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A B S T R A C T

Background: There are limited data on the effects of climate and air pollutant exposure on heart failure (HF)
within taking into account individual and contextual variables.
Objectives: We measured the lag effects of temperature, relative humidity, atmospheric pressure and fine par-
ticulate matter (PM2.5) on hospitalizations and deaths for HF in elderly diagnosed with this disease on a 10-year
period in the province of Quebec, Canada.
Methods: Our population-based cohort study included 112,793 elderly diagnosed with HF between 2001 and
2011. Time dependent Cox regression models approximated with pooled logistic regressions were used to
evaluate the 3- and 7-day lag effects of daily temperature, relative humidity, atmospheric pressure and PM2.5

exposure on HF morbidity and mortality controlling for several individual and contextual covariates.
Results: Overall, 18,309 elderly were hospitalized and 4297 died for the main cause of HF. We observed an
increased risk of hospitalizations and deaths for HF with a decrease in the average temperature of the 3 and
7 days before the event. An increase in atmospheric pressure in the previous 7 days was also associated with a
higher risk of having a HF negative outcome, but no effect was observed in the 3-day lag model. No association
was found with relative humidity and with PM2.5 regardless of the lag period.
Conclusions: Lag effects of temperature and other meteorological parameters on HF events were limited but
present. Nonetheless, preventive measures should be issued for elderly diagnosed with HF considering the
burden and the expensive costs associated with the management of this disease.

1. Introduction

It has already been shown through multiple lines of evidence that
climate is changing across the planet, largely as a result of human ac-
tivities (Intergovernmental Panel on Climate Change, 2013). Global

temperature is warming. Climate is more variable and unpredictable.
Donat et al. (2013) predict that days and nights will be warmer, not to
mention an increase in the occurrence and the duration of heat waves.
In some parts of the world as in the province of Quebec, Canada,
winters will remain cold and extreme cold snaps will occur despite the
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global warming (Ouranos, 2015).
Natural environment of the province of Quebec is characterized,

among others, by the vastness of the landscape. With an area of
1,667,441 square kilometers (km), the province of Quebec extends to
nearly 2000 km from south to north and 1500 km from east to west. As
a result of its extensive area and the relief of the territory, Quebec has
several distinct climate areas and ecosystems. In the center of Quebec,
average temperatures vary from −16 °C in winter to 12 °C in summer
whereas it fluctuates from −8 °C to 20 °C in the south of the province
(Ouranos, 2015).

Climate changes affect, above all, vulnerable populations, including
individuals with chronic diseases, elderly and disadvantaged people
(Basu and Samet, 2002; Kenny et al., 2010; Doyon et al., 2008). Ex-
treme temperatures, such as extended heat waves or cold snaps, in-
crease morbidity, mortality and health resource utilization for heart
failure (HF) when combined with an advanced age and a low-income
neighbourhood (Hawkins et al., 2012). Moreover, several atmospheric
pollutants sensitive to weather conditions are affected by the global
warming (Luber and Lemery, 2015). These air pollutants can exacer-
bate cardiovascular diseases (CVDs) and, according to Luber and
Lemery (2015), are associated with an increase in emergency visits,
hospitalizations and premature deaths.

Sensitivity to extreme climate is apparent in the field of CVDs, a
research thematic prioritized in a recent report published by the
National Institute of Environmental Health Sciences (Portier et al.,
2010). There are multiple evidences of the negative impact of me-
teorology as well as air pollution on HF hospital admissions and mor-
tality (i.e., Goggins and Chan, 2017; Das et al., 2014; Qiu et al., 2013;
Gotsman et al., 2010; Inglis et al., 2008; Kolb et al., 2007). However, to
our knowledge, there is no study that investigates the impact of me-
teorological parameters and fine particulate matter on morbidity and
mortality for HF at a neighbourhood scale considering both individual
and contextual factors.

In this study, we measured the effect of several meteorological
parameters on the occurrence of a hospitalization or death for the main
cause of HF in elderly, aged 65 years and older, known to be diagnosed
with this condition in Quebec (Canada) over a ten-year period
(2001−2011). The main objective was to evaluate the effect of mean
temperature, relative humidity and atmospheric pressure as well as air
pollutant PM2.5, on HF negative outcomes controlling for several con-
textual and individual covariates. This is particularly relevant for pur-
poses of surveillance in public health in a context of climate changes.

2. Methods

To measure the association between climate, PM2.5 exposure and
the occurrence of HF events, a population-based retrospective cohort
study was conducted.

2.1. Study population

Individuals of 65 years and older hospitalized for HF, either as a
primary or secondary cause between April 1st 2001 and December 31st
2011 without any hospitalization for this motive (all diagnostic posi-
tions) in the previous five years, were identified in the Quebec
Integrated Chronic Disease Surveillance System (QICDSS) database to
build the cohort study. The index date corresponds to the date of entry
into the cohort, defined as the date of the discharge from this HF hos-
pitalization. Individuals were excluded if they moved out between their
entry into the cohort and the occurrence of the outcome of interest or
the end of the study period.

To homogenize the study cohort and minimize selection bias, the
first hospital admission for HF without any hospitalization for this
cause in the previous five years was used. The aim of using a buffer of
five years was to include individuals at the beginning of the sympto-
matic phase of their disease, when it is sufficiently serious to necessitate

a hospitalization.
Health data of individuals included in the cohort were obtained

from the QICDSS database. The QICDSS created by the Institut national
de santé publique du Québec (INSPQ) is an innovative chronic disease
surveillance system developed to monitor several chronic diseases in
the province of Quebec. The QICDSS data are derived from the linkage
of five health administrative databases managed by the Ministry of
health and social services (Ministère de la santé et des services sociaux)
and the provincial health insurance board (Régie de l'assurance maladie
du Québec). It contains information on all individuals covered by the
Quebec universal public health insurance plan that had at least one
diagnosis or criteria of the studied chronic diseases. The five data
sources are the health insurance registry, the hospitalization database,
the physician billing claims database (including emergency department
visits, outpatient visits and community physicians' visits), the phar-
maceutical claims database (for people of 65 years and older), and the
vital statistics death database (Blais et al., 2014; Vanasse et al., 2016).

2.2. Geographical areas

Dissemination areas (DAs) can be used as proxy for life conditions in
neighbourhoods especially for health adverse events associated with
extreme summer heat in Quebec (Ngom et al., 2013; Bélanger et al.,
2016). However, in the present study, it was impossible to use this
proxy due to the large number of DAs with only one or no HF event.
Census tracts (CTs) and census subdivisions (CSDs) were used instead of
DAs given that they cover larger populations.

CTs usually have a population between 2500 and 8000 inhabitants.
They are located in census metropolitan areas (CMAs) and in census
agglomerations (CAs) that have a core population of 50,000 or more
(Statistics Canada, 2015a). As to CSDs, they designate municipalities or
areas that are deemed to be equivalent to municipalities for statistical
reporting purposes (e.g., Indian reserve) (Statistics Canada, 2015b).

People in the cohort were assigned to CTs and CSDs with the six-
digit postal codes of residence available in the QICDSS database. The
matching between CTs/CSDs and postal codes was made using the
postal codes conversion file of Statistics Canada (Statistics Canada,
2015c). Overall, 1367 CTs and 761 CSDs were under study (the popu-
lation ecumene is presented in Fig. 1), corresponding to 112,793
people.

2.3. Study outcomes and confounders

The health outcomes of interest were the time before the occurrence
of a hospitalization (primary diagnosis only) or death (main cause) for
HF from the index date. HF diagnosis was identified in the QICDSS
database using the International Classification of Diseases (ICD). In
Quebec, the transition of ICD-9 to ICD-10 occurred in April 2006 for the
inpatient data and in January 2000 for the data related to death. Hence,
HF diagnosis was identified according to either ICD-9 or ICD-10, de-
pending on which version was being used on a given date (ICD-9 code
428.xx and ICD-10-CA (Canadian enhancement) code I50.xx).

The potential confounders were selected a priori based on sub-
stantive prior knowledge (Roger, 2013; Khatibzadeh et al., 2013; He
et al., 2001). The potential confounders considered were: age, sex,
presence of hypertension, diabetes or coronary heart disease (e.g.,
myocardial infarction), mean number of outpatient consultations or
emergency hospitalizations (primary diagnosis) for CVDs in the last
12 months, mean number of prescription drugs related to the cardio-
vascular and renal systems in the last 12 months, mean number of
prescription drugs related to the central nervous system (CNS) in the
last 12 months, week day (Monday to Friday vs. Saturday or Sunday),
residential area (CMA of Montreal: > 1 million inhabitants, other
CMAs: 100,000 to 1 million inhabitants, CAs: 10,000 to 100,000 in-
habitants, and small towns as well as rural areas:< 10,000 in-
habitants), and material and social deprivation index. These variables
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were measured and updated daily. The season was considered as a
confounder associated with the meteorological exposition. It was de-
fined as May to September for the summer period and October to April
for the winter period.

The number of prescription drugs related to the cardiovascular and
renal systems as well as the number of prescription drugs of the CNS
have been included as potential confounders in the present study be-
cause these classes of drugs have been reported to be potentially dan-
gerous in periods of extreme heat, especially in elderly with chronic
diseases (Blachère et al., 2011; Blachère et al., 2012).

In the absence of individual socioeconomic information, the depri-
vation index is largely used in Quebec and throughout Canada as an
ecological proxy in public health studies to approximate the socio-
economic status of subjects (INSPQ, 2016; Pampalon and Raymond,
2000). The index is based on six indicators taken from the Canadian
censuses and is divided into two components to assess material and
social deprivation. Values were assigned by linking the DAs with the
individual six-digit postal codes of residence. After including them se-
parately in our preliminary analyses, both dimensions of the depriva-
tion index were combined in a single deprivation variable.

2.4. Meteorological data

The meteorological exposure variables were temperature (°C), re-
lative humidity (%) and atmospheric pressure at sea level (kPa). For
each CT and CSD, a daily value was obtained from Daymet or Climat-
Quebec for each meteorological parameters as well as an average of the
daily values of the last 3 and 7 days, including the current day (lag 3-
day and lag 7-day). The choice regarding these lag effects was made to
take into account that heat and cold have different lag periods on
cardiovascular health (Huang et al., 2014; Yu et al., 2011; Anderson
and Bell, 2009; Medina-Ramón et al., 2008; Braga et al., 2002). Several

previous studies have shown a longer lag effect in winter than in
summer (i.e., Braga et al., 2002; Kolb et al., 2007; Tian et al., 2012;
Huang et al., 2014). The choice of those two lags was also considered
likely to cover most instances of interest within our cohort.

Information on weather parameters was obtained from two main
sources: Daymet and Climat-Quebec. Daymet is a reanalysis of historical
data done by the NASA through interpolation and extrapolation algo-
rithms (ORNL DAAC, 2016). These data are available on a grid having a
spatial resolution of 1 km by 1 km and a daily temporal resolution
(daily measurement) (Fig. 2A). Using stations from all over North
America, Daymet provides gridded estimates on a continuous surface of
the daily meteorological parameters. The grid point values contained in
the CT/CSD to which belonged an individual provided the local data.
Managed by Environment Canada, data from Climat-Quebec are avail-
able through 364 measuring stations across the province of Quebec
(Fig. 2B). These are observational data having a daily temporal re-
solution for temperature and an hourly temporal resolution for relative
humidity and atmospheric pressure at sea level (Climat-Québec, 2016).
For every CT/CSD from which Climat-Quebec data were used, a mean
daily value was calculated for each meteorological parameter using the
values of the stations within the limits of the CT/CSD. The Daymet data
were prioritized over the data of Climat-Quebec because they provide
more precise estimates of the different meteorological parameters.
However, when Daymet data were not available or unusable, as in the
north of the province of Quebec, data from Climat-Quebec were used. In
the present study, respectively 93% and 86% of the data on tempera-
ture and relative humidity were obtained from Daymet while 100% of
the data relative to the atmospheric pressure at sea level were derived
from Climat-Quebec.

Fig. 1. Study areas. In the province of Quebec (Canada).
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2.5. Air pollution data

The effect of fine particulate matter (PM2.5) on HF outcomes has
been the subject of an analysis only for the CMAs of Montreal and
Quebec City (the two most populated ones) because of data quality and
availability problems for the rest of the province for the period under
study.

Data on PM2.5 were obtained from the National Air Pollution
Surveillance (NAPS) program. NAPS program provides accurate and
long-term air quality data on a uniform standard across Canada
(Government of Canada, 2013). NAPS data are observational data,
available through several measuring stations having an hourly temporal
resolution (one measure every hour) or a daily temporal resolution
every 6 days (one measure over 24 h every 6 days). For every CT within
the CMAs of Montreal and Quebec City, a daily value was calculated by
prioritizing hourly values and by using the following order of pre-
ference: 1) Average of hourly values of the closest station having an
hourly temporal resolution, 2) Daily value of the closest station having
a daily temporal resolution every 6 days. If there were more than one
measuring stations within the limits of a CT, the average of the values
was used. In the case that there was no measuring station within the
limits of a CT, the closest station up to 30 km around the CT was used. A
CT was accounted as missing value and was excluded from the analyses
if there was no measuring station within its limits and in the sur-
rounding 30 km.

Average of hourly values was used most of the time (88% for both
CMAs). For the CMAs of Montreal and Quebec City, missing values
accounted for respectively 9.3% and 11.4% of data. Overall, 84 and 34
measuring stations for the CMAs of Montreal and Quebec City were
used to evaluate the exposure to PM2.5.

2.6. Statistical analyses

Individuals in the cohort were followed until the occurrence of the
outcome of interest or until the end of the study period (December 31st,
2011). Individuals who have not experienced the outcomes of interest
by the end of the study period or individuals that died from another
cause than HF were considered as censored data.

Data were modeled using a time dependent Cox regression analysis.
In order to estimate the importance of the correlation between the
observations of a same CT/CSD, we approximated the Cox model uti-
lizing a pooled logistic regression with generalized estimating equations
(GEE) (D'Agostino et al., 1990; Bates et al., 2016; Pinheiro et al., 2016).
These analyses showed no significant correlation between the ob-
servations. Moreover, the parameter estimates were strongly similar
with and without accounting for the correlations employing the GEE
approach. The Cox model was therefore used without the GEE ap-
proach.

Since the study database contained millions of observations, ex-
ploring multiple models employing the complete database was com-
putationally prohibitive. We therefore decided to first explore the dif-
ferent possible statistical models utilizing a random sample of 10% of
the cohort. Because of the strong correlation between the meteor-
ological parameters on a given day and their lagged values on 3 and
7 days, we decided to only consider the lagged values on 3 and 7 days
and to do so in separate models.

A sequential approach has been used to decide how to include the
explanatory variables in the final models (i.e., first including tem-
perature only and deciding how to model its relationship with the
outcomes, then adding relative humidity and atmospheric pressure at
sea level and deciding how to model their relationship with the out-
comes, etc.). The final models included all a priori selected potential
confounders (see Section 2.3 in Methods section), except the

deprivation index and the mean number of outpatient consultations. We
decided to remove these two potential confounders from the final
model because they were not statistically significant. Also, removing
these covariates did not notably alter the estimates for the meteor-
ological parameters, which suggest they were not confounders. It was
initially performed with the 3-day delayed effect (average of the tem-
perature of the last three days, including the current day) and then
applied to the 7-day delayed effect (average of the temperature of the
last seven days, including the current day). Models were compared with
each other on the basis of the Akaike information criterion (AIC) and
the Bayesian information criterion (BIC) (Akaike, 1973; Schwarz,
1978). R2-scaled was also calculated in order to estimate the predictive
capacity of the models (O'Quigley et al., 2005).

To model the association between temperature and the risk of HF
events, the following relationships were considered: a linear relation, a
piecewise linear relation with breakpoints at −15 °C and 25 °C, a ca-
tegorization of temperature in groups of 10 °C and a categorization of
temperature in groups of 5 °C. The linear relation was retained on the
basis of AIC and BIC. To model the association between PM2.5 and risk
of HF events, the following relationships were considered: a linear re-
lation, a linear relation with truncation of PM2.5 values at a maximum
of 90 μg/m3, a dichotomization around 10 μg/m3, and a dichotomiza-
tion around 30 μg/m3. The dichotomization around 30 μg/m3

fitted
best and was retained, which is corresponding to the provincial legal
standard on air quality (Règlement sur l'assainissement de l'atmosphère du
Québec) (Lebel et al., 2012).

All analyses were performed using SAS 9.4 Statistical Software (SAS
Institute Inc.: Cary, NC). All p-values were two-sided, and p-values
of< 0.05 were considered to be statistically significant.

3. Results

Between April 1st 2001 and December 31st 2011 in Quebec,
112,793 elderly of 65 years and older diagnosed with HF were included
in the study cohort. During the follow-up period, 21,157 HF events
occurred, representing 18.7% of this population (only the first fol-
lowing events were considered by person). Overall, 18,309 individuals
were hospitalized and 4297 died of HF out of a total of
71,696,780 person-days, corresponding to a daily incidence of 0.03%
(in some cases, hospitalization and death occurred the same day).
Elderly in the cohort were followed for an average of 635 days.

Table 1 presents the characteristics of individuals at the time of
their entry into the cohort. There is a strong prevalence of cardiovas-
cular risks factors among this population.

3.1. Effect of meteorological parameters on hospital admissions and death
from HF

Among our elderly population, we found a linear association be-
tween the mean temperature of the previous 3 and 7 days and the risk
to experience a HF negative outcome. We observed the same types of
associations regarding relative humidity and atmospheric pressure
(graphics not shown). Table 2 presents the risk of having a HF event
(hospitalization or death) according to the lagged exposure of the mean
temperature, relative humidity and atmospheric pressure of the last 3
and 7 days, considering both the influence of multiple individual and
contextual covariates. As shown in this table, the risk of HF events in-
creased about 0.7% for each decrease of 1 °C in the mean daily tem-
perature in both lag models. The risk increased about 4.5% for each
augmentation of 1 kPa in the atmospheric pressure but only with the
longer lagged exposition. We did not find any statistical association
between relative humidity and risk to be hospitalized or to die from HF
regardless of the lag period. Our model also considered the impact of

Fig. 2. A) Areas covered by the Daymet data in the province of Quebec. B) Location of the measuring stations of Climat-Quebec for the daily mean temperature.
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season on HF negative outcomes. We did find a statistical difference
between the cold and the warm season for both lagged exposition
periods under study. In fact, our results show a higher risk to be hos-
pitalized or to die from HF in the winter period (October to April)
compared to the summer period (May to September).

As mentioned above, multiple individual and contextual covariates
have been taken into account in the measure of the association between
the different meteorological parameters and HF events. In both models,
all the confounders considered were found to have an impact on the
study outcomes (see Table 2).

Given that several classes of drugs of the CNS and of the cardio-
vascular/renal systems have been reported to be potentially dangerous
in periods of extreme heat, especially in elderly with chronic diseases
(Blachère et al., 2011; Blachère et al., 2012), we conducted supple-
mentary analyses with the individuals in the cohort who had available

data on medication. These data were available for 91.2% of the entire
study cohort, representing 102,888 people. Table 3 presents the results
of the impact of the different meteorological parameters on the risk of
HF events when taking into account the mean number of prescription
drugs taken in the previous year related to the cardiovascular and the
renal systems as well as the CNS. Our results show that the addition of
these covariates in the models did not notably change the parameter
estimates of the different meteorological variables or of the other
covariates, both for the lag of 3 days and 7 days. As we can observe, an
addition of one drug of the cardiovascular/renal systems or of the CNS
in the year before the event significantly increases the risk to be hos-
pitalized or to die from HF (of about 5% for drugs related to the car-
diovascular and renal systems and 4% for drugs related to the CNS).

Overall, on the basis of the R2-scaled, the models presented explain
from 20% to 22% of the risk of HF events.

Table 1
Characteristics of the study cohort (n = 112,793).

Mean age (years) ± SD 79.8 ± 7.9
Male sex, n (%) 54,728 (48.5)
Residential area, n (%)
CMA of Montreal (> 1 million inhabitants) 49,845 (44.2)
Other CMAs (100,000 to 1 million inhabitants) 20,054 (17.8)
CAs (10,000 to 100,000 inhabitants) 15,897 (14.1)
Rural areas (< 10,000 inhabitants) 26,997 (23.9)

Material and social deprivation index, n (%)
1 (most favoured) 9581 (8.5)
2 17,318 (15.3)
3 27,331 (24.2)
4 26,052 (23.1)
5 (most disadvantaged) 21,272 (18.9)
Missing 11,239 (10.0)

Cardiovascular risk factors, n (%)
Hypertension 67,669 (60.0)
Coronary heart disease 69,406 (61.5)
Diabetes 35,754 (31.7)

Mean number of urgent services for CVDs (primary diagnosis) in the last 12 months ± SD
Hospitalizations 0.19 ± 0.56
Outpatient consultations 0.18 ± 0.89

Mean number of prescription drugs related to the cardiovascular and renal systems in the last 12 monthsa ± SD 1.96 ± 1.92
Mean number of prescription drugs related to the CNS in the last 12 monthsb ± SD 0.41 ± 0.82

CA: census agglomeration, CMA: census metropolitan area, CNS: central nervous system, CVDs: cardiovascular diseases, n: number, SD: standard deviation.
a 9,939 individuals with missing data.
b 9,990 individuals with missing data.

Table 2
Lag effects of meteorological parameters on HF negative outcomes (n = 112,793).

Parameters
(reference group)

Meteorological exposition

Lag 3-day Lag 7-day

RR 95% CI p-Value RR 95% CI p-Value

Mean of the daily meteorological exposition
Temperature (°C) 0.994 0.992 0.996 < 0.0001 0.993 0.991 0.995 < 0.0001
Relative humidity (%) 0.999 0.997 1.001 0.4342 0.998 0.996 1.001 0.1414
Atmospheric pressure at sea level (kPa) 1.009 0.986 1.033 0.4438 1.045 1.015 1.077 0.0035

Covariate associated with the meteorological exposition
Summer period (vs. winter period) 0.926 0.884 0.970 0.0013 0.947 0.903 0.994 0.0274

Individual and contextual covariates
Gender (vs. women) 1.048 1.019 1.078 0.0011 1.048 1.019 1.078 0.0011
Age 1.043 1.041 1.045 < 0.0001 1.043 1.041 1.045 < 0.0001
Hypertension (vs. absence) 1.452 1.406 1.500 < 0.0001 1.453 1.407 1.501 < 0.0001
Diabetes (vs. absence) 1.454 1.413 1.495 < 0.0001 1.454 1.414 1.496 < 0.0001
CHDs (vs. absence) 1.518 1.469 1.569 < 0.0001 1.518 1.469 1.569 < 0.0001
Number of emergency hospitalizations for CVDs in the last 12 months 1.054 1.037 1.071 < 0.0001 1.054 1.037 1.071 < 0.0001
Weekdays (vs. weekend days) 1.339 1.297 1.383 < 0.0001 1.339 1.297 1.383 < 0.0001
CMA of Montreal (vs. rural areas) 1.048 1.013 1.085 0.0075 1.049 1.013 1.086 0.0069
Other CMAs (vs. rural areas) 1.108 1.063 1.154 < 0.0001 1.106 1.062 1.153 < 0.0001
CAs (vs. rural areas) 1.038 0.993 1.086 0.1020 1.038 0.992 1.086 0.1043

Predictive power (R2-scaled) 0.201 0.202

CAs: census agglomerations, CHDs: coronary heart diseases, CI: confidence interval, CMA: census metropolitan area, CVDs: cardiovascular diseases, kPa: kilopascal, RR: relative risk.
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3.2. PM2.5 exposition - CMAs of Montreal and Quebec City

As mentioned above, the measure of the effect of PM2.5 on HF ne-
gative outcomes was restricted to individuals in the cohort who were
living in the CMAs of Montreal and Quebec City during the study period
(n = 59,485). The influence of PM2.5 air pollutant on the risk of HF
events was weak and not statistically significant for both 3-day and 7-
day lag models (see Tables S1 and S2). Despite the addition of PM2.5 to
the model and the area restriction to the largest CMAs in the province of
Quebec, relative risks associated with the meteorological parameters
and the covariates were quite similar to those of the entire cohort.

3.3. Sensitivity analyses

Additional analyses were conducted with temperature using a 1-day
and a 2-day lagged exposure. We observed similar results to those ob-
tained with the 3-day lagged exposure (results are presented in Table
S3). As further sensitivity analyses, we have considered 1) a crude
model that only included the three meteorological exposures of interest
(temperature, humidity and atmospheric pressure), 2) a model that
included the meteorological exposures and only adjusted for season, 3)
a model that included the meteorological exposures and adjusted for
season as well as individual potential confounders, and 4) a model that
adjusted for all selected potential confounders and that included all
two-way interactions between these covariates as well as squared terms
for continuous potential confounders. The results of these sensitivity
analyses were very similar to the main results and are not presented
(the direction, the amplitude and the statistical significance of the es-
timates remained the same).

4. Discussion

4.1. Meteorological parameters and HF events

Several studies have found a positive association between tem-
perature and HF negative outcomes (e.g.: Goggins and Chan, 2017; Das
et al., 2014; Qiu et al., 2013; Zanobetti et al., 2012; Gotsman et al.,
2010; Inglis et al., 2008; Kolb et al., 2007). In the present study,

multiple individual and contextual covariates, including the con-
sideration of cardiovascular risk factors and drugs potentially dan-
gerous in situations of extreme climate, were took into account in the
measure of the effect of temperature and other meteorological para-
meters on hospitalizations or deaths for HF in elderly diagnosed with
this disease in Quebec. Independently of these covariates, the associa-
tion we found between mean temperature and risk of HF negative
outcomes was linear and the risk was increasing with a decrease in the
temperature. Our results showed that for each decrease of 1 °C in the
daily mean temperature of the previous 3 and 7 days, the risk of HF
events is increased of about 0.7%. In other words, a drop of 10 °C in the
average temperature over 7 days, which is common in the province of
Quebec because of seasonal variations, is associated with increased risk
to be hospitalized or to die for the main cause of HF of about 7% in
elderly diagnosed with this disease. In this study, it means about 1500
hospitalizations or deaths over a 10-year period, corresponding to 150
events per year. Although the relative risks of HF events associated with
average temperature were relatively close to one in our analyses, we
think that preventive instructions should be provided to individuals
with this disease, especially since its management is expensive for the
society. In 2011 and 2012 in Canada, elderly accounted for 78% of the
patients with the most expensive hospitalization motives per diagnosis
in the short-term cares; HF was ranked third, with costs estimated to
276 million dollars (Institut canadien d'information sur la santé, 2015).

Our findings also showed that, for each augmentation of 1 kPa in
the atmospheric pressure at sea level, the risk of HF events significantly
increases by about 4.5% but only in the 7-day lag model. According to
Météo France (2016), high pressures are often accompanied with fog
and low clouds in winter whereas it goes hand in hand with good
weather in summer. Consequently, the increased risk of HF events on a
7-day period may represent a context of warm temperatures rather than
cold temperatures although the interaction term with the season was
not retained in the final models on the basis of the BIC and the AIC
criteria (results not shown). According to Kolb et al. (2007), the effect
of pressure the day of the outcome or the day before, increased the risk
of death for HF in summer but not in winter. Our findings also differ
from what was found by Danet et al. (1999). These authors observed a
12% increase in the risk of fatal and non-fatal coronary events for each

Table 3
Lag effects of meteorological parameters on HF negative outcomes (including only elderly with drug information: n = 102,888).

Parameters
(reference group)

Meteorological exposition

Lag 3-day Lag 7-day

RR 95% CI p-Value RR 95% CI p-Value

Mean of the daily meteorological exposition
Temperature (°C) 0.994 0.992 0.996 < 0.0001 0.993 0.991 0.995 < 0.0001
Relative humidity (%) 0.999 0.998 1.001 0.5340 0.999 0.996 1.001 0.2175
Atmospheric pressure at sea level (kPa) 1.011 0.986 1.035 0.3979 1.047 1.015 1.080 0.0036

Covariate associated with the meteorological exposition
Summer period (vs. winter period) 0.936 0.891 0.983 0.0076 0.959 0.912 1.008 0.1016

Individual and contextual covariates
Gender (vs. women) 1.046 1.016 1.077 0.0027 1.046 1.016 1.077 0.0026
Age 1.045 1.043 1.047 < 0.0001 1.045 1.043 1.047 < 0.0001
Hypertension (vs. absence) 1.421 1.373 1.470 < 0.0001 1.421 1.374 1.471 < 0.0001
Diabetes (vs. absence) 1.430 1.388 1.473 < 0.0001 1.430 1.389 1.473 < 0.0001
CHDs (vs. absence) 1.512 1.461 1.565 < 0.0001 1.512 1.460 1.565 < 0.0001
Number of emergency hospitalizations for CVDs in the last 12 months 1.051 1.033 1.069 < 0.0001 1.051 1.034 1.069 < 0.0001
Weekdays (vs. weekend days) 1.343 1.299 1.389 < 0.0001 1.343 1.299 1.389 < 0.0001
CMA of Montreal (vs. rural areas) 1.039 1.002 1.077 0.0389 1.039 1.003 1.078 0.0359
Other CMAs (vs. rural areas) 1.105 1.058 1.153 < 0.0001 1.103 1.057 1.152 < 0.0001
CAs (vs. rural areas) 1.028 0.981 1.077 0.2432 1.028 0.981 1.076 0.2486
Number of drugs related to the cardiovascular and renal systems in the last 12 months 1.053 1.046 1.060 < 0.0001 1.053 1.046 1.060 < 0.0001
Number of drugs related to the CNS in the last 12 months 1.041 1.023 1.059 < 0.0001 1.041 1.024 1.059 < 0.0001

Predictive power (R2-scaled) 0.218 0.219

CAs: census agglomerations, CHDs: coronary heart diseases, CI: confidence interval, CMA: census metropolitan area, CNS: central nervous system, CVDs: cardiovascular diseases, kPa:
kilopascal, RR: relative risk.
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decrease of 1 kPa under a pressure of 101.6 kPa and an 11% increase
for each augmentation of 1 kPa over a pressure of 101.6 kPa (Danet
et al., 1999). They reported a V-shape association between coronary
events and pressure whereas the association is linear in our study
(figure not shown). HF and coronary heart diseases are two distinct
clinical entities and it may partially explain the divergence observed.
However, similar to Danet et al. (1999), the effect of pressure is sub-
stantial and independent of the temperature. More studies are needed
on this topic in order to improve our understanding of the mechanisms
underlying the impact of pressure on coronary heart diseases and other
diseases of the cardiovascular system such as HF (Weinbacher et al.,
1996).

There was no statistical association between daily relative humidity
and acute risk of HF, not to mention that its interaction with tem-
perature weighed down the models on the basis of AIC and BIC criteria.
Others reported similar results. Kolb et al. (2007) found the same ob-
servation between relative humidity and daily mortality in a population
of elderly of 65 years and older diagnosed with HF regardless of the lag
period, up to 10 days. The same pattern was observed in Schwartz et al.
(2004). There was no clear association between humidity and the
number of daily hospital admissions for CVDs in elderly, even when
stratification was made for meteorological parameters (Schwartz et al.,
2004).

Unlike several other studies, the results of our research revealed that
the risk of HF events was larger in winter period than in summer period
(Boulay et al., 1999; Martínez-Sellés et al., 2002; Ogawa et al., 2007;
Barnett et al., 2008; Díaz et al., 2007; Gallerani et al., 2011; Oktay
et al., 2009; Jorge et al., 2009). Only Stewart et al. (2002) reported the
same effect of winter on HF events. However, they observed a larger
effect than ours. According to Fares (2013), cold temperatures tend to
increase peripheral vasoconstriction resulting in pulmonary edema as a
consequence of left ventricular failure. Moreover, in patients with
symptomatic HF, the exposition to cold temperatures could decrease
the exercise capacity and increase the systemic adrenergic activity
(Fares, 2013).

4.2. PM2.5 exposure - CMAs of Montreal and Quebec City

The effect of fine particulate matter on the health outcomes of in-
terest for the CMAs of Montreal and Quebec City was weak and not
significant. However, a meta-analysis performed by Shah et al. (2013),
reported a clear and a robust temporal association between PM2.5 ex-
posure and hospitalizations as well as deaths for HF. The strongest as-
sociation was observed on the day of the HF events (lag 0) while risks
decreased with longer lag periods (lag 1 and lag 2). In the present study,
we used lagged exposure periods of 3 and 7 days. On the other hand,
the threshold of 10 μg/m3 retained in the meta-analysis, was more se-
vere than the one used in the present study (30 μg/m3), corresponding
to the Quebec legal standard on air quality (Shah et al., 2013; Lebel
et al., 2012).

Moreover, our cohort consisted of sick elderly. This kind of popu-
lation is usually more confined in their residence than the general po-
pulation and thus, less exposed to air pollution (Donnio, 2002). Despite
abundant literature on the effect of fine particulate matter on health,
there is limited evidence that the climate change itself will have an
impact on the long-term levels of particles according to the Inter-
governmental panel on climate change (Intergovernmental Panel on
Climate Change, 2013, 2014).

Finally, it was noteworthy that the increase in the number of drugs
prescribed to treat cardiovascular and renal health problems and the
number of drugs related to the CNS in the previous year were associated
with a higher risk of HF events regardless of the lag period. A report
published by the Institut national de santé publique du Québec confirms
the hypothesis that several classes of drugs of the CNS are considered at
risk during period of extreme heat (Blachère et al., 2011). In fact, these
classes of drugs (e.g., antidepressants, antiepileptic drugs, lithium salts)

are likely to aggravate the exhausting-dehydration syndrome and heat
stroke during periods of heatwaves (Blachère et al., 2011). Moreover,
neurohumoral activation is partially dependent of central nervous
system pathways. In addition to the regulation of sympathetic outflow,
these central pathways coordinate a complex network of agents with an
established pathophysiological relevance in HF such as angiotensin,
aldosterone, and proinflammatory cytokines (Sousa-Pinto et al., 2014).
A similar report has been published by the Institut national de santé
publique du Québec in regards of certain classes of drugs of the cardio-
vascular and renal systems (Blachère et al., 2012). In absence of proper
adaptations, extreme temperatures can alter the organism acclimati-
zation by potentiating the side effects of several classes of drugs used to
treat CVDs (e.g., diuretics, antiarrhythmics) such as electrolytes im-
balance and hypotension.

4.3. Strengths and limitations

Using a time frame of 10 years, this longitudinal study on a cohort
of> 120,000 elderly adequately assessed the impact of several me-
teorological parameters on the risk of HF events in individuals already
diagnosed with this condition. The QICDSS database allowed measuring
the daily occurrence of HF events more accurately than standard eco-
logical studies (i.e., Bayentin et al., 2010). In addition, through this
database giving individual health information, it was possible to take
into account other risk factors (i.e., hypertension, diabetes and cor-
onary heart diseases) in the measure of the association between me-
teorological parameters and risk of hospitalizations and deaths for HF.
The use of Daymet and Climat-Quebec data with high spatial and tem-
poral resolutions is also a strength of this study.

Nevertheless, some limitations should be acknowledged. First of all,
it was initially planned to use a multilevel Cox regression in order to
quantify the importance of the correlation of the observations in a same
CT or CSD. However, the statistical software was not powerful enough
to treat the study database which contained millions of observations.
On the other hand, the estimation of Cox models employing a pooled
logistic regression estimated with GEE showed a negligible correlation
between the observations of a same area. Therefore, it is possible that
the contribution of the living environment is weak when the health
condition of interest assessed is as severe as HF and in an aged popu-
lation. Further studies should be performed with more powerful soft-
ware like TESSERA in order to evaluate its importance (Ryan, 2015).
The legal and security restrictions related to the QICDSS database did
not allow the use of such software.

Everywhere on the planet including in Quebec, literature about
health and climate changes abounds especially since the last 10 years.
To that end, multiple approaches with linear and nonlinear models
were used to analyze the association between meteorology and several
health outcomes. Consequently, conclusions are different from one
study to another and it is therefore challenging to make comparisons.
Besides, in the present study, we evaluated the meteorological exposi-
tion of the previous 3 and 7 days due to a strong correlation between
the variables of the current day. Finally, the outcome of interest com-
bined hospitalizations and deaths for HF, because considering the
outcomes separately resulted in a substantial number of CTs and CSDs
with fewer than 2 events. In other words, we had to adapt the statistical
approach to our data.

5. Conclusions

This study has shown an increased risk of HF events in elderly of
65 years and older diagnosed with this disease in Quebec for each drop
of 1 °C in the mean temperature of the previous 3 days as well as of the
previous 7 days independently of the presence of individual risk factors.
To our knowledge, this is the first study of this kind performed in
Canada. It paves the way to the realization of further studies in order to
support the surveillance of chronic cardiovascular diseases in a context
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of climate changes.
Every statistical model presented explains from 20% to 22% of the

risk of HF events. The addition of other parameters in the models such
as variables related to medical acts would be interesting for the eva-
luation of several conditions that limits the patient's compliance to
treatment, self-monitoring and follow-up consultations. In conclusion,
with appropriate statistical software that supports interrupted time
series analyses, a two-step approach would be a good way to address
individuals and contextual dimensions.
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