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Background: This time-stratified case-crossover study examined short-term
associations of air temperature with cause-specific mortality (natural-cause,
cardiovascular and respiratory) and potential effect modification by daily mean
air pollution concentrations and individual characteristics in the Cohort of
Norway (CONOR) cohort.

Methods: The CONOR cohort recruited ~173,000 participants from 1994 to
2003. Participants’ vital status and the cause of death were collected from the
Cause of Death Registry of Norway until 2018. Daily mean air temperatures
and concentrations of fine particulate matter (PM, 5) and ozone (O3) estimated
by spatial-temporal models were assigned to participants’ residences. We
applied conditional logistic regression models with the distributed lag non-
linear model approach to assess cold and heat effects on cause-specific
mortality. The potential effect modification was analyzed by incorporating an
interaction term between air temperature and the modifier in the regression
model. The cold and heat effects were estimated for different subgroups of
participants and at the low (5th percentile), medium (50th percentile), and
high (95th percentile) levels of air pollution.

Results: We observed an increased risk of natural-cause mortality (OR: 1.26 95%
Cl: 1.09, 1.46) for a decrease in temperature from the minimum mortality
temperature (MMT, 17.6°C) to the 1st percentile and an increased risk of
cardiovascular mortality (OR: 1.32, 95% CI: 1.04, 1.67) for a decrease from
MMT (16.1°C) to the 1st percentile. The cold effect on natural-cause mortality
was more pronounced among women, former smokers, those aged below 75
years and people with a history of cardiovascular diseases. The cold effect on
natural-cause mortality was stronger at higher levels of air pollution in winter,
and the heat effect on cardiovascular mortality were stronger with elevated air
pollution levels in summer.
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Conclusion: We find adverse short-term cold effects on overall mortality in Norway.
We further observe significant risk of cold related effects on natural and cardiovascular
mortality in the wintertime and increased risk of respiratory mortality due to higher
temperatures in the summer. We identified subpopulations who were likely to be
more at risk for temperature-related mortality. We also see that increased air
pollution impacts temperature related mortality in winter and summer time.
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Climate change and air pollution and their subsequent impacts
on health remain an issue of concern (1). While there are
numerous air-quality legislations in Europe, recent studies have
shown that health impacts of air pollution are still a concern in
Europe due to climate change (2). Changes in temperature levels
in the future could imply an increase in chemical reaction rates
that influence production and loss rates of gaseous pollutants
and hence affect local and regional pollution levels (3).

Temperature and air pollution have been increasingly shown to
be relevant environment-related factors in understanding mortality
and morbidity, especially from cardiovascular and respiratory
(CPD) causes. There have been numerous studies that examined
the impact of temperatures on mortality in a historical context
(4), including a few from Nordic countries (5). There have also
been studies focusing on cardiovascular and respiratory mortality
from both high and low temperatures (6, 7). In addition, air
pollution has further been indicated to have significant impacts
on mortality in the Nordic countries (8-10). Recent studies have
started the
temperature and air pollution and their impacts on health,
(11-

health relationships in larger areas like cities or municipalities.

increasingly to examine relationship  between

). These studies are generally designed to study exposure-

Short-term exposures are daily exposures of temperature and air
pollution compared to long-term exposure which is calculated over
the lifetime of the individual. Cohort-based data has extensively

been used in longer-term air pollution analyses ( ), including

Nordic areas (18), but have only been recently applied in short-
term temperature-related studies (19). There have been very few
studies that have considered temperature and air pollution
exposures together in cohort studies. The advantage of cohort-
based studies is the information on geolocation of households of
study participants which provides detailed exposure estimates for
the participants and their individual characteristics that can be
very relevant while understanding health impacts. Such studies
require extensive data on address-based exposures and are usually
difficult

socioeconomic data on a large number of participants, that can be

to construct. They also provide individual level
useful to examine the vulnerability of these populations.

Norway has a wide range of climatic zones, thus highlighting a
need for understanding the role of climatic variables on health
outcomes. While air pollution levels in Norway are traditionally low,
their interaction with temperature on health outcomes has not been

explored earlier. In this paper, we investigate data from a nation-
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wide cohort study using daily exposures of temperature and air
pollution to understand their impacts on natural (non-accidental)
mortality as well as from cardiovascular and respiratory causes in
Norway. To our knowledge, this is the first-time that a cohort based
study has been applied to examine exposures related to ambient
temperature and air pollution and the impacts on mortality in Norway.

Health and individual data

The Cohort of Norway (CONOR) is a collection of health data
from ten Norwegian health surveys conducted between 1994 and
2003. The CONOR database contains data from around 173,000
individuals across Norway, which were gathered through
questionnaires and physical examinations by experienced and
trained personnel. The questionnaires cover the main topics of
personal sociodemographic characteristics, lifestyle factors,
general health status, comorbidities, and use of medications. In
the health examinations, heart rate, blood pressure, height,
weight, waist, and hip circumference are measured. All
participants provided written informed consent for research and
linkage to health registries. Further details about the CONOR
cohort have been published elsewhere (20) and a summary is
available in the . We supplemented the
CONOR data with additional individual level data on socio-
economic conditions from the Statistical Bureau of Norway (SSB).

The vital status of the CONOR participants was ascertained
until December 31, 2018, by linkage to the Norwegian Cause of
Death Registry using unique personal identification numbers of
Norwegian citizens. The current study focused on death cases
from natural causes (non-accidental) [International Classification
of Diseases (ICD)-9: 001-799; ICD-10: A00-R99], cardiovascular
diseases (ICD-9: 390-459; ICD-10: 100-199), and respiratory
diseases (ICD-9: 460-519; ICD-10: J00-J99). We excluded deaths

occurring after 2018 or without information on the cause of death.

Temperature and air pollution data

Daily mean surface air temperatures on a 1kmx1km grid
across Norway were obtained from the seNorge2 dataset developed
by the Norwegian Meteorological Institute. This dataset has been
created based on observations from Norway’s climate database and
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the European Climate Assessment and Dataset since 1957 and is
continuously updated daily. All observations have been quality-
controlled by experienced staff. The spatial interpolation scheme
builds upon classical methods, such as optimal interpolation and
successive-correction schemes (21).

Daily mean concentrations of PM, s and O; for 2000-2015 at a
horizontal resolution of 1 km x 1 km were provided by the DEHM-
UBM model setup, which combines the chemical-transport model
DEHM [Danish Eulerian Hemispheric Model, (22)] with the
Gaussian dispersion model UBM [Urban Background Model;
(23, 24). The geographic domain of DEHM covers the Northern
Hemisphere with higher resolution nests over Europe and
Scandinavia. In contrast, UBM in the setup used here covers the
continental Nordic countries (25) with a high horizontal
resolution (1 km x 1 km). Full non-linear chemistry is included
in DEHM, while a simple chemical model for the titration of
ozone by nitrogen oxides is included in UBM. This combination
makes it possible to describe the long-range atmospheric
transport of pollutants into and within Europe while still having
a high spatial resolution in the output over, e.g., populated areas.
In the setup used for this study, a new high-resolution emission
inventory for the Nordic region has been used as input to the
DEHM and UBM models for the Nordic countries (25), while
the emissions applied in DEHM on a European scale are based
on the EMEP emission database. Daily mean surface air
temperature and air pollutant concentrations from 1995-2018
were assigned to CONOR participants’ residences.

Statistical analysis

We used a time-stratified case-crossover study design. This
approach controls for long-term and seasonal time trends as well as
time-invariant confounders such as sociodemographic status,
underlying health conditions, and long-term lifestyle factors. This
method has been applied to study aggregated health outcomes and
environmental exposures, such as air pollution, focusing on
adjusting covariates and investigating effect modification (26). For
each participant who died during the follow-up period, we compare
the exposure profile on the day of death (case day) with exposures
on days at the same day of the week within the same month
(control days). By making within-participant comparisons between
case and control days, the potential confounding effects of time-
invarjant participant characteristics, long-term trend, seasonality,
and day of the week were controlled by design. While we did not
specifically compare the design in this study with any other method
of analysis, we use as a reference (27) who have reported that the
case-crossover study design using conditional logistic regression is
equivalent to time-series analysis in environmental epidemiology.

We applied conditional logistic regression with the distributed
lag non-linear modeling (DLNM) approach to estimate the effects
of temperature on mortality. The case day is used as the unit of
analysis. The DLNM incorporates a cross-basis matrix that defines
the relationship with mortality simultaneously in the conventional
space of temperature and an additional dimension of the lags. The
non-linear exposure-response association was described by a
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natural cubic spline with three internal knots placed at the 10th,
75th, and 90th percentiles of the temperature distribution, and the
lag-response dimension was characterized by a natural cubic
spline with an intercept and two internal knots placed at equally
spaced values on the log scale for up to lag six days. The
minimum mortality temperature (MMT) was defined as the
temperature at which the mortality risk was the lowest. It was
determined by the temperature-mortality function predicted by
the DLNM. The effects of cold were estimated as the odds ratios
(ORs) of mortality with 95% confidence intervals (95% ClIs) for a
decrease in daily mean air temperature from the MMT to the Ist
percentile of the temperature distribution, and the effects of heat
were estimated for an increase in temperature from the MMT to
the 99th percentile. The temperature effects in our study can be
interpreted as odds ratios, i.e., the odds of mortality associated
with temperature on the case days, compared to the odds on
control days. This is valid because the case-crossover design
estimates the likelihood of death under different exposure
conditions within the same individual, making the OR a direct
measure of the change in risk related to the exposure.

We further evaluated seasonality in the cold and heat effects by
restricting the analyses to summer (June-August) and winter
(December-February) months. The statistical approach of the
analysis stratified by season was similar to that of the main
whole-year analysis, except that we used a natural spline with
one internal knot at the 50th percentile of the season-specific
specify the
function. The cold and heat effects in the seasonal analysis are

temperature distribution to exposure-response
presented as ORs together with 95% Cls for a decrease in daily
mean air temperature from the 25th to the Ist percentile and an
increase from the 75th to the 99th percentile of the season-
specific temperature distribution, respectively.

Additionally, we examine the temperature effect modification by
incorporating an interaction term between the cross-basis of air
temperature and individual-level factors, including age (< 75 years
or > 75 years), sex (females or males), education (< high school,
high school, or university), occupation (employed, unemployed/
homemaker, or retired), smoking status (current, former, or never
smoker), obesity [no or vyes, defined as body mass index
(BMI)>30 kg/mz], history of cardiovascular diseases (no or yes,
defined as a history of myocardial infarction, angina pectoris, or
stroke), and diabetes (no or yes). The statistical significance of the
effect modification was evaluated by the two-sided Z-test (28).

The temperature effect on mortality modified by air pollution
was investigated by incorporating a tensor smoother between
temperature and the air pollutant (PM,s or O;) in the
conditional logistic regression model (29). This analysis was
performed for the winter (December-February) and summer
(June-August) months separately, considering the longer delay of
the cold

Specifically, we

effects and the more immediate effects of heat.

used seven-day moving averages of air
temperature and air pollutant concentrations on the same and
previous six days (lag 0-6 days) in the tensor smoother for the
winter, and two-day moving averages of the same and previous
days (lag 0-1) for the summer. Temperature and air pollution

were included in the smoother term as cubic splines with basis
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dimension 25. The combined relationship of air temperature and
air pollution with mortality was depicted by a tridimensional
surface, from which we extracted the temperature-mortality
relationships at the 5th, 50th, and 95th percentiles of the season-
specific air pollutant distribution, defined as the low, medium,
and high levels of air pollution, respectively. ORs of mortality
risks for a decrease in temperature from the 25th to the Ist
percentile were estimated at these three levels of air pollution in
winter to assess the cold effect modification by air pollution. For
the heat effect, we estimated the ORs of mortality for an increase
from the 75th to the 99th percentile in temperature at three air
pollution levels during the summer. The analyses on temperature
effect modification were restricted to the years 2000-2015 due to
the availability of air pollution data.

In sensitivity analyses, we used alternative lags (0-3 and 0-10)
to estimate cumulative temperature effects. For interactive effects of
temperature and air pollution, we first extended the study months
when investigating data from the cold (November to March) and
warm (May to September) seasons. Second, we used the 25th,
50th, and 75th percentiles of air pollution distributions to define
low, medium, and high air pollution levels, respectively.

The statistical analyses were performed with R software
(version 4.2.1) using packages “mgcv” and “dlnm”. All tests were
2-sided with a 5% significance level. R codes will be made
available on request.

In the CONOR cohort, we identified 40,040 cases of natural-cause
deaths through December 31, 2018, including 14,457 deaths from
cardiovascular diseases and 3,699 deaths from respiratory diseases.
Participants who died from natural causes had a mean age of 79.4
years at death and 55.4% of them were males ( ). Compared
with the whole study population in the CONOR cohort, the
deceased participants tended to be older and less educated and had
a higher prevalence of cardiovascular diseases and diabetes at
and ).

The daily mean air temperature during the study period (1994-
2018) ranged from —47.6°C to 27.7°C, with a mean of 5.0°C
(standard deviation: 7.6°C). The averages of daily mean PM, 5 and O3

baseline (

concentrations from 2000 to 2015 were 6.7 p.g/m3 and 67.7 pg/m3,
respectively ( ). The mean concentration of PM, 5 in summer
(June-August) was lower than that in winter (December-February),
whereas the mean O; concentration was slightly higher in the

summer months ( , S3).

Temperature effects on mortality

The exposure-response relationships between air temperature

and different causes of mortality were all non-linear
( ). The MMTs were 17.6°C, 16.1°C, and
—6.1°C, respectively, for natural-cause, cardiovascular, and

respiratory mortality. We observed increased risks of natural-cause
(OR: 1.26, 95% CI: 1.09, 1.46) and cardiovascular (OR: 1.32, 95%
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TABLE 1 Description of baseline characteristics of natural-cause death
cases.

‘ Missing [N (%)] ~Mean + SD/N (%)
0

Age (years) 67.7+11.3
Age at death (years) 0 794 +11.1
Sex 0

Male 22,181 (55.4)

Female 17,859 (44.6)
Marital status 340 (0.8)

Single 4,026 (10.1)

Married/live with partner 24,301 (61.2)

Separated/divorced 3,288 (8.3)

Widowed 8,085 (20.4)
Education level 56 (0.1)

Low (< high school) 22,102 (55.3)

Medium (high school) 12,703 (31.8)

High (university) 5,179 (13.0)
Occupational status 9,747 (24.3)

Employed 9,312 (30.7)

Unemployed 485 (1.6)

Homemaker 2,714 (9.0)

Retired 17,782 (58.7)
Smoking status 920 (2.3)

Current smoker 11,517 (29.4)

Former smoker 5,212 (13.3)

Never smoker 22,391 (57.2)
BMI (kg/mz) 804 (2.0) 26.8+4.3
Obesity (yes) 804 (2.0) 7,770 (19.8)
History of CVD (yes) 780 (1.9) 9,045 (23.0)
Diabetes (yes) 798 (2.0) 3,000 (7.6)
Living area 5,130 (12.8)

Rural 25,224 (72.2)

Urban 9,686 (27.7)

BMI, body mass index; CVD, cardiovascular disease; SD, standard deviation.

CIL: 1.04, 1.67) mortality for a decrease in temperature from the
MMT to the Ist percentile (
main analyses did not indicate any association between cold and

). Our effect estimates in the

respiratory mortality or adverse heat effects on mortality ( ).
The exposure-response functions in summer and winter are
shown in . Analyses stratified by season
suggest increased risks of natural-cause (OR: 1.18, 95% CI: 1.01,
1.37) and respiratory (OR: 2.12, 95% CI: 1.27, 3.56) mortality for
a decrease in temperature from the 25th (10.8°C) to the Ist
(5.6°C) percentile in summer ( ). Besides, we observed an
increased risk of respiratory mortality (OR: 1.73, 95% CI: 1.03,
2.90) associated with an increase in temperature from the 75th
(15.9°C) to the 99th (21.7°C) percentile in summer ( ).
The cold effects on natural-cause and cardiovascular mortality
remained stable in the sensitivity analysis of using lag 0-10 days
whereas were reduced when shortening the lag to 0-3 days
( ). In addition, using a lag of 0-3 days strengthened the
adverse heat effects on respiratory mortality during the whole
year and the high temperature effect on natural-cause mortality
in summer ( , 4). When comparing the temperature-
mortality relationships during the whole study period (shown in
) to those in summer and winter
( ), the patterns for the whole-year
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TABLE 2 Description of daily mean air temperature and air pollution concentrations during the study period®.

Exposure Mean SD P1 P5 P25 Median P75 P95 P99
Temperature (°C) 5.0 7.6 -13.6 -7.8 —0.1 49 10.8 16.8 20.0
PM, 5 (ug/m?) 6.7 7.5 0.9 13 25 42 7.8 20.2 39.9
0; (pg/m?) 67.7 16.3 19.7 39.2 58.0 68.4 79.3 93.0 98.0

O3, ozone; PM, 5, particulate matter <2.5 um in diameter; SD, standard deviation.
“Descriptive analyses were performed based on daily mean air temperature data for the years 1994-2018 and air pollution data for the years 2000-2015.

TABLE 3 Odds ratios (95% confidence intervals) of mortality for a
decrease in daily mean air temperatures from the minimum mortality
temperature (MMT)? to the 1st percentile (cold effects) and an increase
in daily mean air temperatures from the MMT® to the 99th percentile
(heat effects) in the main and sensitivity analyses.

Main analysis (Lag 0-6)

Natural-cause mortality

1.26 (1.09, 1.46)*

1.01 (0.94, 1.09)

Cardiovascular mortality

1.32 (1.04, 1.67)*

1.05 (0.90, 1.24)

Respiratory mortality

1.15 (0.85, 1.54)

1.27 (0.79, 2.04)

Lag 0-3

Natural-cause mortality

1.11 (0.99, 1.26)**

1.05 (0.98, 1.13)

Cardiovascular mortality

1.13 (0.93, 1.39)

1.09 (0.95, 1.24)

Respiratory mortality

1.12 (0.88, 1.43)

1.49 (0.98, 2.25)**

Lag 0-10

Natural-cause mortality

1.30 (1.09, 1.54)*

0.98 (0.89, 1.09)

Cardiovascular mortality

1.28 (0.96, 1.69)**

1.05 (0.87, 1.27)

1.00 (0.70, 1.44)

1.03 (0.59, 1.80)

Respiratory mortality

“MMT was 17.6°C for natural-cause mortality, 16.1°C for cardiovascular mortality, and —6.1°
C for respiratory mortality.

*p-value <0.05.

**p-value <0.1.

relationships were in general consistent with a combination of the
patterns for the relationship in summer and winter. The
“contradictory” effect estimates in Tables 3, 4 could be mainly
due to the different calculation of the ORs in the whole-year and
seasonal analyses.

Effect modification by air pollution

We observed stronger cold effects on natural-cause mortality at
higher levels of air pollution in winter, though the between-level
differences were not significant (Figure 1). For a decrease in air
temperature from the 25th to the 1st percentile in winter, the
ORs of natural-cause mortality were 1.04 (95% CI: 0.95, 1.13),
and 1.16 (0.99, 1.33) respectively, at low, medium, and high
levels of PM, s (Supplementary Table 54). Similarly, heat effects
on cardiovascular mortality were stronger with elevated air
The
percent changes in cardiovascular mortality risks were 1.24
(95% CI: 0.88, 1.60), 1.30 (1.03, 1.57), and 1.39 (1.04, 1.73)
and high of Os,
(Supplementary Table S7).

pollution levels in summer (Figure 2). heat-associated

at low, medium, levels respectively

Effect modification on the associations between temperature
and mortality by air pollution was less evident when analyzing
extended data of the cold (November-March) and warm (May-

September) seasons (Supplementary Tables S4-57). Using the
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25th and 75th percentiles to define low and high air pollution
reduced the differences in temperature effect estimates across air
Tables S4-S7). See also
Supplementary Figures 5, 6 for an example of the tridimensional

pollution levels (Supplementary

figures used in the tensor analysis.

Effect modification by individual
characteristics

The cold effect on natural-cause mortality was slightly stronger
for people aged below 75 years and women (Figure 3). Besides, the
cold effect on cardiovascular mortality was slightly stronger among
former smokers and people with a history of cardiovascular
diseases (Figure 3). However, the between-group differences in
effect estimates were not statistically significant (Supplementary
Table S8). Moreover, we observed increased natural-cause and
cardiovascular mortality risks associated with heat exposure in
unemployed people or homemakers (Supplementary Figure S3,
Table S9). No significant effect modification by participant
characteristics ~ was  found  for

respiratory  mortality

(Supplementary Figure S4).

Discussion

In this population-based cohort, our findings provide evidence
for adverse short-term cold effects on mortality. We did not find
any associations between heat and mortality in the general
cohort population. The cold effects were more pronounced in
participants below 75 years, women, former smokers, and people
with a history of cardiovascular diseases. We observe increased
natural-cause and cardiovascular mortality risks associated with
heat exposure in unemployed people or homemakers. Our
findings also indicate a potential seasonal effect of short-term
temperature, with increased risks of natural-cause and respiratory
mortality due to low temperatures and increase in respiratory
mortality due to high temperature in summer. For combined
exposure with air pollution, we observed stronger cold effects on
natural-cause mortality at higher levels of air pollution in winter
and stronger heat effects on cardiovascular mortality with
elevated air pollution levels in summer.

Our findings of an association between cold weather and
natural-cause, cardiovascular and respiratory mortality is in line
with several previous studies conducted in Northern Europe
(4, 30, 31). Cold temperatures may for example reduce natural
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TABLE 4 Odds ratios (95% confidence intervals) of mortality for a decrease in daily mean air temperatures from the 25th to the 1st percentile (low
temperature effects) and an increase in daily mean air temperatures from the 75th to the 99th percentile (high temperature effects) in the main and
sensitivity analyses for summer (June-August) and winter (December-February).

Summer

Winter

Low temperature effect | High temperature effect | Low temperature effect High temperature effect

Main analysis (Lag 0-6)

Natural-cause mortality 1.18 (1.01, 1.37)*

1.06 (0.91, 1.22)

1.14 (0.95, 1.36) 1.00 (0.91, 1.09)

Cardiovascular 1.15 (0.90, 1.46)

mortality

1.11 (0.87, 1.41)

1.11 (0.83, 1.48) 0.92 (0.79, 1.06)

Respiratory mortality 2.12 (1.27, 3.56)*

1.73 (1.03, 2.90)*

1.19 (0.68, 2.07) 1.11 (0.85, 1.46)

Lag 0-3

Natural-cause mortality 1.14 (1.00, 1.30)*

1.12 (0.99, 1.26)**

1.10 (0.96, 1.28) 1.01 (0.94, 1.09)

Cardiovascular 1.09 (0.89, 1.35)

mortality

1.12 (0.92, 1.38)

0.99 (0.78, 1.26) 0.92 (0.82, 1.04)

Respiratory mortality 2.08 (1.34, 3.24)*

1.87 (1.20, 2.92)*

1.13 (0.72, 1.77) 1.06 (0.85, 1.33)

Lag 0-10

Natural-cause mortality 1.14 (0.95, 1.37)

0.99 (0.84, 1.17)

1.16 (0.94, 1.45) 0.98 (0.88, 1.10)

Cardiovascular 1.09 (0.81, 1.47)

mortality

1.10 (0.83, 1.46)

1.06 (0.74, 1.53) 0.85 (0.71, 1.02)**

2.56 (1.36, 4.79)*

Respiratory mortality

1.57 (0.87, 2.85)

1.04 (0.53, 2.06) 1.22 (0.87, 1.71)

*p-value <0.05.
**p-value <0.1.

defensive mechanisms of the elderly, socially isolated individuals,
and those people with less adaptive and coping strategies.

Our results also suggest that an unexpected change or a greater
variability in temperatures could be an important driver for
increased mortality burdens in Norway. These results are
consistent with other recently published articles that indicate for
example that moderate cold temperatures are responsible for a
higher proportion of the mortality burden especially in colder
countries (4, 31). Our results on increased respiratory mortality
in summer periods are in line with recent studies like (14) who
finds that exposure to heat mainly affects patients with chronic
respiratory diseases. While we did not find significant findings
on increased respiratory mortality in winter, this can probably be
attributed to heating, adaptation, behavioral changes, and freely
available health care that are found in Norway. Understanding
these differing burdens of disease due to heat and cold is
important in Norway. Our results could also be extremely
relevant as global climate models predict changes to the
frequency, intensity and duration of climate extremes and a
larger impact of seasonal variation affecting mortality outcomes
in the future (32).

Our results on stronger cold effects on natural-cause mortality
at higher levels of air pollution in winter and stronger heat effects
on cardiovascular mortality with elevated air pollution levels in
summer is supported by a number of studies (33, 34). Given
potential increases in air pollution due to changes in
temperatures in the future, we see a need for integrating air
pollution policies with climate change policies.

Our findings on the modification of socio-economic factors are
in line with existing studies (14, 30), although the results should be
interpreted carefully. For example, the exact mechanism through
which women are more affected by changes in temperatures is
unclear, but it is hypothesized to be related to the effect of
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female hormones  and

thermoregulation. Alternatively, social vulnerability factors may

reproductive menopause  on
play a role in the differential outcomes for men and women.
Similar to our findings, others have observed that higher
unemployment was associated with a greater susceptibility to the
impacts of heat (35) and can significantly increase the rates of
all-cause mortality (36, 37). Unemployment could for example
lead to a drop in socio-economic status resulting in poor living
conditions and thus reduced capacity to cope with increased cold.

This study is strengthened by its large population-based
design, and detailed exposures and disease and socio-economic
information at the individual level available from a range of
high-quality health in Norway.
Additionally, we were able to obtain detailed information on

and social registries
temperature and various air pollutants and link them to study
participants at the address level based on respective geocodes
to evaluate their impact on mortality. This yields much better
estimates of exposure compared to using weighted averages
from monitoring stations over larger areas. Given that,
monitoring networks are spatially sparse and fail to adequately
capture the spatial variability, we limit issues of bias and
exposure misclassification. This allows for looking closer at the
combined effects of multiple environmental exposures.

When evaluating our results in the greater context, it is
important to note that the association between cold weather and
mortality could be confounded by influenza which is related to
several cardiovascular and respiratory conditions and which
peaks in winter (38, 39). However, due to a lack of data on
influenza outbreaks in Norway over the different years, we have
not been able to include this as a potentially confounding factor
in our models. In Norway, influenza vaccines are recommended
for the elderly and those with known vulnerability factors, with
at least 65% of those over 65 receiving an influenza vaccine in
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FIGURE 1
Cold effect modification by PM, s and Oz in winter (December to February).

the 2021/2022 flu season (40), reducing the risk of influenza-
related mortality. We also need to include morbidity outcomes
the effects of
temperature and air pollution on hospital admissions may be

in future studies on health outcomes as

significant in this regard.
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The CONOR cohort that we used in this analysis also has some
disadvantages (20) the overall participation rate is 58% and is
lowest in the surveys in Oslo and other urban areas and became
lower throughout the study period. However, the overall

participation rate is influenced by low participation rate in those
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aged <30 years. The study population is somewhat heterogeneous
as it includes sampling from 10 geographical areas with various age
groups included over a 10-year period. The number of core
variables is limited, and in some cases the wording of questions
is slightly changed over the years. Additionally, as the cohort
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contained participants from all over the country, we were limited
in the extent to which we could study sociodemographic factors
as effect modifiers as their effects tend to be most pronounced in
Oslo and other major cities and may have been muted by
from other of the country. Another

participants parts
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Cold effects on natural-cause and cardiovascular mortality modified by participant characteristics.

methodological issue is that the CONOR study consists mainly of
older adults with an average death age of 79.4 years. This would
be an important issue in investigating causal mechanisms related
to temperature and air pollution exposures.

Our results highlight the need to examine both heat and cold
related health burdens in Norway. Given recent evidence on
changes to the frequency, intensity and duration of climate
extremes and a larger impact of seasonal variation affecting
mortality outcomes in the future, our results are important for
examining adaptative strategies that can adequately reduce such
burdens. Secondly, the results underscore the need for devising
interactive climate change and air pollution strategies in
Norway. Focusing on cities; investing in cross-sector energy
efficiency and low-carbon technologies; and promoting
inclusive, collaborative governance have been highlighted as
important strategies in this regard. We suggest the need for
further

temperature and air pollution in wintertime and explaining

research investigating associated health risks of
related biological mechanisms in this regard. Additionally, the
findings motivate further research into how socio-economic

status modifies environment related health risks and the impact

Frontiers in

of incorporating these in devising health-equitable long-term
adaptation strategies.

We conclude by stating that research and policy efforts should
continue on the role that environmental exposures play in
understanding the extent and distribution of current and future
health burdens in Norway.
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