homes that met minimum floor and ceiling insulation 
standards, either due to pre-existing insulation or as 
a result of having also received retrofitted insulation 
under the programme. A consortium of academics and 
researchers was commissioned by central government 
to carry out a cost:benefit evaluation of WUNZ: HS,8 
which included two reports on health impacts9 10 and 
a paper describing energy impacts.11 Health-related 
findings included statistically significant reductions in 
household-level hospitalisation costs and pharmaceu-
tical use costs and reductions in hospitalisation rates for 
children following insulation retrofits.12

This paper presents an analysis of the impact of 
floor and ceiling insulation retrofits and heating retro-
fits on mortality risk for two subcohorts: older adults 
with either a pretreatment cardiovascular hospital-
isation (ICD-10 chapter 9) or a respiratory hospi-
talisation (ICD-10 chapter 10). These groups were 
identified as being particularly likely to experience 
reduced mortality after home retrofits. The selection 
of subcohorts was informed by previous New Zealand 
studies that identified patterns of excess winter respi-
ratory and circulatory mortality in New Zealand,6 a 
statistically significant correlation between housing 
type and winter morbidity,7 and relationships between 
both low income and tenure status and excess winter 
mortality.13 The hypothesised causal pathways linking 
low indoor temperatures and cardiovascular mortality 
and morbidity include increased blood pressure and 
increased platelet, fibrinogen, and red and white 
blood cell counts induced by lower temperatures.7 14 
The hypothesised causal pathways linking low indoor 
temperatures and respiratory mortality and morbidity 
include higher rates of respiratory illness due to 
cold-induced inflammation of the respiratory tract, 
bronchoconstriction, suppressed immune response 
and increased exposure to micro-organisms that cause 
respiratory illness due to extended survival time in 
droplets in colder environments.7 14

MethODs
The WUNZ: HS evaluation was a quasi-experimental 
study made possible by the linking of administrative 
data sets described in Telfar Barnard et al.15 Use of 
administrative data sets meant that a very large cohort 
could be created, giving the evaluation greater statis-
tical power to assess the impact of insulation and 
heating retrofits on rare events such as hospitalisation 
and death than previous studies. The cohort building 
process is briefly summarised below.

cohort construction
After ethics approval was obtained, the Energy Effi-
ciency and Conservation Authority (EECA) provided 
address and retrofit data for homes whose owners 
participated in WUNZ: HS during the first 8 months of 
the programme. This cut-off reflected the time frame 
imposed by the commissioned evaluation. The data 
were forwarded to Quotable Value (QV), a commercial 
entity with extensive high-quality data on New Zealand 
housing quality and characteristics. QV identified up 
to 10 matched control homes where possible, based 
on our matching protocol which combined location, 
construction decade, quality, size and a number of 
other factors relevant to thermal performance. Anony-
mised health and demographic data for treatment and 
control dwelling occupants were then obtained from the 
Ministry of Health (MOH) based on the unique National 
Health Index (NHI) identifiers linked to each address, 
producing an initial cohort of nearly one million anony-
mised individuals. NHI-based linkage of administrative 
data sets meant that it was possible to obtain demo-
graphic and hospitalisation data for cohort individuals. 
Health service-use data were obtained for the period 
of January 2008–December 2012, enabling the calcula-
tion of pretreatment and post-treatment hospitalisation 
and pharmaceutical use rates. Data cleaning included 
removal of implausibly old individuals and implausibly 
crowded homes, a result of the limitations of the address 
field of the NHI data set, which reflects the most recent 
address update for an individual, which typically occurs 
after contact with a healthcare provider. The final study 
cohort contained 916 504 individuals from 245 778 
households: cohort construction is described fully in 
Telfar Barnard et al10 and Preval,16 and is summarised 
in online supplementary appendix 1. The data avail-
able for each cohort member are summarised in online 
supplementary appendix 2.

The two subcohorts constructed for the analyses 
presented in this paper were further limited to individ-
uals who had experienced a circulatory or respiratory 
hospitalisation during their pretreatment period and 
who were alive and aged 65 or over at the time that the 
home that they occupied first received treatment under 
WUNZ: HS, or in the case of control group individuals 
at the time that the treatment group home matched to 
their home received treatment.

https://dx.doi.org/10.1136/bmjopen-2017-018079
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treatment characteristics
Three retrofit treatment types were analysed. First, 
insulation only, which indicated that a variety of  
EECA-specified underfloor and ceiling insulation prod-
ucts were retrofitted so that floor and ceiling insula-
tion met the EECA standards (typically an R value of R 
2.9 R4 for ceiling insulation and R 1.4–R 1.8 for under-
floor insulation). Although no field data were collected, 
a New Zealand study of insulation retrofits with similar 
parameters found that insulation retrofits increased 
the average indoor bedroom temperatures by approx-
imately 0.5°C, reduced time exposed to temperatures 
below 10°C by 1.7 hours per day and decreased relative 
humidity by 2.3%.4

The second treatment type was heating only, which 
indicated the retrofitting of an energy-efficient heater 
from an EECA-specified list (the majority of homes 
chose heat pumps) and was only available to homes with 
pre-existing underfloor and ceiling insulation that met 
the EECA standards. A randomised controlled trial of 
similar heating retrofits with baseline underfloor and 
ceiling insulation recorded an increased average living 
room temperature by 1.1°C5

The final treatment type was insulation and heating, 
which indicated the concurrent retrofitting of both 
insulation and a heater to the above specifications. It 
is likely that the temperature and humidity benefits of 
this treatment type would exceed those gained from 
either of the other treatment types.

Analysis of mortality data
The models used to analyse the impact of the three treat-
ment types on mortality risk were standard Cox propor-
tional hazards models run using Stata V.13. Despite the 
similarities of the two subcohorts, modelling attempted 
to further reduce confounding by considering as poten-
tial confounders all available demographic and house-
hold-level characteristics. The models included age, 
gender, ethnicity, pretreatment hospitalisation severity 
as measured by average annual cost, dwelling quality 
and climate zone. Continuous variables were trans-
formed using the fractional polynomial approach.17 
Biologically plausible interactions with age and sex 
were considered for inclusion in models. Clustering at 
the level of matched treatment and control households 
was adjusted for in calculating SEs. Covariates that were 
not statistically significant and whose removal did not 
meaningfully impact the coefficients or CIs of the vari-
ables of interest were discarded for reasons of model 
parsimony.

Mortality data were modelled for the post-treat-
ment period only. This decision was made because 
including pretreatment period data would be likely 
to produce misleading estimates, as a death might 
preclude a household participating in the WUNZ: HS 
programme but would not impact inclusion in the 
control group. Mortality calculations were based on 
the date of death field in the NHI. Cause of death data 

were not obtained due to concerns about data quality 
and anonymity.

results
The circulatory subcohort contained 3287 older adults, 
788 who received insulation only, 78 who received 
heating only, 131 who received both and 2290 control 
group members. During the follow-up period, 511 subco-
hort members died. The follow-up period comprised 
2 195 452 days total time, with an average follow-up time 
of 668 days per person (the maximum follow-up period 
was 883 days). The respiratory subcohort contained 
1561 older adults: 401 who received insulation only, 44 
who received heating only, 68 who received both and 
1048 control group members. During the follow-up 
period, 379 subcohort members died. The follow-up 
period comprised 984 895 days total time, with an 
average follow-up time of 631 days per person.

Comparison of treatment groups with the control 
group with regard to age distribution, sex distribution, 
ethnicity, average annual pretreatment period hospital-
isation costs, housing characteristics and socioeconomic 
status measured using New Zealand Deprivation Index 
scores (an area-based deprivation index derived from 
census data) did not demonstrate statistically significant 
differences. Key characteristics of the two subcohorts 
are presented in table 1, and a complete summary of 
all characteristics is presented in online supplemen-
tary appendix 3 and appendix 4.

Figure 1 and figure 2 present the Kaplan-Meier 
survival curves for the two subcohorts. Log-rank tests 
indicate that there is a statistically significant difference 
between the survivor functions of the treatment groups 
for the circulatory subcohort but not for the respiratory 
subcohort.

Unadjusted HRs (relative to the control group) for 
the treatment variables of interest for both subcohorts 
are presented in table 2. The adjusted coefficients are 
presented in table 3.

The adjusted model results indicate that receiving an 
insulation retrofit had a strongly protective effect for the 
circulatory subcohort, with a statistically significant HR 
of 0.673 for the insulation group relative to the control 
group, interpretable as a 32.7% reduction in mortality risk 
during the period studied. Individuals in the circulatory 
subcohort that received both insulation and heating also 
demonstrated a lower mortality hazard rate, which was 
indistinguishable from the insulation-only group using 
the Mann-Whitney test. Results for circulatory subcohort 
individuals who received heating only did not indicate any 
statistically meaningful impact. Results for the respira-
tory subcohort suggested a protective impact of receiving 
insulation, consistent both for individuals who received 
insulation only and insulation and heating. Neither result 
was statistically significant at the p<0.05 level, although 
the HR for insulation only relative to the control group 
approached statistical significance at the p<0.1 level 
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Figure 1 Kaplan-Meier survival estimates for the circulatory subcohort.

Figure 2 Kaplan-Meier survival estimates for the respiratory subcohort.

(p=0.122). There was no evidence for a statistically signif-
icant impact of heating only on mortality hazard for the 
respiratory subcohort.

Model testing indicated that the HR reported for 
the insulation-only group in the circulatory subcohort 
was robust to the influence/exclusion of individuals, 
although this was not the case for the smaller heating only 
and insulation and heating groups, which reflected the 
smaller size of these groups but meant that the beneficial 

reduction in mortality risk observed for the insulation 
and heating group may not be robust. The respiratory 
subcohort did not contain individuals who had excessive 
influence on the coefficients of the variables of interest.

The underlying proportionality assumption of the 
models was tested by assessing Schoenfeld residuals for 
each covariate. Where residuals were large enough to 
suggest that the proportionality assumption was violated, 
interaction terms between these covariates and functions 
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Table 2 Unadjusted Cox proportional hazards model results: circulatory and respiratory subcohorts

Variable name HR (vs control) Robust SE Z p<|Z| 95% CI

Circulatory subcohort† Insulation only 0.726 0.082 −2.84 0.005*** 0.582 to 0.905

Heating only 1.312 0.308 1.16 0.246 0.8292 to 0.078

Insulation and heating 0.639 0.166 −1.73 0.084* 0.385 to 1.061

Respiratory subcohort‡ Insulation only 0.891 0.108 −0.94 0.345 0.703 to 1.131

Heating only 1.326 0.346 1.09 0.278 0.796 to 2.211

Insulation and heating 0.645 0.190 −1.48 0.138 0.362 to 1.151

*p<0.1, **p<0.05, ***p<0.01.
†Model controls for age, sex, ethnicity, NZDep 2006 score, hospitalisation-based variables, dwelling risk score and climate 
zone.
‡Model controls for age, sex, ethnicity, NZDep 2006 score, hospitalisation-based variables, dwelling risk score, climate zone, 
plus interaction terms for age and Pacific and Asian ethnicity dummy variables.

Table 3 Adjusted Cox proportional hazards model results: circulatory and respiratory subcohorts

Variable name HR (vs control) Robust SE Z p<|Z| 95% CI

Circulatory subcohort† Insulation only 0.673 0.079 −3.37 0.001*** 0.535 to 0.847

Heating only 1.348 0.293 1.38 0.169  0.881 to 2.064

Insulation and heating 0.581 0.150 −2.1 0.035** 0.350 to 0.964 

Respiratory subcohort‡ Insulation only 0.830 0.100 −1.55 0.122 0.655 to 1.051

Heating only 1.129 0.313 0.44 0.662 0.656 to 1.944

Insulation and heating 0.624 0.208 −1.41 0.158 0.324 to 1.200

*p<0.1, **p<0.05, ***p<0.01.
†Model controls for age, sex, ethnicity, NZDep 2006 score, hospitalisation-based variables, dwelling risk score and climate 
zone.
‡Model controls for age, sex, ethnicity, NZDep 2006 score, hospitalisation-based variables, dwelling risk score, climate zone, 
plus interaction terms for age and Pacific and Asian ethnicity dummy variables.

of study time were included in the model. Inclusion of 
these interaction terms in the models did not materially 
alter the coefficients and CIs of the variables of interest 
(none of which demonstrated non-proportionality) and 
thus the terms were not retained for reasons of model 
parsimony. Model goodness of fit was evaluated using 
the Royston and Sauerbrei R2

D measure: the circulatory 
subcohort model had an R2

D value of 0.32 and the respira-
tory model a value of 0.27. Evaluation of each individual’s 
risk-score quantile using a method suggested by Hosmer 
et al18 indicated that the models had a good fit as did 
graphical analysis of the relationship between Cox-Snell 
residuals and study time.

DIscussIOn
The most statistically robust result from this study was 
the reduction in mortality following an insulation retrofit 
for older adults with a pre-existing circulatory condition. 
Although we did not have cause of death data, it is plau-
sible that this finding is the result of reductions in fatali-
ties resulting from cardiovascular events, a novel scientific 
finding that has been previously noted, but not fully 
explored. The lack of previous indications of an effect is 
likely to be due to prior studies’ small sample sizes, which 
meant that studies were incapable of detecting impacts 

of retrofitted insulation on rare events. The finding 
is consistent with a growing body of evidence linking 
higher indoor temperatures with reduced blood pres-
sure and other markers of cardiovascular health.19–24 It is 
important to note that generalising these results to other 
jurisdictions requires caution as a number of conditions 
would need to be met, including similar baseline internal 
temperatures and similar treatment characteristics such 
as R values for insulation.

The finding of reduced mortality risk also has signifi-
cant policy implications. When using ‘value of statistical 
life year’ derived values and conservative assumptions, the 
benefit gained per treated household per year was esti-
mated at $NZ750, which drove the calculation of a highly 
favourable benefit:cost ratio over the 30-year lifetime of 
an insulation retrofit of 6.4:1 based on the assumption 
that retrofitted homes would house a reasonably consis-
tent proportion of vulnerable occupants gaining health 
benefits during this period.16

It is important to acknowledge the limitations of these 
findings: the WUNZ: HS evaluation, as a quasi-experimental 
design, depends strongly on how well the controls represent 
what would have happened in the absence of the interven-
tion. For instance, the differences in the health status and 
trajectory of the treatment and control groups might bias 
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estimates of the effects of the intervention—for example, 
participation in the programme could indicate justified opti-
mism in ongoing health, or it could indicate that a house-
hold/individual had been encouraged to participate in the 
programme due to poor health. In addition, the limitations 
of the administrative data used meant that other relevant 
health characteristics of cohort members, such as lifestyle 
factors like smoking and obesity, could not be controlled 
for. Furthermore, the quality of EECA and MOH admin-
istrative data, while audited and of a relatively high stan-
dard, can reasonably be expected to be poorer than that 
collected as part of a clinical trial. In addition, the data set 
creation process had an initial address match rate of only 
79%, and because NHI address data are typically updated 
after an interaction with the health system a proportion 
of the cohort, particularly healthy individuals and more 
mobile groups such as young people and Māori, may not 
have lived at these addresses during some or throughout 
the study period. Fortunately, older adults are less likely to 
move than younger adults, which reduces this concern for 
the subcohorts analysed here. The pretreatment hospital-
isation criterion also makes an accurate address more likely 
because all subcohort members have had recent interactions 
with the health system. Further mitigating these concerns is 
the likelihood that non-differential misclassification would 
bias results towards a null finding. Finally, it is important to 
note that because the majority of treatment group subcohort 
members lived in homes that received retrofitted insulation 
only rather than heating only or insulation and heating, 
the study had much greater potential to detect statistically 
significant changes for insulation. Similarly, because the 
circulatory subcohort was much larger than the respiratory 
subcohort, the likelihood of finding statistically significant 
changes was greater for that subcohort.

Despite these limitations, these findings are derived 
from two relatively large subcohorts that uniquely give 
this study the power to identify the impacts of retrofitted 
insulation on mortality, setting it apart from previous 
randomised controlled trials. The findings have had 
ongoing policy influence, reflected in the continuation 
of WUNZ: HS and in the creation of its successor, Warm 
Up New Zealand: Healthy Homes. The generalisability of 
these findings to other contexts will depend on the simi-
larity of housing stock and the similarity of the insulation 
retrofits undertaken.
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