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A B S T R A C T

Background: A few studies in high-income countries have investigated the relationship between ambient tem-
perature and/or precipitation and the occurrence of gastroenteritis. In most of the cases, hot temperatures and
heavy precipitation events have been related to increases in infections. This is of concern as climate change
predictions indicate an increase of those extreme events. Our aim was to evaluate the association between
meteorological variables and daily gastroenteritis hospitalizations in Spain for the period 1997–2013.
Methods: We obtained data on all hospitalizations which occurred in Spain for the study period from admin-
istrative databases and selected those with gastroenteritis as the main diagnosis. Meteorological data was ob-
tained from the European Climate Assessment & Dataset. Daily counts of hospitalizations were linked to me-
teorological variables in a retrospective ecological time series study using quasi-Poisson regression models with
overdispersion and applying the Distributed Lag Non-linear Model (DLNM) framework.
Results: Both high and cold temperatures increased the risk of gastroenteritis hospitalizations (relative risk
(RR)=1.21, 95% confidence interval (CI): 1.09, 1.34; and RR=1.07, 95% CI: 1.00, 1.15, respectively),
whereas heavy precipitation was found protective for those hospitalizations (RR=0.74, 95% CI: 0.63, 0.86).
Hot temperatures increased hospitalizations for gastroenteritis classified as foodborne or idiopathic but not those
in the group of Others, which were composed mainly of infections by rotavirus and were associated with cold
temperatures.
Conclusions: Our findings suggest an important role of ambient temperatures, especially hot temperatures, in
increasing gastroenteritis hospitalizations, while the exposure to heavy precipitation events pose opposite and
unexpected effects on these infections.

1. Introduction

Gastroenteritis has a strong burden in morbidity and mortality in
the world. The World Health Organization (WHO) estimates that four
hundred million diarrhea episodes occur globally every year (Jofre
et al., 2009). Gastroenteritis is the second leading cause of preventable
illness and one of the leading causes of death in children under 5 years
old (Fletcher et al., 2011). Gastroenteritis caused 1.31 million deaths
globally in 2015, especially in children under age 5 in low-income
countries (Troeger et al., 2017). Even though low and middle-income
countries are the most affected, many gastroenteritis outbreaks are also
reported in high-income countries like the United States of America

(Mac Kenzie et al., 1994; Weniger et al., 1983), Taiwan (Jean et al.,
2006), Finland (Kauppinen et al., 2017), the United Kingdom (Nichols
et al., 2009) or Spain (Arias et al., 2006).

The cause of gastroenteritis is typically a microorganism or viral
agent transmitted by fecal-oral route through ingestion of pathogens
found in unsafe drinking-water, contaminated food or unclean hands
(Jofre et al., 2009; Prüss-Üstün et al., 2008). Meteorological factors
such as temperature and precipitation can have an influence on the risk
of gastroenteritis by promoting bacterial growth or through water
contamination during flooding events, among other mechanisms. Al-
though there are differences between low-, middle- and high-income
countries, rotavirus seems to be the most frequently detected pathogen
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worldwide (Fletcher et al., 2011) and, together with norovirus, they
normally have an incidence peak in winter (Lopman et al., 2009).

In high-income countries, the main recognized sources of water
contamination are human and animal waste and agricultural activities
(Crimmins et al., 2016). However, increases in the presence of fecal
microorganisms in surface water have also been found after extreme
precipitation events (Kim et al., 2013; Kistemann et al., 2002; Miossec
et al., 2000; Shehane et al., 2005; Signor et al., 2005; Tornevi et al.,
2014; Tryland et al., 2011). This contamination can be due to, for ex-
ample, sewer overflows and sewage discharges of untreated (Curriero
et al., 2001; Drayna et al., 2010; Hill et al., 2006; Kim et al., 2013;
Shehane et al., 2005) or ineffectively treated water from water treat-
ment plants when heavy precipitation events cause a lot of water en-
tering treatment plants and prevent its potabilization (Arias et al., 2006;
Britton et al., 2010; Curriero et al., 2001; Drayna et al., 2010; Shehane
et al., 2005).

Several studies have found positive associations between heavy
precipitation events and gastroenteritis cases and outbreaks. In Sweden,
Tornevi et al. uncovered a positive relationship between nurse advice
calls related to gastrointestinal diseases and previous heavy precipita-
tion 5–6 days before (Tornevi et al., 2013), while in the United States of
America and Canada extreme precipitation and cumulative rainfall
were related with higher risks of waterborne disease outbreaks
(Curriero et al., 2001; Thomas et al., 2006). Nichols et al., in a study in
England and Wales, found that both low rainfall in the three previous
weeks (< 20mm per week) or heavy rainfall in the previous week of
the outbreak (> 40mm in a week) were significantly associated with
the risk of drinking water-related outbreaks (Nichols et al., 2009).

In addition, gastroenteritis cases (Hu et al., 2007; Iñiguez et al.,
2016; Singh et al., 2001) and outbreaks (Thomas et al., 2006) have been
related with high temperatures in several countries, although some-
times cryptosporidiosis (Britton et al., 2010) and Norovirus infections
(Lopman et al., 2009) have been associated with cold temperatures. In
Valencia (Spain), Iñiguez et al. found increased risk of hospitalizations
due to gastrointestinal diseases in days of extreme heat compared to
normal days only for short lags (0–1 days) (Iñiguez et al., 2016). It is
biologically plausible that warmer temperatures promote bacterial
growth, which could be present in water and food, leading to a wa-
terborne or foodborne transmission (Hashizume et al., 2007). The in-
crease of gastroenteritis with cold could be due to the fact that, with
cold, people tend to stay indoors and this may increase person-to-
person transmission (Onozuka and Hagihara, 2015).

An increase of> 10% in the average global precipitation and a rise
between 1.4 and 5.8 °C of ambient temperature is expected in the
course of the current century due to climate change (Kim et al., 2013).
In Spain, climate change projections predict temperature rises, reduc-
tions in precipitations and increases in heavy precipitation events
(Fundación Biodiversidad, Oficina Española de Cambio Climático,
Agencia Estatal de Meteorología, Centro Nacional de Educación
Ambiental., 2013). This can have consequences in the occurrence of
gastroenteritis, as food- and waterborne pathogens are known to be
sensitive to climatic conditions (European Centre for Disease
Prevention and Control, 2012). Knowledge about the links between
climate variables and gastroenteritis can help preventing future cases
and outbreaks but is also useful to adopt appropriate mitigation and
adaptation measures in the context of climate change.

In this study, we examined the effects of precipitation and tem-
perature on hospitalizations by gastroenteritis in Spain during the
period 1997–2013. This will contribute to the investigation of the as-
sociation between weather variables and gastroenteritis in the
Mediterranean region, with few previous reports, using a large dataset
with countrywide data and long study period. In addition, we con-
ducted separate analyses by diagnostic groups, as different patterns
have been reported depending on the specific microorganism involved.

2. Material and methods

2.1. Population

The study included gastroenteritis hospitalizations that occurred in
Spain between 1997 and 2013. Spain has 50 provinces plus two au-
tonomous cities (Ceuta and Melilla). Ceuta and Melilla were excluded
from the analyses due to their low number of cases (391 and 128 cases
in the entire study period, respectively, which represented 0.14% and
0.07% of the cases in the country), while Canary Islands (Las Palmas
and Tenerife provinces) were also excluded because they had a different
weather pattern from the rest of the Iberian Peninsula.

2.2. Hospitalization data

We obtained data on hospitalizations due to infectious gastro-
enteritis as the main diagnosis at discharge, according to the 9th
Revision of the International Classification of Diseases (ICD-9) codes
(codes 001–009), from Conjunto Mínimo Básico de Datos (CMBD) of the
Instituto de Información Sanitaria (Spanish Ministry of Health, Social
Services and Equity). Using this registry is compulsory for all hospitals
from the National Health System, and the number of private hospitals
included has been increasing over the years. Currently, it includes 92%
of all hospitalizations and 15.9% belong to private hospitals (Ministerio
de Sanidad, Servicios Sociales e Igualdad, 2016). Individual records
were obtained, with information on date of hospitalization, sex, age,
diagnosis and province. For each province, we derived total daily
counts and daily counts by sex, age group (≤1-year-old, > 1–≤15
years old,> 15–<65 years old, ≥ 65 years old), climatic region (see
below), and diagnostic group according to a classification created a
priori by the authors ((1) waterborne: cholera (ICD-9 code 001), ty-
phoid and paratyphoid fever (002), shigellosis (004), amebiasis (006)
and protozoa's infections (007); (2) foodborne: salmonellosis (003) and
food intoxications (005); (3) other bacteria and viruses causing diar-
rheas like Escherichia coli or Norovirus (008); and (4) idiopathic, which
includes ill-defined intestinal infections (009)) (Supplementary mate-
rial, Table S1). Assigned ICD-9 codes may or may not be based on la-
boratory results. The system includes a validation process that allows
capturing diagnoses of cases that were discharged before the results of
in-hospital microbiological tests (García-Basteiro et al., 2011).

2.3. Weather data

The exposures evaluated included total daily precipitation (mm)
(including snowfall), heavy precipitation events (binary variable cre-
ated to indicate when daily precipitation was above the 95th percentile
of the province) and daily average temperature (°C), obtained from the
European Climate Assessment & Dataset (European Climate Assessment
& Dataset, 2016). We also reported associations for extreme heat and
cold defined as temperatures above the 95th and below the 5th per-
centiles, respectively. Meteorological variables were obtained from
meteorological stations in the province capital city and those exposures
were assigned to all hospitalizations that occurred in the province ac-
cording to the date of hospital admission.

2.4. Statistical analyses

We conducted a daily time series regression analysis in order to find
short-term associations between our exposure variables and the out-
come variables. The response variable was the daily number of gas-
troenteritis hospitalizations in each province, obtained by aggregating
the individual hospital records by date and province. As the response
variable is composed of counts, we used quasi-Poisson regression
models, which can capture overdispersion often present in hospitali-
zation count data (Bhaskaran et al., 2013). We used the Distributed Lag
Non-linear Model (DLNM) framework to capture non-linear
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relationships and lagged associations (Gasparrini et al., 2010). We in-
cluded temperature and precipitation in the same model and we in-
cluded lags up to 28 days to account for a delay in appearance of
symptoms as those reported previously (Hashizume et al., 2007). The
lagged effects were modeled using a natural cubic B-spline with an
intercept and three internal knots placed at equally spaced values in the
log scale (Gasparrini et al., 2015). Then, we calculated cumulative ex-
posure-response functions by cumulating the effects across all lags. For
the temperature-hospitalization association, we allowed for non-linear
relationships by using a quadratic B-spline with one internal knot
placed at the 50th percentile. Associations for extreme heat and cold
were derived from the resulting cumulative curve, by comparing the
95th and 5th percentile of temperature with the temperature of
minimal hospitalizations. For the precipitation-hospitalization associa-
tion, we fitted a linear relationship. This was done because of the
skewed distribution of precipitation, with most observations con-
centrated in a small range of values (no or low precipitation), and a
small percentage of observations distributed along a wide range of
values (high precipitation). Given the difficulty in estimating the shape
of the association in such circumstances, we restricted the flexibility of
the model to estimate linear relationships. As this option also has lim-
itations, we additionally fitted a model using an indicator variable for
heavy precipitation. In order to control for temporal trends, all models
were adjusted for day of the week, holidays and long-time trends and
seasonality using a natural cubic B-spline of time with 8 degrees of
freedom per year (Gasparrini et al., 2015). All models were fitted for
each province and the province-specific estimates of temperature and
precipitation were combined using multivariate meta-analysis to obtain
a single pooled association for the entire country (Gasparrini et al.,
2015). As additional analyses, we fitted the final models reducing the
degrees of freedom for the time trends and seasonality to 4 per year and
we fitted models with an indicator for two consecutive days with pre-
cipitation.

We stratified the analyses by sex, age, diagnosis group, climatic
region and period. Analyses of sex, age, diagnosis group and period
were conducted by first creating the daily counts of gastroenteritis
hospitalizations for each of the groups and then applying the same
methodology described above. Climatic regions were defined by fitting
a k-means cluster analysis to the average temperature and precipitation
of each province in each season. The optimal number of clusters was
based on the Calinski-Harabasz stopping rule. As the resulting climatic
regions are composed of provinces, we used multivariate meta-analysis
to combine the province-specific results of each climatic region.

All statistical analyses were carried out using Stata Version 13 and R
Version 3.3.2 Statistical Software.

3. Results

3.1. Descriptive data

Our data included a total of 275,182 hospitalizations due to a gas-
trointestinal infection from the period 1997–2013, leading to 6208
observation days and an average of 44.33 cases per day. Around 53% of
these cases were men and most of them were children 1-year-old or less
(35.2%) and 15-years-old or younger (35.4%), in contrast with the
adult and the elderly groups (20.3% and 19.0% respectively) (Table 1).
The period 2001–2004 had the highest average of hospitalizations
(52.08) and within year, the period January–March registered the
highest number of hospitalizations (50.38). The number of hospitali-
zations was lower on the weekends and peaked on Mondays. For di-
agnosis, the group classified as waterborne had the lowest number of
cases with a daily average of 0.63, in contrast with the Others group
with 17.25 (Table 1 and Supplementary material, Table S1).

The cluster analysis of provinces according to temperature and
precipitation variables resulted in four climatic regions (Table 2,
Fig. 1). The Northern region had the highest amount of precipitation,

especially in autumn, and low temperatures. In contrast, the South-
Eastern region had the highest temperatures and the lowest daily mean
precipitation. The remaining two regions were similar, the Center-
Eastern one having slightly higher temperatures and the Center-North
one having a higher daily average precipitation. In terms of hospitali-
zations, the Center-Eastern region was the zone with the highest
average of daily cases (20.53), although it was also the most populated
one, including the two main cities, Madrid and Barcelona.

3.2. Exposure-response associations

Figs. 2 and 3 show the cumulative exposure-response functions and
the effects for each lag for temperature and precipitation. There was a
non-linear association between gastroenteritis hospitalizations and
average temperature (Fig. 2A), with the minimum number of hospita-
lizations for average temperatures between 10 and 13 °C, and more
cases with both colder and hotter temperatures (Fig. 2A). The effect of
cold temperatures was observed mainly between 1 and 2weeks after
the cold temperatures occurred (Fig. 2B), while the effect of heat was
observed in the same day it occurred and up to 4 days after (Fig. 2C).
For precipitation, gastroenteritis hospitalizations decreased with in-
creasing precipitation (Fig. 3A), and the association was found between
3 and 12 days after the rain episode (Fig. 3B).

Table 3 shows the cumulative (i.e. over a 28 day period) relative
risks (RR) for extreme heat and cold and precipitation. Extreme heat
increased by 21% the risk of being hospitalized by a gastrointestinal
disease (RR: 1.21, 95% confidence interval (CI): 1.09, 1.34). When
stratifying by sex, age and diagnosis, the RR for heat was only sig-
nificant among women (RR: 1.36, 95% CI: 1.17, 1.58), children aged
1–15 years (RR: 1.37, 95% CI: 1.10, 1.70), adults 16–64 years (RR: 1.82,
95% CI: 1.24, 2.67) and foodborne related infections (RR: 2.24, 95% CI:
1.69, 2.97). Extreme cold increased the risk of hospitalizations by
gastroenteritis by 7% (RR: 1.07, 95% CI: 1.00, 1.15), similarly in men
and women. The association with extreme cold was only observed for
children 1-year-old or less (RR: 1.41, 95% CI: 1.15, 1.72) and the Others
diagnosis group (RR: 1.37, 95% CI: 1.10, 1.72). Heavy precipitation was
associated with a reduction of risk of hospitalization of 26% (RR: 0.74,
95% CI: 0.63, 0.86). This association was similar in both men and
women and was mainly observed for children 1-year-old or less (RR:
0.52, 95% CI: 0.40, 0.67) and the idiopathic diagnosis group (RR: 0.61,
95% CI: 0.48, 0.77). The low number of waterborne diagnosis group
precluded their analysis. Supplementary material Fig. S1 shows the lag
structure obtained for each of the diagnostic groups. The effect of heat
in the foodborne diagnostic group was observed with a lag of up to
3 weeks. The effect of cold in the Others diagnostic group was observed
after 5 to 14 days, while in this group an increased risk for heat was
observed at lag 1. Finally, the heat effect in the idiopathic diagnostic
group was observed from lag 0 to lag 5.

Table 3 also shows differences by climatic regions. Cold tempera-
tures were significantly associated with an increased risk of gastro-
enteritis hospitalization only in the Northern region (one of the coldest)
(RR: 1.18, 95% CI: 1.00, 1.38), whereas hot temperatures were asso-
ciated with increased risk of gastroenteritis hospitalization only in the
South-Eastern area (the hottest region) (RR: 1.27, 95% CI: 1.02, 1.56).
Extreme precipitation was protective in all regions, although in one it
was not statistically significant. Supplementary Fig. S2 shows the dis-
tribution of the associations between daily mean temperature and
hospitalizations in each climatic region. Results differed by period
(Table 3). While in the first period only the association with heat was
detected, in the second period only the association with cold was ob-
served. The association with precipitation was consistent in the two
periods.

When we used 4 degrees of freedom per year instead of 8 to control
for seasonality, we obtained similar effects for heat but increased effects
for extreme cold (Supplementary material, Fig. S3). The protective ef-
fect of precipitation was also stronger when using fewer degrees of
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freedom to control for time trends (Supplementary material, Fig. S4).
The protective effect of precipitation was also observed when we used
an indicator for two consecutive days with precipitation (RR: 0.81, 95%
CI: 0.75, 0.88).

4. Discussion

We conducted a country-wide analysis on the relationship between
daily weather variables and gastroenteritis hospital admissions in Spain
using 17 years of data. We found that both cold and hot temperatures
increased the risk of hospitalizations due to gastroenteritis. Specifically,
high temperatures above the 95th percentile increased by 21% the risk
of being hospitalized for gastroenteritis, while cold temperatures below
the 5th percentile increased the risk by 7%, in both cases taking as a

reference the temperature of minimum hospitalizations (12 °C). We also
found a decrease in hospitalizations for gastroenteritis associated with
increased precipitation. Specifically, precipitation above the 95th per-
centile was associated with a 26% reduction in risk. Results were si-
milar in both sexes, with women being more susceptible to heat than
men. Children less than one year old were the most susceptible to cold,
while they showed the lowest risk for hot temperatures. Hot tempera-
tures increased hospitalizations for gastroenteritis classified as food-
borne or idiopathic but not those in the group of Others, which were
composed mainly of infections by rotavirus and were associated with
cold temperatures.

We analyzed all gastroenteritis cases jointly to have an overall
overview of the burden of gastroenteritis hospitalizations that can be
attributed to weather variables. However, previous research has

Table 1
Daily mean, minimum and maximum hospitalizations for different years, seasons, days of the week, sex, age, diagnostic groups and climatic regions (see Fig. 1).

Percent of hospitalizations Daily mean hospitalizations Daily minimum hospitalizations Daily maximum hospitalizations

Year
1997–2000 20.1% 38.72 9 81
2001–2004 27.0% 52.08 19 93
2005–2008 24.9% 48.04 16 110
2009–2013 28.0% 43.16 7 87

Month
January–March 27.4% 50.38 10 110
April–June 23.2% 42.17 13 92
July–September 25.8% 46.49 15 93
October–December 23.6% 42.51 7 104

Day of the week
Sunday 13.8% 43.87 9 101
Monday 15.7% 49.71 7 110
Tuesday 15.3% 48.54 9 104
Wednesday 14.6% 46.20 10 100
Thursday 14.1% 44.90 13 104
Friday 13.9% 44.06 10 95
Saturday 12.7% 40.25 11 102

Sex
Men 53.2% 23.58 3 59
Women 46.8% 20.74 2 56

Age, years
≤1 35.2% 15.61 0 78
>1–≤15 25.4% 11.27 1 39
>15–<65 20.3% 9.02 0 42
≥65 19.0% 8.43 0 29

Diagnosis groupsa

Waterborne 1.4% 0.63 0 7
Foodborne 25.4% 11.06 0 50
Others 39.6% 17.25 0 80
Idiopathic 33.6% 14.67 1 40

Climatic regions
North 11.5% 5.11 0 20
South-East 27.6% 12.21 0 41
Center-East 46.3% 20.53 0 59
Center-North 14.6% 6.47 0 28

a The waterborne diagnosis group refers to cases of cholera, typhoid and paratyphoid fever, shigellosis, amebiasis and protozoa's infections. The foodborne
infections are the cases of salmonellosis and food intoxications. The others group refers to other bacteria and viruses causing diarrheas. The idiopathic group is
gastroenteritis presumably infectious. According to the 9th Revision of the International Classification of Diseases (ICD-9) codes included from 001 to 009.

Table 2
Daily mean temperature and precipitation for each climatic region and season (see Fig. S1, Supplementary material).

Climatic
regions

Winter Spring Summer Autumn

Mean
temperature (°C)

Mean
precipitation
(mm)

Mean
temperature (°C)

Mean
precipitation
(mm)

Mean
temperature (°C)

Mean
precipitation
(mm)

Mean
temperature (°C)

Mean precipitation
(mm)

North 10.5 3.36 15.8 2.81 20.1 1.91 12.8 4.97
South-East 12.7 1.42 20.2 0.90 25.7 0.55 15.5 1.94
Center-East 9.0 1.17 18.0 1.27 24.0 0.79 11.7 1.63
Center-

North
6.2 1.46 14.5 1.67 20.1 0.85 8.4 2.05
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already shown that, depending on the microorganism, the relationship
of temperature with disease risks may vary. For example, one study in
Brisbane (Australia) found significant associations between cryptos-
poridiosis incidence and maximum temperature with lags up to
2months. This represented that a 1 °C increase in the monthly average
maximum temperature could be reflected in 50 additional cryptospor-
idiosis cases per year (Hu et al., 2007). Campylobacteriosis and sal-
monellosis have also been associated with high temperatures (European
Centre for Disease Prevention and Control, 2012). Conversely, another
study in England and Wales found an inverse linear relationship be-
tween daily temperature in the previous seven weeks and the incidence
of norovirus, thus indicating that norovirus is associated with cold
weather. In particular, at 5.0 °C the rate of norovirus reports was seven
times higher that at 16.8 °C (Lopman et al., 2009).

We attempted to group gastroenteritis cases according to their
source by separating waterborne and foodborne infections. Normally,
viruses and bacteria can be transmitted to humans by several pathways,
so our classification focused on the most probable way of transmission
and it is, therefore, subject to potential misclassification. The group of
Others included those ICD-9 codes that did not have a very clear source
and those that referred to a microorganism that might be transmitted by
both water and food. A final category of Idiopathic included those cases
that were classified as ill-defined in the ICD-9 codes. Except for the
group of waterborne infections, which resulted in very small numbers
and in the end could not be analyzed, these broad groups provided an
aggregation that resulted in sufficient cases at the province level and
that allowed to identify differential patterns.

The associations with temperature differed by gastroenteritis
groups. The association with heat was only observed in the foodborne
and idiopathic groups, and not in the Others group. The association with
the foodborne group is consistent with the fact that high temperatures
promote bacterial growth in food. The idiopathic gastroenteritis group
is the one with more probability to have misdiagnosed cases, as in the

Fig. 1. Results of the cluster analysis of Provinces according to temperature and
precipitation. The Northern climatic region includes La Coruña, Gipúzcoa,
Ourense, Asturias, Pontevedra, Cantabria and Bizkaia. The South-Eastern re-
gion contains Alicante, Almería, Badajoz, Cádiz, Castellón, Córdoba, Huelva,
Málaga, Murcia, Sevilla and Valencia. The Center-Eastern area consists of
Albacete, Islas Baleares, Barcelona, Cáceres, Ciudad Real, Girona, Granada,
Huesca, Jaén, Lleida, La Rioja, Madrid, Tarragona, Toledo and Zaragoza. The
Center-Northern area includes Álava, Ávila, Burgos, Cuenca, Guadalajara, León,
Lugo, Navarra, Palencia, Salamanca, Segovia, Soria, Teruel, Valladolid and
Zamora.

Fig. 2. Relationship between average temperature (°C) and
hospitalizations due to gastroenteritis in Spain from 1997
until 2013. A) Cumulative Relative Risks (RR) for lags 0–28.
The dashed lines indicate the 5th, 50th and 95th percentiles.
B) Effect of cold temperatures (RR for 5th percentile com-
pared to temperature of minimum hospitalizations) by lag. C)
Effect of hot temperatures (RR for 95th percentile compared
to temperature of minimum hospitalizations) by lag. Shaded
areas indicate 95% confidence intervals.
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absence of laboratory testing many cases can be classified in this group
(Lopman et al., 2011). One possibility to explain the association in this
group is that some cases of heat exhaustion or dehydration, which can
cause nausea, vomiting and diarrhea (Wook Beltran, 2015), are in-
cluded in this group. Indeed, it is possible that our analysis based on
hospitalization data detected associations with heat due to an actual
increase of gastroenteritis risk combined with an added effect of heat on
dehydration. This added effect could aggravate the underlying gastro-
enteritis symptoms and lead to an increased risk of hospitalization. The
effect of cold temperatures was only observed among the Others group.
The most predominant cases in this group were gastroenteritis caused
by rotavirus, which have been reported to have winter peaks, although
the association is probably not due to outdoor temperature but to fa-
cilitated indoor transmission (Lopman et al., 2009; Patel et al., 2013).

For precipitation, most of the preceding studies have found opposite
results to ours, most of them reporting an association between pre-
cipitation and heavy rainfall events and increased risk of gastroenteritis
(Curriero et al., 2001; Drayna et al., 2010; Tornevi et al., 2013).
However, in Ecuador, heavy rainfall after a relatively wet period (with
a high average of rainfall) was related to a decrease in the number of
cases attributed to gastroenteritis with a 2 weeks lag (Carlton et al.,
2014). In the Pacific Islands, low rainfall was associated with gastro-
enteritis in the same month and in the following month, whereas heavy
rainfall was related to an increase of diarrhea in the same and a de-
crease in the next month (Singh et al., 2001). Their explanation was
that heavy precipitation could flush fecal contaminants from pastures
and sewage into drinking water systems, but continued rain might lead
to a dilution of pathogens and a subsequent improvement in water
quality (Singh et al., 2001).

In Spain, this explanation may not apply due to the low amount of
precipitation usually observed and a possibly better drinking water
treatment, water infrastructures (e.g. water deposits that accumulate
the excess of water during heavy precipitation events) and quality
surveillance. Thus, this unexpected effect remained unexplained and it
could be due to some behavioral factors during rainy days, for example
behavioral responses like staying home when it rains could protect
against exposure to contaminated recreational waters.

Nevertheless, our results for precipitation must be observed with
caution. First, we could not analyze the group of waterborne infections
because of the limited number of cases. Second, the protective results
were observed for the Idiopathic infections, and to a lesser extent (non-
significant results) in the Others group, both of them including ill-de-
fined cases and more susceptible to misdiagnosis, as discussed above.
Third, precipitation can be a geographically local phenomenon and we
only obtained data from a single station in each province. Fourth, the

amounts of rain observed in Spain can be quite low in some provinces,
even the values of the 95th percentiles. More studies using data at a
municipal scale should be done in order to examine more precisely the
association between precipitation and severe gastroenteritis requiring a
hospitalization.

We found short lags for hot temperature effects (0–4 days) and more
prolonged lags for cold temperatures (7–14 days) and precipitation ef-
fects (3–12 days). The lags in which the associations are reported vary
among studies. For example, Iñiguez et al. observed short lags of
0–1 days when comparing 90th, 95th and 98th temperature percentiles
with the 50th percentile of the whole year in relation to the risk of
children's hospitalization due to gastroenteritis in Valencia (Iñiguez
et al., 2016), while our lags related to hot temperatures indicate effects
of between day 0 and 4. The lagged effects for cold are similar to the
ones found previously by Lopman et al. although their results were
significant up to 7 weeks after (Lopman et al., 2009). In the case of
rainfall, its effects tended to be more prolonged in time as stated by
Hashizume et al. in Bangladesh. They detected that 0–8weeks after an
event of high rainfall an increase of non-cholera gastroenteritis oc-
curred, whereas after 0–16weeks the rise in cases was related with
either high or low rainfall (Hashizume et al., 2007).

Our results indicate several differences between age groups and sex.
Associations with extreme cold and heavy precipitation were similar
among men and women. For extreme heat, both sexes had increased
risks but they were higher among women. As discussed, the effect of
heat was mainly found in the foodborne group. Consistently, the United
States National Salmonella Surveillance System reported more cases of
Salmonella-related morbidity in older females (Reller et al., 2008).
Suggested explanations include women having increased exposure to
raw animal products during preparation of meals and having increased
consumption of fresh produce compared to men. In terms of age dif-
ferences, the newborn group represented the highest number of gas-
troenteritis and showed different patterns of risk, being the only one for
which cold temperatures increased the risk, while they had no in-
creased risks during hot temperatures. We have observed that the
strongest increase with hot temperatures was for the group classified as
foodborne transmission. Thus, a potential explanation for the lack of
association with heat in children<1-year-old could be the fact that
they have a very controlled feeding (e.g. sterilization of baby food). In
contrast, the effect of cold temperature was restricted to the Others
diagnosis group, which includes rotavirus and norovirus, which have
winter peaks and for which children are very susceptible.

In relation to climatic zones, results are consistent with weather
patterns of each area. In the case of the Northern part, where tem-
peratures are the lowest, the effect of cold was significant while warm

Fig. 3. Relationship between precipitation (mm) and hospitalizations due to gastroenteritis in Spain from 1997 until 2013. A) Cumulative Relative Risk (RR) for lags
0–28. The dashed lines indicate the 95th percentile. B) Effect of a 10mm increase in precipitation by lag.
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temperatures did not significantly increase gastroenteritis risk.
Conversely, in the South-Eastern region, the area with the highest
temperatures, only heat increased the risk of gastroenteritis. The pro-
tective role of heavy precipitation was observed in all areas, even
though some areas have different patterns of precipitation. For ex-
ample, the South-Eastern zone is the driest one (1.2 mm per day) and
the one with less days with heavy precipitation events (300 days over
the study period), whereas the Central-Northern area is the second one
with average daily precipitation (1.5 mm per day) and the first ac-
cording to the number of days with heavy precipitation events
(308 days). We observed differences by period. During the 17-year
period studied, several changes may have occurred. First, coding
practices for the diagnoses may have changed, and the coverage of the
system has increased over the years (Ministerio de Sanidad, Servicios
Sociales e Igualdad, 2016). Second, climatic variables have changed.

Indeed, increases in temperature have been documented in the last
decades in Spain (Fundación Biodiversidad, Oficina Española de
Cambio Climático, Agencia Estatal de Meteorología, Centro Nacional de
Educación Ambiental, 2013). Third, other changes in society may have
influenced the associations. This includes a potential increasing
awareness of the risks of not handling food properly during days with
hot temperatures, which may be one of the reasons behind the decline
of heat-related risk in the second period.

Our study had several additional limitations. First, by using hospi-
talizations we have underestimated the real burden of cases and our
data is skewed to the most severe diseased people. For example, one
study 2004 estimated that for each laboratory-confirmed case of sal-
monella, there were 38 cases in the community (Voetsch et al., 2004).
Second, we used ICD-9 codes to identify the outcomes and problems of
misclassification of the cases have been reported in similar studies
(Field et al., 2010; Manser et al., 2013). For example, a study in a region
of Spain estimated that the positive predictive value of assignment to
the ICD-9 code for rotavirus (008.61) in the CMBD system against a
gold standard was high (90%) (Pérez-Vilar et al., 2015). Another study
found that 20% and 13% of cause-unspecified gastroenteritis cases were
really caused by norovirus in children and the elderly, respectively
(Lopman et al., 2011). Third, our study lacks personal exposure, as it is
an ecological study with aggregated data. This may be especially im-
portant for precipitation, which can have stronger variations within a
province, while we only used a single station per province, leading to
potential misclassification. For temperature this is less of an issue, as in
a previous study we documented correlations above 0.87 when com-
paring temperature from different monitoring stations in a province
(Martínez-Solanas et al., 2018). Fourth, although we have adjusted for
time trends and seasonality, the associations found for weather vari-
ables could be due to unobserved variations in habits, such as changes
in drinking or diet patterns, time spent outdoors or episodes of water
contamination. Fifth, another limitation is the generalizability of the
results. As the weather data are from Spain, the conclusions may be
limited to countries with similar climate and infrastructures. In con-
trast, our study has some strengths. It covers almost the entire popu-
lation of Spain and it is based on a long study period, which results in a
very large sample size and adequate statistical power (Bhaskaran et al.,
2013). Additionally, we are using state-of-the-art statistical methods to
capture non-linearities and lagged effects.

The results of the present study may have high applicability in terms
of implementing preventive strategies and they focus on a topic of in-
creasing interest because of climate change projections. They suggest
that public health strategies should point on measures to adapt to hot
temperatures, as they are predicted to increase during the current
century in the country. More studies are required to examine how
weather affects in more localized regions as precipitation amount may
change strongly among close areas and if the protective role of pre-
cipitation is confirmed, it would be interesting to understand what
mechanisms cause this.

5. Conclusions

In conclusion, our findings suggest an important role of ambient
temperatures in increasing gastroenteritis hospitalizations, especially
hot temperatures, while the exposure to heavy precipitation events pose
opposite and unexpected effects on these infections. Although this is the
first study in Spain that tries to elucidate these associations at a national
level, more investigation is needed to clarify them.
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Table 3
Relative risks (RR) and 95% Confidence Intervals (CI) of gastroenteritis hos-
pitalizations for extreme heat, cold and heavy precipitation. RRs for extreme
heat and cold were obtained from the cumulative exposure-response function
shown in Fig. 1a for the 95th and 5th percentile of temperature, respectively,
taking as a reference the temperature of minimum hospitalizations. The RR for
heavy precipitation was obtained from a model including the heavy pre-
cipitation indicator, defined as precipitation above the 95th percentile. Results
are provided by sex, age diagnosis groups, climatic regions and period (see Fig.
S1, Supplementary material).

Extreme heat Extreme cold Heavy precipitation

RR (95% CI) RR (95% CI) RR (95% CI)

Total 1.21 (1.09,
1.34)⁎⁎⁎

1.07 (1.00,
1.15)⁎

0.74 (0.63, 0.86)⁎⁎⁎

Sex
Man 1.10 (0.97, 1.26) 1.09 (0.99, 1.20) 0.71 (0.58, 0.89)⁎⁎

Woman 1.36 (1.17,
1.58)⁎⁎⁎

1.08 (0.98, 1.19) 0.75 (0.58, 0.97)⁎

Age, years
≤1 1.04 (0.96, 1.12) 1.41 (1.15,

1.72)⁎⁎⁎
0.52 (0.40, 0.67)⁎⁎⁎

>1–≤15 1.37 (1.10,
1.70)⁎⁎

1.05 (0.95, 1.17) 0.92 (0.68, 1.24)

>15–<65 1.82 (1.24,
2.67)⁎⁎

0.96 (0.91, 1.02) 1.00 (0.73, 1.37)

≥65 1.13 (0.90, 1.42) 1.15 (0.98, 1.34) 0.81 (0.60, 1.09)
Diagnosis groupsa

Waterborne – – –
Foodborne 2.24 (1.69,

2.97)⁎⁎⁎
0.98 (0.93, 1.03) 1.18 (0.81, 1.71)

Others 0.99 (0.96, 1.02) 1.37 (1.10,
1.72)⁎⁎

0.79 (0.58, 1.06)

Idiopathic 1.28 (0.94, 1.75) 1.02 (0.91, 1.15) 0.61 (0.48, 0.77)⁎⁎

Climatic regions
North 1.19 (0.91, 1.55) 1.18 (1.00,

1.38)⁎
0.89 (0.55, 1.44)

South-East 1.27 (1.02,
1.56)⁎

1.13 (1.00,
1.27)⁎

0.68 (0.52, 0.89)⁎⁎

Center-East 1.12 (0.95, 1.34) 1.06 (0.94, 1.20) 0.76 (0.58, 1.00)⁎

Center-North 1.26 (0.96, 1.65) 1.16 (0.94, 1.43) 0.66 (0.45, 0.97)⁎

Period
1997–2004 1.49 (1.23,

1.82)⁎⁎⁎
1.03 (0.96, 1.11) 0.76 (0.60, 0.96)⁎

2005–2013 1.04 (0.93, 1.16) 1.15 (1.00, 1.31) 0.74 (0.59, 0.93)⁎

⁎ Indicates p-value< 0.05.
⁎⁎ Indicates p-value<0.01.
⁎⁎⁎ Indicates p-value< 0.001.
a The waterborne diagnosis group refers to cases of cholera, typhoid and

paratyphoid fever, shigellosis, amebiasis and protozoa's infections. The food-
borne infections are the cases of salmonellosis and food intoxications. The
others group refers to other bacteria and viruses causing diarrheas. The idio-
pathic group is gastroenteritis presumably infectious. According to the 9th
Revision of the International Classification of Diseases (ICD-9) codes included
from 001 to 009.
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