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Abstract 

In environmental epidemiology studies, health response data (e.g. hospitalization or 

mortality) are often noisy because of hospital organization and other social factors. The 

noise in the data can hide the true signal related to the exposure. The signal can be unveiled 

by performing a temporal aggregation on health data and then using it as the response in 

regression analysis. From aggregated series, a general methodology is introduced to 

account for the particularities of an aggregated response in a regression setting. This 

methodology can be used with usually applied regression models in weather-related health 

studies, such as generalized additive models (GAM) and distributed lag nonlinear models 

(DLNM). In particular, the residuals are modelled using an autoregressive-moving average 

(ARMA) model to account for the temporal dependence. The proposed methodology is 

illustrated by modelling the influence of temperature on cardiovascular mortality in 

Canada. A comparison with classical DLNMs is provided and several aggregation methods 

are compared. Results show that there is an increase in the fit quality when the response is 

aggregated, and that the estimated relationship focuses more on the outcome over several 

days than the classical DLNM. More precisely, among various investigated aggregation 

schemes, it was found that an aggregation with an asymmetric Epanechnikov kernel is more 

suited for studying the temperature-mortality relationship.  

Keywords: time series regression; ARMA; temporal aggregation; temporal dependence; 

cardiovascular mortality; temperature.  
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1. Introduction 

In environmental epidemiology, studies on the health effect of various environmental 

exposures, often rely on regression models applied to time series data (Gasparrini and 

Armstrong, 2013). Environmental exposure variables include atmospheric pollutant levels 

and temperature, while health issues include various diseases (Barreca and Shimshack, 

2012; Blangiardo et al., 2011; Braga et al., 2002; Knowlton et al., 2009; Martins et al., 

2006; Nitschke et al., 2011; Szpiro et al., 2014; Yang et al., 2015). In this context, the 

exposure-response relationship is complex since, among other reasons, the effect of 

exposure on health issues lasts several days. This is why models have often used exposure 

windows under the form of moving averages (MA, e.g. Armstrong, 2006) or distributed 

lags (DL, Schwartz, 2000). In particular, the latter has been extended to deal with nonlinear 

relationships (distributed lags nonlinear models, DLNM, Gasparrini et al., 2010) which is 

now widely used in weather-related health population studies (e.g. Phung et al., 2016; 

Vanos et al., 2015; Wu et al., 2013).  

The health response, however, is almost always used directly as a daily time series. This 

could lead to several drawbacks in the regression models of environmental exposure on a 

health issue. First, the response to an exposure can also be spread across several days 

(Lipfert, 1993), which means that it would seem more realistic to consider a health time 

window in response to an associated exposure window. Second, health time series data 

used in epidemiologic studies are often noisy. The noise can conceal the true signal of the 

response to an exposure, especially in areas with small populations where the number of 

cases (mortality or morbidity) is low. Sources of noise include diverse organizational 

factors such as weekends and holidays (Suissa et al., 2014; Wong et al., 2009), slight 



4 

 

changes in the definition of diseases (e.g. Antman et al., 2000) as well as behavioral and 

technological changes. In the end, the noise in the response can reduce the accuracy of the 

model and the conclusions (e.g. Todeschini et al., 2004). 

In order to assess a more realistic relationship between an exposure and a health issue as 

well as reduce the noise impact in the health response, it is proposed to consider an 

aggregation window over time in the health response also, in addition to the exposure. 

More precisely, moving aggregation is considered here, i.e. the time step of data points in 

the obtained series remains the same, in opposition to aggregation where the time step of 

data points is reduced (e.g. from daily values to monthly values).  

Aggregating the response series is expected to have two advantages: (1) better representing 

the spread of the health response to an exposure and (2) reducing the noise in the health 

series. Indeed, aggregated series are less sensitive to random perturbation in the data. An 

aggregated response should make regression models more robust to variations induced by 

noise, leading to more reliable relationship estimates. This idea is consistent with the results 

of Cristobal et al. (1987) in a non-time series context, which showed that pre-smoothing a 

response variable to remove noise leads to consistent estimates with low variance in linear 

regression. In a similar study, Sarmento et al. (2011) concluded that regression models are 

more robust to noise when both the response and the exposure are aggregated.  

There have been few preceding cases of aggregated responses (Roberts, 2005; Sarmento et 

al., 2011; Schwartz, 2000b), but the regression models applied did not account for the 

specificities of an aggregated response. These specificities include the presence of extra 

autocorrelation in the residuals and a modification of their distribution. Therefore, the 
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objective of the present paper is to introduce a general methodology dealing with an 

aggregated response. The methodology allows the use of a DLNM with an aggregated 

response and deals with the autocorrelation created by the aggregation. The exposure-

response surface of a DLNM with aggregated response is then compared to the surface of 

a classical DLNM in order to assess the impact on the estimated relationship. In past 

studies, only the moving average (Roberts, 2005; Sarmento et al., 2011) and Loess 

(Schwartz, 2000b) have been considered to aggregate the response. In the present paper, 

other aggregations are considered, in particular Nadaraya-Watson kernel smoothing 

(Nadaraya, 1964; Watson, 1964) with different kernels including the Epanechnikov kernel 

(Epanechnikov, 1969) and an asymmetric kernel proposed in Michels (1992).  

The paper is organized as follows. Section 2 introduces the proposed methodology for an 

aggregated response. Section 3 illustrates the methodology and its benefits by applying it 

on a weather-related cardiovascular mortality case. The methodology is first compared to 

models with a non-aggregated response and then, different aggregation strategies are 

compared. The results are discussed in section 4 and the conclusions are presented in 

section 5. 

2. Methods 

This section introduces the statistical methodology consisting in 1) performing a temporal 

aggregation on the response time series 𝑦𝑡; and 2) modelling the aggregated response �̃�𝑡 

according to an exposure 𝑥𝑡 through a regression model. 
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2.1. Aggregation of the response 

The temporal aggregations considered in the proposed methodology are all local, i.e. the 

aggregation �̃�𝑡 of a time series 𝑦𝑡 depends only on a subset of observations close to the 

current observation. In particular, linear local aggregations can be expressed as: 

 �̃�𝑡 = ∑ 𝑤𝑖𝑦𝑡+𝑖

𝑖∈𝐼

 (1) 

where the 𝑤𝑖 are the weights attributed to each observation and 𝐼 is the aggregation 

window. The most common aggregation is the 𝐻-day centered moving average (MA) 

where 𝑤𝑖 = 1/𝐻, 𝐼 = {−
𝐻−1

2
; … ;

(𝐻−1)

2
} and  𝐻 (odd number) is the size of the window 𝐼. 

The main issue with MA is that the attributed weights are constant, giving equal importance 

to all the observations covered by the window 𝐼, even the farthest ones. This can result in 

small distortions in �̃�𝑡 (Schwartz et al., 1996). The most common alternative aggregation 

is the Nadaraya-Watson kernel smoothing  (Nadaraya, 1964; Watson, 1964) which 

generalizes the MA with the 𝑤𝑖 following a deterministic function 𝐾(. ) called “kernel”. 

This allows for the weights to be non-constant. Although a number of kernels exist, the 

most popular is the Epanechnikov kernel (Epanechnikov, 1969) designed to minimize the 

squared error of the fit for a fixed window 𝐼. In addition, the asymmetric kernel of Michels 

(1992) is considered (thereafter called the Michels kernel). Unlike the MA and the 

Epanechnikov kernels, the Michels kernel is asymmetric (i.e. 𝑤𝑖 ≠ 𝑤−𝑖), giving more 

weights to future values (𝑖 > 0) in order to better represent physiological adaptation. 

Classical aggregation includes past values (𝑖 < 0) to compute �̃�𝑡. However, in the context 

of the response of a regression model, it seems more logical to explain only the future 
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health response at time 𝑡. Therefore, all three aggregations discussed above (MA, 

Epanechnikov and Michels kernels) are considered using only future values (i.e. 𝐼 =

{0; … ; 𝐻 − 1}). The MA for future values attributes constant weights, the Epanechnikov 

kernel attributes decreasing weights from 𝑖 = 0 to 𝑖 = 𝐻 − 1 and the Michels kernel 

attributes the maximum weight few days after the current one. Their shape is shown in 

Figure 1. 

 

 

Figure 1: Illustration of the weights 𝒘𝒊 versus 𝒊 in Eq. (1) where the weights are defined 

following the three types of kernels considered in the present paper: moving average (MA), 

Epanechnikov and Michels kernels. In this figure, the window size is set to 𝑯 = 𝟏𝟏. 
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2.2. Regression model with aggregated response 

The second step of the methodology is to use the aggregated response �̃�𝑡 as the response 

of the general regression model:  

 �̃�𝑡 = 𝛽𝑥𝑡 + 𝜖𝑡 (2) 

where 𝛽 is the regression coefficient and 𝜖𝑡 is the residual of the regression. The aggregated 

response �̃�𝑡 raises two questionings for the model in Eq. (2): the probability distribution of 

residuals and the temporal dependence created by the aggregation. 

When using a linear aggregation such as in Eq. (1), which is the case here, the distribution 

of  𝜖𝑡 can generally be considered Gaussian. This is justified by the central-limit theorem, 

which still holds for correlated variables (e.g. Billingsley, 1995, section 27), since the 

residuals are centered.  

When temporal dependence is present in the response variable, it can be modelled through 

the residuals 𝜖𝑡. It is important to take it into account, since this violates the independence 

assumption of residuals, which increases the variance of estimators (e.g. Mizon, 1995). 

Regression models with serially correlated residuals are commonly known as time series 

regression (e.g. Choudhury et al., 1999). In the time series regression, the temporal 

dependence of residuals 𝜖𝑡 is modelled through an autoregressive-moving average model 

(ARMA, Box and Jenkins, 1976), i.e.  

 

𝜖𝑡 = 𝑒𝑡 + ∑ 𝜙𝑘𝜖𝑡−𝑘 + ∑ 𝜃𝑙𝑒𝑡−𝑙

𝑞

𝑙=1

𝑝

𝑘=1

 (3) 
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where 𝑒𝑡 does not have temporal dependency anymore, 𝑝 and 𝑞 are the orders of the ARMA 

model while the 𝜙𝑘  (𝑘 = 1, … , 𝑝)and 𝜃𝑙  (𝑙 = 1, … , 𝑞) are the model parameters. To 

estimate the ARMA model of Eq. (3), the regression model (Eq. 2) is first fitted in order to 

obtain a residual series on which the orders 𝑝 and 𝑞 are estimated. They are hereby 

estimated through a stepwise algorithm seeking to minimize the Akaike information 

criterion (AIC, Akaike, 1974; Hyndman and Khandakar, 2007). Minimizing the AIC 

allows a trade-off between goodness of fit and model complexity (high 𝑝 and 𝑞). However, 

other methods exist to estimate 𝑝 and 𝑞, such as simply analyzing the autocorrelation and 

partial autocorrelation functions or the extended autocorrelation function (EACF, Tsay and 

Tiao, 1984). The main advantage of the approach of Hyndman and Khandakar (2007) is 

that it is completely automated, which reduces the subjectivity of the process. Note that 

similarly to the AIC, the Bayesian information criterion (BIC, Schwarz, 1978) can also be 

used in the stepwise algorithm (we refer to Brewer et al., 2016 as well as Burnham and 

Anderson, 2004 for comparisons between AIC and BIC).  

Finally, replacing the residual term in Eq. (2) by Eq. (3) leads to the full model used here, 

i.e.  

 

�̃�𝑡 = 𝛽𝑥𝑡 + 𝑒𝑡 + ∑ 𝜙𝑘𝜖𝑡−𝑘 + ∑ 𝜃𝑙𝑒𝑡−𝑙

𝑞

𝑙=1

𝑝

𝑘=1

 (4) 

The model in Eq. (4) is estimated with the maximum likelihood method (Pagan and 

Nicholls, 1976; Pesaran, 1973). This estimation method is more consistent than the 

generalized least squares approach (Aitken, 1935) and prewhitening (Cochrane and Orcutt, 

1949), as explained by e.g. Mizon (1995) and Choudhury et al. (1999). 
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Note that the full model (Eq. 4) is linear. However, as stated in the introduction, it is also 

important to use lags of the exposure 𝑥𝑡 as well as allow the relationship to be nonlinear. 

The two aspects were combined in the DLNM approach and have proven useful (e.g. 

Gasparrini et al., 2015). Luckily, the surface of the DLNM is estimated by basis expansion 

which reduces the estimation to a linear model where the covariates are not the direct 

exposure anymore, but B-spline bases instead (mathematical details can be found in 

Gasparrini et al., 2010). Hence, the DLNM can be used as in Eq. (444) and the maximum 

likelihood estimator can be used as normal.  

2.3. Performance assessment 

Performance assessment is herein done through the 𝑅2 criterion and cross-validation (CV, 

Stone, 1974). In order to fairly assess the performances, the criteria must be computed for 

the whole methodology (i.e. the two steps) rather than only for the regression step. Hence, 

the reference vector for these criteria is the response before aggregation 𝑦𝑡 (instead of the 

aggregated response �̃�𝑡). This also allows for a fair comparison with classical models 

without an aggregated response. In addition, since the core of the methodology is to 

preprocess the response variable, many classical model comparison methods cannot be 

applied in the present case. For instance, Fisher tests are limited to nested models, and 

information criteria (AIC, BIC) cannot be directly applied because the responses used to 

compute the likelihood are different. The issue of different responses also forces us to 

compute the classical version of the 𝑅2 based on the sum of squares of errors, instead of 

its generalized one based on the likelihood function (Magee, 1990).  
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Since the data used here are time series, the classical CV does not hold because it assumes 

independence between training and validation sets. Hence, it is recommended to use hv-

block CV (Racine, 2000) which has been shown to perform well for time series data 

(Bergmeir and Benítez, 2012). The necessity to use the hv-block CV also justifies the use 

of local aggregations such as those introduced above, since the aggregation can be done 

independently in the training and validation sets of the CV.  

3. Application and comparison 

In Canada, cardiovascular diseases remain the main cause of mortality and put an 

increasing burden on the public health system (Wielgosz et al., 2009). It has already been 

shown that temperature affects cardiovascular mortality and morbidity (e.g. Bayentin et al., 

2010; Bustinza et al., 2013; Masselot et al., 2018). Therefore, in order to efficiently 

organize private and public health service and mitigate the effect of temperature on 

cardiovascular diseases, it is important to understand every aspect of the relationship. To 

contribute to this goal, the proposed methodology, in which the response is aggregated, is 

applied to the common issue of temperature-related cardiovascular mortality in the census 

metropolitan area (CMA) of Montreal, Canada. In addition, a classical DLNM is applied 

to the same initial data in order to assess the importance of aggregating. Once the relevance 

of the proposed method is established, given the availability of a number of aggregation 

techniques, the issue of which one to consider is addressed by comparing several of them. 
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Figure 2: Map showing the municipalities of the Montréal census metropolitan area along 

with the weather stations used for obtaining the temperature series (red dots).  

 

3.1. Data 

The study region is the Montreal’s CMA in the province of Quebec, Canada, shown in 

Figure 2. This area is the densest population basin of the province of Quebec, allowing for 
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enough cases to be recorded in a small area where the weather can be considered 

homogeneous.  

The health issue considered in this study is the daily mortality from cardiovascular diseases 

for the period 1981 to 2011 inclusively. The total population of the region was around 

3 825 000 in the 2011 census. Cardiovascular diseases include ischaemic heart diseases 

(code I20-I25 in the tenth version of the international classification of diseases, ICD-10), 

heart failure (code I50), cerebrovascular disease, and transient cerebral ischaemic attacks 

(codes G45, H34.0, H34.1, I60, I61, I63 and I64). Corresponding codes ICD-9 were used 

for the period before 2000. 

The environmental predictor is the daily mean temperature, which is the most studied 

variable in climate-related epidemiology (e.g. Gasparrini et al., 2015 and references 

therein). The temperature time series used is the spatial mean of the temperature measured 

at all the stations located in the Montreal’s CMA. Note that kriging has also been 

considered to interpolate air temperature, but the results were similar to using the spatial 

mean in that region (Giroux et al., 2013). 

3.2. Comparison to non-aggregated response 

It is of interest to assess the practical differences between aggregating the response and 

using it directly. Since DLNMs are the most popular models in temperature-related health 

studies, the comparison is made through the use of DLNMs. Hence, three models are 

compared: i) classic DLNM estimated with non-aggregated 𝑦𝑡 response as a benchmark 

(model “C”), ii) DLNM estimated with an aggregated response using a 7-day moving 

average on future values (“MA”) and iii) DLNM estimated with an aggregated response 
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using a 7-day moving average on future values and taking into account the created temporal 

dependence (i.e. following Eq. (4), “MA-TS”). The 7-day moving average is used here as 

a starting example since it is the simplest and most commonly used aggregation scheme. 

Sensitivity of results to the aggregation scheme is checked in a subsequent section. The 

model MA is also applied to assess the benefits of taking the temporal dependence into 

account in a real-world case study. 

The estimation of the three DLNMs has been designed similarly as in Gasparrini et al. 

(2015). Each model contains a smoothed time component estimated through natural cubic 

spline with 8 degrees of freedom per year, in order to control for unmeasured confounders. 

Note that confounding variables, such as humidity and air pollution, are not added in the 

considered models since the primary goal is to compare them. Because confounding 

variables are the same for all models, they should not change the comparison result. The 

DLNM surface is estimated by using a B-spline basis in both the temperature and the lag 

dimensions. The knots are placed at the 10th, 75th and 90th percentiles of the temperature 

variable and are equally placed on a log scale in the lag dimension, with maximum lag at 

21 days. In addition, the classic model C contains an indicator variable for the day-of-week 

and is modelled as quasi-Poisson to account for over-dispersion. The other models (MA 

and MA-TS) are considered Gaussian as explained in section 2.2.  
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a) C b) MA c) MA-TS 

Figure 3: Plot of relative risks along lag and temperature for models C (classical), MA 

(moving average) and MA-TS (moving average with time series regression). 

 

Figure 3 shows the surfaces reflecting the estimated effect of temperature on mortality 

through DLNM for the three models C, MA and MA-TS. Surfaces are presented as relative 

risks (RR), which are the exponentials of surfaces. The surface for C (Figure 3a) is 

consistent with the literature (e.g. Goldberg et al., 2011). It shows a comfort zone between 

-10°C and 20°C, an acute effect of hot temperature until three days lag and RRs under 1 

for lags between 10 and 15 days, indicating a harvesting effect. In addition, a slight 

mortality excess of cold temperature (lower than -15°C) is found for lags between 0 and 

10 days. The surface of the MA model (Figure 3b) is a smoothed version of the surface of 

the one of the C model. The effect of both heat and cold are longer and with less amplitude 

(RR not higher than 1.06). The surface obtained for the MA-TS model (Figure 3c) has the 

same shape as the previous one. It outlines more the latent effect of both cold and hot 

temperatures.  
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a) 𝑅2 b) Cross-validated prediction error 

Figure 4: Numerical performance comparison between classical DLNM (C), DLNM with 7-

day moving-average response (MA) and time-series regression with 7-day moving-average 

response (MA-TS). 

 

Figure 4 shows performance criteria 𝑅2 and CV detailed in section 2.3. 𝑅2 values (Figure 

4a) are very similar between C and MA models (respectively 33.9 % and 32.9 % of 

explained variance), consistently with the similar surfaces found. However, the MA-TS 

model presents the highest 𝑅2 value (42.2 % explained variance) showing the relevancy of 

the ARMA modelling of residuals. To compute CV values, Bergmeir and Benítez (2012) 

recommend to remove long-term trend and seasonality from the data before the analysis, 

instead of including a smooth time component as done in epidemiology. CV criteria (Figure 

4b) show very similar values of prediction error when the response is aggregated (a value 

of 17.3 for model C versus values of 17.5 for both MA and MA-TS models). However, the 
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difference is lower than the standard error of CV values which is around 0.5 meaning that 

a definitive increase of prediction error cannot be concluded.  

3.3. Choice of the aggregation scheme 

The previous section suggests that applying the model of Eq. (4) with a response 

aggregated through a 7-day moving average results in a better fit than a classical model, as 

well as providing other insights on the relationship especially at cold temperatures. The 

question is now: how do other aggregations behave and what is the better choice for 𝐻? 

Hence, the goal of this section is to compare the aggregation models listed in section 2.1 

(and shown in Figure 1). 

Figure 5 shows the performance criteria detailed in section 2.3 for each aggregation model 

with 𝐻 values between 3 and 21. Overall, the 𝑅2 scores (Figure 5a) are higher for the lowest 

value of 𝐻 = 3 and decrease as 𝐻 increases. The aggregation showing the highest 𝑅2 

values is the Epanechnikov kernel. However, its 𝑅2 values are only 5 points higher than 

those of the Michels kernel on future values. The MA aggregations show the lowest 𝑅2 

values, showing the relevancy of considering non constant weights for aggregation. 
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a) 𝑅2 b) Cross-validation 

Figure 5: Performance criteria values for 3 different aggregations and different values of 𝑯 

between 3 and 30. 

 

Similarly to the 𝑅2 values, the CV values (Figure 5b) are the lowest (indicating best 

predictive performances) for 𝐻 = 3 and slightly increase with 𝐻. The best aggregation 

according to the CV criterion is still the Epanechnikov kernel in opposition to the MA 

aggregation. The latter shows the highest prediction errors. However, the differences are 

still lower than the standard error of the CV values (around 0.5). 

It has been stated that the Epanechnikov kernel presents the best performances of all the 

aggregation models considered in the present paper. Therefore, Figure 6 shows the DLNM 

surfaces obtained with Eq. (4) when the response is aggregated through the Epanechnikov 

kernel with 𝐻 = 3 (Figure 6a) and 𝐻 = 7 (Figure 6b). Note that many surfaces obtained 

with other aggregation schemes were very similar to those in Figure 6. Both surfaces are 

very similar to the surface of the model MA-TS (Figure 3c), by showing important RRs for 

the coldest temperatures around a 5-day lag. The main difference is that the RRs associated 
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to the acute effect of extreme heat are increased, which could mean that the whole response 

to heat wave expositions is captured through the Epanechnikov kernel on future values. 

  

a) 𝐻 = 3 b) 𝐻 = 7  

Figure 6: DLNM surfaces estimated when the response is aggregated through the 

Epanechnikov kernel. 

 

In conclusion, following the results of section 3.2, the present section shows that 

aggregating with the Epanechnikov kernel on future values (for which the shape is shown 

in Figure 1) is the most adapted aggregation scheme for temperature-related cardiovascular 

mortality studies in the context of Montréal, Canada. The Michels kernel on future values 

shows also good performances. Indeed, both improve the fit of the model and present a 

shape adapted to the mortality response of a temperature exposition. 
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4. Discussion 

The CVD mortality and temperature data were used to compare DLNM without aggregated 

response to DLNM with aggregated response, with and without modelling the created 

temporal dependence. Results show that when the temporal dependence is not modelled, 

results are quite similar between aggregated response (model MA) and non-aggregated 

response (model C), although the former smooth the relationship. For the latter, it is 

important to note that the results and interpretation are very similar to what is found in the 

literature for Montréal such as in Doyon et al. (2008) as well as Goldberg et al. (2011).   

The fit quality increases when the temporal dependence in residuals is modelled. In this 

case the surface slightly differs from the surface of model C. Indeed, the surface of the 

MA-TS model indicates a greater influence of cold temperature with a lag comprised 

between 5 and 10 days. This suggests that aggregating the response allows to obtain a signal 

at lower frequencies, which is not visible when considering the response directly. This also 

outlines the important effect of cold, as mentioned by Gasparrini et al. (2015). This is later 

confirmed by the surfaces obtained when the response is aggregated through the 

Epanechnikov kernel. 

In their study, Sarmento et al. (2011) considered only 7-day centered moving averages. The 

present paper investigates other possible local aggregations with different window sizes. 

The aggregations investigated are MA, kernel smoothing with Epanechnikov and Michels 

kernels considering only future values (i.e. 𝑖 > 0 in Eq. 1). The differences between 

aggregations are small which is logical since, in kernel smoothing, it is established that the 

choice of 𝐻 is much more important than the choice of the kernel (e.g. Wand and Jones, 
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1995). However, the Epanechnikov kernel shows slightly better performances than the 

others ones. As illustrated in Figure 1, this aggregations attributes maximum weight at the 

center of the window, and slightly decreases with higher lags, which represents well the 

physiological adaptation (e.g. Liu et al., 2015). The better performances for aggregation 

with small windows suggest that, in the case of cardiovascular mortality, aggregating the 

response is needed to remove some noise in the data, but a too large window results in the 

loss of information about acute effects, which are very important ones.  

In this study, other aggregation schemes were considered, namely spectral smoothing with 

wavelets (Daubechies, 1992) and empirical mode decomposition (Huang et al., 1998). 

However, these aggregations do not have the property of being local (i.e. they use the entire 

series for aggregation), which violates the assumptions of hv-block CV and are less 

interpretable than the aggregation considered in the paper. In addition, they have shown 

poor results in comparison to the other aggregations. The results can nonetheless be found 

in the technical report (Masselot et al., 2016). Loess aggregation (Cleveland and Devlin, 

1988) has also been considered during the study, but showed similar results to the 

Epanechnikov kernel and thus has not been presented here. 

The proposed methodology is not intended to replace classical models but to be used in 

complement or in special cases. On the one hand, aggregating the response is helpful when 

a large amount of noise is suspected in the response and to study the relationship at a longer 

term than a daily basis. This is the case for areas with few mortality occurrences, such as 

northern areas in Canada, in which the temperature-related signal is dominated by the noise 

(Chebana et al., 2012). The aggregation could also be helpful in studies dealing with 

exposures with less acute effects such as humidity on cardiovascular mortality during 
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spring (e.g. Masselot et al., 2018). On the other hand, there is a loss of information in the 

aggregation process, especially concerning health peaks. Dedicated extreme methods are 

important to study the extreme acute effects of an environmental exposure on a health issue 

(e.g. Chiu et al., 2016).  

Although the proposed modelling allows considering nonlinear models such as the DLNM, 

the modelling is restricted to models that can be expressed as a linear combination of basis 

functions. Other estimation methods such as penalized models (e.g. Ridge and Lasso 

regressions), which are very useful for several correlated predictors, would necessitate the 

development of dedicated models.   

5. Conclusions 

The present paper proposes to aggregate the health response in environmental 

epidemiology studies, in order to reduce the importance of noise in the health data. The 

proposed methodology consists in aggregating the response and then applying a time series 

regression model to account for the temporal dependence created by the aggregation. This 

model is general and therefore not limited to linear regression and allows the use of 

DLNMs. The proposed methodology is then applied to the practical issue of temperature-

related cardiovascular mortality.  

Results show that aggregating the response and modelling the temporal dependence leads 

to an increase in the fit quality. In addition, it outlines the longer term nature of the 

relationship during winter in Montreal, which is not as obvious using the classical DLNM. 

It is shown and argued that using an asymmetric aggregation (the Michels kernel or the 

Epanechnikov kernel on future values) with a small window leads to better results.  
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The obtained results and findings in the present paper are valid only for the case of 

temperature-related cardiovascular mortality in Montréal. Hence, these results cannot be 

generalized to other locations or variables, as illustrated by the diversity of results in 

Gasparrini et al. (2015). Therefore, as a future perspective, it could be of interest to apply 

the proposed methodology to other health issues and other locations.  

Acknowledgements 

The authors are thankful to the Fonds Vert du Québec for funding this study and to the 

Institut national de santé publique du Québec for data access. The authors also wish to 

thank Jean-Xavier Giroux (INRS-ETE) for his help with database building, Yohann Chiu 

(INRS-ETE) for all his relevant comments during the project as well as two anonymous 

reviewers for their helpful comments in improving the quality of the paper. All the analyses 

were performed using the R software (R Core Team, 2015) with the package forecast 

(Hyndman, 2015). The R codes are freely available upon request. 

    

  



24 

 

Bibliography 

Aitken, A.C., 1935. On least squares and linear combination of observations. Proc. R. Soc. 

Edinb. 55, 42–48. 

Akaike, H., 1974. A new look at the statistical model identification. Autom. Control IEEE 

Trans. On 19, 716–723. https://doi.org/10.1109/tac.1974.1100705 

Antman, E., Bassand, J.-P., Klein, W., Ohman, M., Lopez Sendon, J.L., Rydén, L., 

Simoons, M., Tendera, M., 2000. Myocardial infarction redefined—a consensus 

document of The Joint European Society of Cardiology/American College of 

Cardiology committee for the redefinition of myocardial infarctionThe Joint 

European Society of Cardiology/ American College of Cardiology Committee∗. J. 

Am. Coll. Cardiol. 36, 959–969. https://doi.org/10.1016/s0735-1097(00)00804-4 

Armstrong, B., 2006. Models for the relationship between ambient temperature and daily 

mortality. Epidemiology 17, 624–631 10.1097/01.ede.0000239732.50999.8f. 

Barreca, A.I., Shimshack, J.P., 2012. Absolute Humidity, Temperature, and Influenza 

Mortality: 30 Years of County-Level Evidence from the United States. Am. J. 

Epidemiol. 176, S114–S122. https://doi.org/10.1093/aje/kws259 

Bayentin, L., El Adlouni, S., Ouarda, T., Gosselin, P., Doyon, B., Chebana, F., 2010. 

Spatial variability of climate effects on ischemic heart disease hospitalization rates 

for the period 1989-2006 in Quebec, Canada. Int. J. Health Geogr. 9, 5. 

Bergmeir, C., Benítez, J.M., 2012. On the use of cross-validation for time series predictor 

evaluation. Inf. Sci. 191, 192–213. https://doi.org/10.1016/j.ins.2011.12.028 

Billingsley, P., 1995. Probability and Measure, Series in Probability and Mathematical 

Statistics. 

Blangiardo, M., Richardson, S., Gulliver, J., Hansell, A., 2011. A Bayesian analysis of the 

impact of air pollution episodes on cardio-respiratory hospital admissions in the 

Greater London area. Stat. Methods Med. Res. 20, 69–80. 

https://doi.org/10.1177/0962280210372571 

Box, G.E.P., Jenkins, G.M., 1976. Time series analysis: forecasting and control, Holden-

Day Series in Time Series Analysis. San Francisco, Calif. 

Braga, A.L.F., Zanobetti, A., Schwartz, J., 2002. The effect of weather on respiratory and 

cardiovascular deaths in 12 U.S. cities. Environ. Health Perspect. 10, 859–863. 

Brewer, M.J., Butler, A., Cooksley, S.L., 2016. The relative performance of AIC, AICC 

and BIC in the presence of unobserved heterogeneity. Methods Ecol. Evol. 7, 679–

692. https://doi.org/10.1111/2041-210x.12541 

Burnham, K.P., Anderson, D.R., 2004. Multimodel Inference: Understanding AIC and BIC 

in Model Selection. Sociol. Methods Res. 33, 261–304. 

https://doi.org/10.1177/0049124104268644 

Bustinza, R., Lebel, G., Gosselin, P., Belanger, D., Chebana, F., 2013. Health impacts of 

the July 2010 heat wave in Quebec, Canada. BMC Public Health 13, 56. 

Chebana, F., Martel, B., Gosselin, P., Giroux, J.-X., Ouarda, T.B., 2012. A general and 

flexible methodology to define thresholds for heat health watch and warning 

systems, applied to the province of Québec (Canada). Int. J. Biometeorol. 57, 631–

644. 



25 

 

Chiu, Y., Chebana, F., Abdous, B., Bélanger, D., Gosselin, P., 2016. Mortality and 

morbidity peaks modeling: An extreme value theory approach. Stat. Methods Med. 

Res. 0962280216662494. 

Choudhury, A.H., Hubata, R., St. Louis, R.D., 1999. Understanding time-series regression 

estimators. Am. Stat. 53, 342–348. 

Cleveland, W.S., Devlin, S.J., 1988. Locally Weighted Regression: An Approach to 

Regression Analysis by Local Fitting. J. Am. Stat. Assoc. 83, 596–610. 

https://doi.org/10.1080/01621459.1988.10478639 

Cochrane, D., Orcutt, G.H., 1949. Application of Least Squares Regression to 

Relationships Containing Auto- Correlated Error Terms. J. Am. Stat. Assoc. 44, 

32–61. https://doi.org/10.2307/2280349 

Cristobal, J.A.C., Roca, P.F., Manteiga, W.G., 1987. A Class of Linear Regression 

Parameter Estimators Constructed by Nonparametric Estimation. Ann Stat. 603–

609. https://doi.org/10.1214/aos/1176350363 

Daubechies, I., 1992. Ten lectures on wavelets. SIAM. 

Doyon, B., Bélanger, D., Gosselin, P., 2008. The potential impact of climate change on 

annual and seasonal mortality for three cities in Québec, Canada. Int. J. Health 

Geogr. 7, 23. 

Epanechnikov, V.A., 1969. Non-Parametric Estimation of a Multivariate Probability 

Density. Theory Probab. Its Appl. 14, 153–158. https://doi.org/10.1137/1114019 

Gasparrini, A., Armstrong, B., 2013. Reducing and meta-analysing estimates from 

distributed lag non-linear models. BMC Med. Res. Methodol. 13, 1. 

https://doi.org/10.1186/1471-2288-13-1 

Gasparrini, A., Armstrong, B., Kenward, M.G., 2010. Distributed lag non-linear models. 

Stat. Med. 29, 2224–2234. https://doi.org/10.1002/sim.3940 

Gasparrini, A., Guo, Y., Hashizume, M., Lavigne, E., Zanobetti, A., Schwartz, J., Tobias, 

A., Tong, S., Rocklöv, J., Forsberg, B., Leone, M., De Sario, M., Bell, M.L., Guo, 

Y.-L.L., Wu, C., Kan, H., Yi, S.-M., de Sousa Zanotti Stagliorio Coelho, M., 

Saldiva, P.H.N., Honda, Y., Kim, H., Armstrong, B., 2015. Mortality risk 

attributable to high and low ambient temperature: a multicountry observational 

study. The Lancet 386, 369–375. https://doi.org/10.1016/S0140-6736(14)62114-0 

Giroux, J.-X., Chebana, F., Bélanger, D., Gloaguen, E., Ouarda, T.B.M.J., A., S.-H., 2013. 

Projet M1 : Comparaison de l’utilisation des moyennes spatiales à celle du 

krigeage, appliquée à la relation mortalité par MCV - météorologie, au Québec, de 

1996 à 2007. (No. R1438). INRS-ETE. 

Goldberg, M.S., Gasparrini, A., Armstrong, B., Valois, M.F., 2011. The short-term 

influence of temperature on daily mortality in the temperate climate of Montreal, 

Canada. Environ. Res. 111, 853–860. https://doi.org/10.1016/j.envres.2011.05.022 

Huang, N.E., Shen, Z., Long, S.R., Wu, M.C., Shih, H.H., Zheng, Q., Yen, N.-C., Tung, 

C.C., Liu, H.H., 1998. The empirical mode decomposition and the Hilbert spectrum 

for nonlinear and non-stationary time series analysis. Proc. R. Soc. Lond. Ser. Math. 

Phys. Eng. Sci. 454, 903–995. https://doi.org/10.1098/rspa.1998.0193 

Hyndman, R., 2015. forecast: Forecasting functions for time series and linear models. R 

Package Version 62. 



26 

 

Hyndman, R.J., Khandakar, Y., 2007. Automatic time series for forecasting: the forecast 

package for R. Monash University, Department of Econometrics and Business 

Statistics. 

Knowlton, K., Rotkin-Ellman, M., King, G., Margolis, H.G., Smith, D., Solomon, G., 

Trent, R., English, P., 2009. The 2006 California heat wave: impacts on 

hospitalizations and emergency department visits. Env. Health Perspect 117, 61–

67. 

Lipfert, F.W., 1993. A critical review of studies of the association between demands for 

hospital services and air pollution. Env. Health Perspect. 

Liu, C., Yavar, Z., Sun, Q., 2015. Cardiovascular response to thermoregulatory challenges. 

Am. J. Physiol. - Heart Circ. Physiol. 309, H1793–H1812. 

https://doi.org/10.1152/ajpheart.00199.2015 

Magee, L., 1990. R 2 Measures Based on Wald and Likelihood Ratio Joint Significance 

Tests. Am. Stat. 44, 250–253. https://doi.org/10.1080/00031305.1990.10475731 

Martins, L.C., Pereira, L.A.A., Lin, C.A., Santos, U.P., Prioli, G., Luiz, O. do C., Saldiva, 

P.H.N., Braga, A.L.F., 2006. The effects of air pollution on cardiovascular diseases: 

lag structures. Rev. Saúde Pública 40, 677–683. 

Masselot, P., Chebana, F., Bélanger, D., St-Hilaire, A., Abdous, B., Gosselin, P., Ouarda, 

T.B.M.J., 2018. EMD-regression for modelling multi-scale relationships, and 

application to weather-related cardiovascular mortality. Sci. Total Environ. 612, 

1018–1029. https://doi.org/10.1016/j.scitotenv.2017.08.276 

Masselot, P., Chebana, F., Bélanger, D., St-Hilaire, A., Abdous, B., Gosselin, P., Ouarda, 

T.B.M.J., 2016. Agrégation de la réponse dans la régression – application à la 

relation entre les maladies cardiovasculaires et la météorologie. Institut National de 

la Recherche Scientifique, Québec, Canada. 

Michels, P., 1992. Asymmetric Kernel Functions in Non-Parametric Regression Analysis 

and Prediction. J. R. Stat. Soc. Ser. Stat. 41, 439–454. 

https://doi.org/10.2307/2349008 

Mizon, G.E., 1995. A simple message for autocorrelation correctors: Don’t. J. Econom. 69, 

267–288. https://doi.org/10.1016/0304-4076(94)01671-l 

Nadaraya, E.A., 1964. On Estimating Regression. Theory Probab. Its Appl. 9, 141–142. 

https://doi.org/10.1137/1109020 

Nitschke, M., Tucker, G.R., Hansen, A.L., Williams, S., Zhang, Y., Bi, P., 2011. Impact of 

two recent extreme heat episodes on morbidity and mortality in Adelaide, South 

Australia: a case-series analysis. Env. Health 10, 42. 

Pagan, A.R., Nicholls, D.F., 1976. Exact Maximum Likelihood Estimation of Regression 

Models with Finite Order Moving Average Errors. Rev. Econ. Stud. 43, 383–387. 

Pesaran, M.H., 1973. Exact Maximum Likelihood Estimation of a Regression Equation 

with a First- Order Moving-Average Error. Rev. Econ. Stud. 40, 529–535. 

Phung, D., Guo, Y., Thai, P., Rutherford, S., Wang, X., Nguyen, M., Do, C.M., Nguyen, 

N.H., Alam, N., Chu, C., 2016. The effects of high temperature on cardiovascular 

admissions in the most populous tropical city in Vietnam. Environ. Pollut. 208, Part 

A, 33–39. https://doi.org/10.1016/j.envpol.2015.06.004 

R Core Team, 2015. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. 



27 

 

Racine, J., 2000. Consistent cross-validatory model-selection for dependent data: hv-block 

cross-validation. J. Econom. 99, 39–61. https://doi.org/10.1016/S0304-

4076(00)00030-0 

Roberts, S., 2005. Using moving total mortality counts to obtain improved estimates for 

the effect of air pollution on mortality. Environ. Health Perspect. 

Sarmento, S.M., Verburg, T.G., Almeida, S.M., Freitas, M.C., Wolterbeek, H.T., 2011. 

Robustness of different regression modelling strategies in epidemiology: a time-

series analysis of hospital admissions and air pollutants in Lisbon (1999–2004). 

Environmetrics 22, 86–97. https://doi.org/10.1002/env.1031 

Schwartz, J., 2000a. The distributed lag between air pollution and daily deaths. 

Epidemiology 11, 320–326. 

Schwartz, J., 2000b. Harvesting and Long Term Exposure Effects in the Relation between 

Air Pollution and Mortality. Am. J. Epidemiol. 151, 440–448. 

Schwartz, J., Spix, C., Touloumi, G., Bachárová, L., Barumamdzadeh, T., le Tertre, A., 

Piekarksi, T., Ponce de Leon, A., Pönkä, A., Rossi, G., Saez, M., Schouten, J.P., 

1996. Methodological issues in studies of air pollution and daily counts of deaths 

or hospital admissions. J. Epidemiol. Community Health 50, S3-11. 

https://doi.org/10.1136/jech.50.Suppl_1.S3 

Schwarz, G., 1978. Estimating the dimension of a model. Ann. Stat. 6, 461–464. 

Stone, M., 1974. Cross-Validatory Choice and Assessment of Statistical Predictions. J. R. 

Stat. Soc. Ser. B Methodol. 36, 111–147. https://doi.org/10.2307/2984809 

Suissa, S., Dell’Aniello, S., Suissa, D., Ernst, P., 2014. Friday and weekend hospital stays: 

effects on mortality. Eur. Respir. J. 44, 627–633. 

https://doi.org/10.1183/09031936.00007714 

Szpiro, A.A., Sheppard, L., Adar, S.D., Kaufman, J.D., 2014. Estimating acute air pollution 

health effects from cohort study data. Biometrics 70, 164–174. 

https://doi.org/10.1111/biom.12125 

Todeschini, R., Consonni, V., Mauri, A., Pavan, M., 2004. Detecting “bad” regression 

models: multicriteria fitness functions in regression analysis. Anal. Chim. Acta 515, 

199–208. https://doi.org/10.1016/j.aca.2003.12.010 

Tsay, R.S., Tiao, G.C., 1984. Consistent Estimates of Autoregressive Parameters and 

Extended Sample Autocorrelation Function for Stationary and Nonstationary 

ARMA Models. J. Am. Stat. Assoc. 79, 84–96. 

https://doi.org/10.1080/01621459.1984.10477068 

Vanos, J.K., Cakmak, S., Kalkstein, L.S., Yagouti, A., 2015. Association of weather and 

air pollution interactions on daily mortality in 12 Canadian cities. Air Qual. 

Atmosphere Health 8, 307–320. https://doi.org/10.1007/s11869-014-0266-7 

Wand, M.M.P., Jones, M.C., 1995. Kernel smoothing. Crc Press. 

Watson, G.S., 1964. Smooth regression analysis. Sankhyā Indian J. Stat. Ser. A 359–372. 

Wielgosz, A., Arango, M., Bancej, C., Bienek, A., Johansen, H., Lindsay, P., Luo, W., 

Luteyn, A., Nair, C., Quan, P., Stewart, P., Walsh, P., Webster, G., 2009. Suivi des 

maladies du coeur et des accidents vasculaires cérébraux au Canada. 

Wong, H., Wu, R.C., Tomlinson, G., Caesar, M., Abrams, H., Carter, M.W., Morra, D., 

2009. How much do operational processes affect hospital inpatient discharge rates? 

J. Public Health 31, 546–553. https://doi.org/10.1093/pubmed/fdp044 



28 

 

Wu, W., Xiao, Y., Li, G., Zeng, W., Lin, H., Rutherford, S., Xu, Y., Luo, Y., Xu, X., Chu, 

C., Ma, W., 2013. Temperature–mortality relationship in four subtropical Chinese 

cities: A time-series study using a distributed lag non-linear model. Sci. Total 

Environ. 449, 355–362. https://doi.org/10.1016/j.scitotenv.2013.01.090 

Yang, C., Meng, X., Chen, R., Cai, J., Zhao, Z., Wan, Y., Kan, H., 2015. Long-term 

variations in the association between ambient temperature and daily cardiovascular 

mortality in Shanghai, China. Sci. Total Environ. 538, 524–530. 

https://doi.org/10.1016/j.scitotenv.2015.08.097 
 

 


