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Abstract: This research concerns the identification of a pattern between the occurrence of extreme
weather conditions, such as cold waves and heat waves, and hospitalization for cardiovascular
diseases (CVDs), in the University Hospital of Santa Maria (HUSM) in southern Brazil between 2012
and 2017. The research employed the field experiment method to measure the biometeorological
parameters associated with hospital admissions in different seasons, such as during extreme weather
conditions such as a cold wave (CW) or a heat wave (HW), using five thermal comfort indices:
physiologically equivalent temperature (PET), new standard effective temperature (SET), predicted
mean vote (PMV), effective temperatures (ET), and effective temperature with wind (ETW). The
hospitalizations were recorded as 0.775 and 0.726 admissions per day for the winter and entire study
periods, respectively. The records for extreme events showed higher admission rates than those on
average days. The results also suggest that emergency hospitalizations for heart diseases during
extreme weather events occurred predominantly on days with thermal discomfort. Furthermore,
there was a particularly high risk of hospitalization for up to seven days after the end of the CW.
Further analyses showed that cardiovascular hospitalizations were higher in winter than in summer,
suggesting that CWs are more life threatening in wintertime.

Keywords: hospitalization tax; cardiovascular diseases; air temperature; cold waves; heat waves;
correlation; human thermal comfort; southern Brazil

1. Introduction

Cardiovascular diseases (CVDs) comprise all pathologies that affect the heart and
its arterial segments, such as heart disease, infarction, arrhythmia, ischemia, stroke, and
angina [1]. Although most CVDs are preventable, they continue to be the most significant
cause of death and disability worldwide with an increasing trend. This trend is mainly
attributed to the lack of adoption of adequate preventive measures. In this context, CVDs
are currently considered the main noncommunicable disease (NCD) that affects most
societies around the world, as confirmed in a study carried out in 2008 showing that 63%
and 30% of the total deaths (57 million) recorded in 2007 were related to NCDs and CVDs,
respectively [2]. In Brazil, one study suggests that CVDs are the most significant cause
of hospitalizations in all regions of Brazil for the population over the age of 60 years old,
with the southern region presenting the highest rate of hospitalization compared with the
other regions [3].
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The World Health Organization [4] lists the following associated health risk factors
for CVDs: alcohol consumption, smoking, hypertension, high body mass index (BMI),
high cholesterol and glucose, inadequate intake of fruits and vegetables, and physical
inactivity [4]. These factors are potentially threatening contributors to a healthy population
and, as well as socioeconomic background, are known in the human biometeorology
sciences for having the largest contingencies of hospitalization related to the heart in
historical and recent studies, especially relating to air temperature (Ta) [5–11]. Lower
temperature values cause more significant cardiac risks, meaning a greater effort is required
to keep the body warm [12]. The interplay between thermal conditions and CVDs has been
linked to cold weather conditions in Europe [13]. When researching coronary events in
21 countries, Barnett et al. relate more harm to the cold in warm climate countries than
in cold climate countries, a factor attributed to the characteristics and greater domestic
preparation to combat the lower temperatures in cold climatic regions [14]. In this context,
the inclusion of studies on the seasonality and duration of hot and cold periods in a given
place, and their relationships with rates or public health indices, become of paramount
importance as they reveal the disease patterns of a population [5–8]. Studies on respiratory
diseases in the United States and Europe [5–7,12,15,16] have associated CVD morbidity
or mortality with seasonality and with higher rates and peak hospitalizations in winter
and in short periods with lowering air temperature values. Ta behaviors in relation to
hospitalizations for cardiovascular diseases in Brazil were discussed in a smaller number of
papers, and the majority, such as [17–19] and recently [20] focused on the tropical latitudes
of the country.

Heat waves (HWs) have already been linked to mortality in previous research stud-
ies [21,22]. Currently, more studies are focusing on HWs because of the likelihood of future
trends increasing the magnitude of heat frequency and intensity [23]. The definitions of
CWs and HWs typically only use air temperature (Ta) as a form of delimitation, which is also
a variable adopted in the analysis of Anthes et al. regarding environmental human thermal
comfort [24]. Human biometeorological indices are more effective ways to assess the impact of
climate on human health, as they can factor in multiple atmospheric factors [25,26].

The number of HWs has also increased in recent decades and will increase even more
in the immediate future [23]. In the past, it has been argued that HWs [27] are events that
are easy to identify, as they may be represented in all seasons including winter. On the other
hand, CWs are events that sometimes occur in winter, but less often in number than HWs
in summer because—according to the climate classification of the study area—summers
are hot and winters are not too cold [27,28]. Data on CWs and HWs in Brazil were collected
from 1961 to 2016 and a study concluded that both are more severe in the southern region
of the country at any time of the year [29].

In the Netherlands, humans’ susceptibility to heat has been found to have decreased
over time, meaning people tend to adapt more easily to heat [30]. The study found that
HWs often surpass the usual standard Ta of the coldest months. This can cause greater
thermal discomfort for the organism and, therefore, it is believed that of the data on the
maximum Ta (Tamax) presents more significance than minimum Ta (Tamin).

Human thermal comfort (HTC) is defined as a condition of mind that expresses
its satisfaction with the surrounding thermal environment ([31], p. 8), as influenced
by physiological, psychological, behavioral, social, and economic factors [32]. HTC is
a valuable benchmark for assessments of human health conditions related to thermal
conditions as it considers a wide range of biometeorological parameters, including Ta,
wind speed (Va), air humidity (RH), solar radiation (Sr), and human factors such as the
level of clothing insulation and metabolic activity [33].

During CWs and HWs, hospitalizations for CVDs are more closely related to human
thermal discomfort than during typical conditions. Golden et al. [34], in a study of HWs in
Phoenix (USA), point out that the highest incidence of medical occurrences and mortality
during HW days are associated with excess Ta and the thermal discomfort caused by the
HW. Aboubakri et al. [35] found a higher correlation for mortality in heat stress than cold
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in Iran’s PET, PMV, and SET indices. In the Iberian Peninsula, Fares [11] used universal
thermal climate index (UTCI), net effective temperature (NET), and apparent temperature
(TA) to assess hospitalizations for CVDs and noted that low Ta values were a risk factor
regardless of the index used.

Anderson et al. [36] analyzed mortality in American communities and realized that the
occurrence of short-lived HWs might have a greater effect on mortality than longer-lived
HWs (in days). This phenomenon is termed short-term acclimation by Matzarakis et al. [37],
who, in their research on heat stress during HWs in Freiburg, Germany, found that the
HWs in early summer were more uncomfortable for the population than those of late
summer due to adaptation of the organism by the end of summer to high-temperature
values. Brychkov et al. [38] found that short-term acclimatization can vary between natives
and people from different regions.

Acclimatization is a process in which human beings adapt to a given climatic environ-
ment [39], and, in the long run, it causes people to develop more physiological resistance to
the climatic characteristics of a certain region. The thermal sensation varies from person to
person in different climates according to several scholars [40–45] who report that different
groups may be more susceptible to certain thermal conditions. The study area of Rio
Grande do Sul state is characterized by a subtropical climate (Cfa) [46], with hot summers
but lower temperatures more prevalent in the daily life of the population, especially in
the winter. The heat promoted in anomalies, such as HWs, causes much more thermal
discomfort compared to CWs [45].

Based on Bitencourt et. al. [29], this study attempts to correlate extreme weather
conditions and CVD hospitalizations in southern Brazil in the period from 2012 to 2017.
We aim to determine whether hospitalizations due to cardiac crises have climatic associ-
ations through seasonal peaks and extreme temperature events, such as CWs and HWs,
and to show how human thermal comfort indices can vary in a timeline and influence
hospitalizations, especially in the worst classes of discomfort.

There are no studies that show the relationship between extreme weather conditions
and the rate of hospitalization due to cardiovascular diseases in southern Brazil (subtropical
climate), especially with regard to sudden and persistent variations in Ta. This research
seeks to fill this research gap through the following objectives:

(1) To understand whether the seasonality of hospitalizations for CVDs is correlated with
extreme weather conditions (CWs and HWs);

(2) To determine the worst thermal comfort classes in southern Brazil for CVD hospitalizations.

The main intention of this work is not to demonstrate that climatic and cardiological
factors are closely linked as people can naturally have heart problems and will experience
symptoms or crises at some point in life, regardless of the climatic condition. Rather, it
shows that bioclimatic events, such as CWs and HWs, and thermal discomfort [47], can
generate some ‘triggers’ for individuals who already have organic coronary problems and
end up developing early crises that require urgent hospitalization or emergency treatment.

2. Materials and Methods

This research was conducted at the University Hospital in Santa Maria (HUSM), lo-
cated in the fourth regional health coordination (4th RHC), which belongs to the Rio Grande
do Sul state, which is the southernmost federative state of Brazil. The 4th RHC comprises
two health regions, Verdes Campos and Entre Rios, which service 32 municipalities; Santa
Maria is the administrative center of this public health structure (Figure 1).

The HUSM is the public reference hospital for complex cases in the Verdes Campos
and Entre Rios RHCs, including services in the cardiology patient assistance network.
The services provided in HUSM follow the Brazilian government’s Ordinance SAS/MS
No. 123/2005 [48] requirements, which include treatment of high vascular complexities.
This means severe cardiovascular complexities that are covered by the Brazilian public
health system (SUS) receive specialized treatment in this hospital. Therefore, the cities that
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are part of the study area need to transfer patients who require more complex cardiovascu-
lar healthcare to the HUSM.
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Figure 1. Location of the study area and an overview of HUSM.

The study area has a humid subtropical climate (Cfa) [46,49]. This area is classified
under the thermal region of the central depression [50]. The average winter Ta values
in the coldest month (July) fall between 10.0 ◦C and 15.0 ◦C. During July, the Tamin can
reach below zero, mainly due to the periodic and frequent presence of the polar air masses
coming from the south of Brazil. During summer, the Ta values in the hottest month
(January) are above 24.0 ◦C [51]. Using PMV, PET, and SET, Gobo, et al. [52] estimated the
outdoor HTC for January and July. For the most part, the results showed it was ‘neither
cold nor hot.’ In the bands of thermal discomfort, the cold was more prevalent than heat,
and for PET the range of ‘hot’ thermal stress was not observed.

In this study, two secondary data sets between 2012 and 2017 were collected: health-
related data and microclimate data. The data collection procedure was approved by the
UHSM’s Teaching and Research Group (No. 048/2018), responsible for the management of
human ethics research activities. Health data were obtained from the HUSM’s statistics
department. Included in the data collected were the admission date, age, and sex of patients
who were hospitalized between 2012 and 2017 for emergency care.

Biometeorological data (Tamin and Tamax, Va, RH, and Sr—daily mean values) were
acquired from the National Meteorological Institute (INMET) in Santa Maria’s automatic
weather station (Figure 2) for the period from January 2012 to December 2017. Due to a
technical failure in reading the Sr data, 12 June 2016 was not recorded.

Seasonal periods were defined by Costa et al. [53] as summer days (22 December to
20 March), autumn days (21 March to 20 June), winter days (21 June to 21 September), and
spring days (22 September to 21 December). CWs were days with a minimum temperature
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of ≤8.0 ◦C for at least three consecutive days [53]. HWs were classified as a minimum
occurrence of three consecutive days with minimum and maximum daily temperatures
above 18.0 ◦C and 28.0 ◦C, respectively [51]. The cited references were used because they
were carried out in the study area, and their considerations about the CW and HW values
were analyzed up to seven days after the end of each wave.
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The analysis of hospitalization data and meteorological data was performed on a
daily, seasonal basis during CWs and HWs. To follow this process, the researchers referred
to the ‘average daily census’, which is used as an indicator in Brazilian public hospital
management to represent the average number of hospitalizations in a given period [54].
This average relationship is calculated using Equation (1):

Average hospitalization rate :
Total number o f hospitalized patients

Total days in the period
(1)

For human thermal comfort analysis, the physiologically equivalent temperature (PET)
defined by Mayer and Höppe [55] and Höppe [56], new standard effective tempera-
ture (SET) [57], and predicted mean vote (PMV) [58] were used. These indices were
adapted and calibrated for the subtropical climate conditions [59]. In this way, calibration
was performed during CWs and HWs and associated with the amount of hospitalization
for heart disease in each interpretive range.

The effective temperatures (ET) index, defined by effective temperature with wind (ETW) [60],
was also calibrated [51]. The PET, SET, and PMV indices were calculated for CWs and
HWs that occurred within a period of 1802 days, as there was a missing data point in the
Santa Maria weather station database in the collection of sunshine on 12 June 2016. For
this reason, it was not possible to calculate these indices on the following days. The ET
and ETW indices were presented for the CWs and HWs that occurred during 2192 days, a
period ranging from 2012 to 2017. Table 1 contains the formulas and class ranges considered
in each of the human thermal comfort indices adopted.
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Table 1. Class ranges considered in each human thermal comfort index.

Gobo et al., 2018 [59]
Categories

Gobo et al., 2018 [51]

PMV PET SET ETW ET

<−3.6 <5 <6 Cold <7 <4

−3.6 to −2.3 5 to 11 6 to 12 Cool 7 to 14 4 to 8

−2.3 to −1.0 11 to 16 12 to 17 Slightly cool 14 to 15 8 to 15

−1.0 to 0.8 16 to 24 17 to 23 Neither cold nor hot 15 to 22 15 to 22

0.8 to 1.9 24 to 30 23 to 29 Slightly warm 22 to 38 22 to 23

1.9 to 3.5 30 to 39 29 to 33 Warm 38 to 46 23 to 26

>3.5 >39 >33 Very warm >46 >26

The classes of thermal comfort index were extracted from Gobo et al. [51] and [59]
because they were calibrated in the context of the same climate in the study area. The PMV,
PET, and SET indices were calculated with the meteorological data (recording time of daily
Tamax and Tamin) from the Santa Maria weather station and using the RayMan model [61,62]. ETW
and ET were calculated according to Rossato et al. [53], using Equation (2) and (3), respectively.

ETW = 37− (37− Ta)/{0.68− 0.0014× RH + [1/(1.76 + 1.4 v0.75)]} − 0.29× Ta × (1− 0.01× RH) (2)

ET = Ta − 0.4× (Ta − 10)× (1− 0.01 RH). (3)

In which, Ta = air temperature (◦C); RH = relative humidity (%); v = wind velocity (m/s).
To measure the effect of Ta (minimum, average, and maximum) on daily hospital-

izations, the relative risks (RR) were estimated with the distributed nonlinear lag models
(DLNMs). The DLNMs represent a modeling framework for simultaneously describing
nonlinear and time-lagged dependencies, called exposure–lag–response associations. Of-
ten, the effect of a specific exposure event is not limited to the period in which it is observed,
as reported by Gasparrini [63]. Thus, the use of DLNMs is indicated for the calculation of
the effect of temperatures on hospitalizations in Santa Maria. This type of modeling (the
R program packages dlnm, splines, Epi, stats, foreign, tsModel, AER, and zoo were used
for all calculations) has been widely applied in studies with the same characteristics as this
one and has proved to be very effective in providing the results of the associations [64–68].

DLNMs are based on the generalized linear model (GLM) with Poisson distribution.
To control the seasonality and trend of the series, a non-parametric smoothing function
(NS) was used; in addition, an indicator of holidays and days of the week (Wdays) was
adopted to control the short-time trend. The cross base of temperature (cb.temp) used a lag
of 21 days to include the effects of cold; in previous studies, this appeared with a time lag
of more than three weeks. The RH of the air (cb.umid) was used as a control and to obtain
only the isolated effect of temperature on daily admissions. The formula for the model
used is in Equation (4):

Log (Yt) = α + cb.temp + cb.RH + Wdays + NS
(

Time, 7× 5
df

year

)
. (4)

3. Results
3.1. Seasonal Hospitalizations

The absolute number of people in emergency and urgent situations for cardiology
between 2012 and 2017 was 1592, which totaled 2192 days. The seasonal distribution
of hospitalizations showed that in 2012, 2013, and 2016, the winter period had the high-
est number of hospitalizations, while in 2014 and 2017 summer was the season with
the most hospitalizations, and in 2015 spring had the most hospitalizations. Adding
the hospitalizations for each season of the year, winter is more affected with 433 hospi-
talizations. In the sequence, spring (395 hospitalizations), summer (384), and autumn
(380) followed. The hospitalization rates calculated for Brasil [54] for seasonality also
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presented a higher rate of hospitalization in winter (0.775 hospitalizations/day), followed
by spring (0.723 hospitalizations/day), summer (0.716 hospitalizations/day), and autumn
(0.688 hospitalizations/day).

The sex of the patients in the 1592 admissions during the study period was 634 women
and 958 men. These numbers reflected the same pattern of higher cardiovascular morbidity
for the male population as reflected in medical studies. The age range with the highest
number of hospitalizations was from 60 to 79 years old with 794 cases (483 men and
311 women). Adding the age groups of patients under 60 years old, which [2] indicates
an age group too young to die from CVD and morbidity (labeled as premature death),
635 admissions of ‘premature’ age were counted.

The winter season had the highest number of hospitalizations for men and women,
with 255 and 178 hospitalizations, respectively. The lowest hospitalization per season for
men was in the summer, with 221 hospitalizations, and in the spring for women, with
153 hospitalizations. Winter, considering the differentiation between the sexes, continued
to be the season with the highest hospital morbidity. In the age groups with the highest
hospitalizations (60 to 79 years), winter was once again the season with the highest number
of hospitalizations for men and women with 136 and 95, respectively. The other age groups
maintained relatively similar numbers of hospitalizations. The graph in Figure 3 shows the
variation in seasonal hospitalizations.
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During the six years researched, the average hospitalization rate was 0.726 hospitalizations/day.
Only winter had higher rates than the total period of researched days. The autumn and
summer seasons had lower rates; spring, on the other hand, was close to the average
total rate.

3.2. Hospitalizations during Cold and Heat Waves

The total average of hospitalizations (Table 2), considering only the days that did not
show the existence of waves (called ‘normal days’), was 0.714 hospitalizations/day. During
HWs it was 0.759 hospitalizations/day, and during CWs it was 0.751 hospitalizations/day.
It is noteworthy that even the total average daily census of the period is 0.726 hospitalizations/day.
Both HWs and CWs showed higher average hospitalizations even though they represent
shorter periods. In total, 36 CWs and 69 HWs were recorded.
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Table 2. Hospitalization rates during normal days and cold and hot waves.

Description Total Days No. Hospitalization Hospitalizations/Day

Days without anomalies 1575 1125 0.714

Heat waves 444 337 0.759

Cold waves 173 130 0.751

Total 2192 1592 0.726

The CWs showed three years with hospitalizations above the total average of the stud-
ied period (0.726 hospitalizations/day). These were 2013 (0.772 hospitalizations/day), 2016
(0.893 hospitalizations/day), and 2017 (1235 hospitalizations/day). As for late responses,
when up to seven days after the end of the CW was considered, 166 hospitalizations
were found in 2012, which generated an average hospitalization rate of 0.783 hospital-
izations/day. After the end of the waves, there was a greater correspondence to the
cold response.

3.3. Hospitalizations during Representative Cold Waves

CWs had a higher number of occurrences in 2013 (9), and the longest wave lasted
11 days and had eight hospitalizations. The shortest CW lasted three days (and occurred
three times) with 1, 0, and 4 hospitalizations during each CW, respectively. 2015 and 2017
had the lowest number of waves (four waves each). Figure 4 shows the most representative
CW for each year from 2012 to 2017. Hospitalizations during the most representative waves
(average hospitalization rate) for each year were analyzed.
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The first CW selected occurred between 11 July 2012 and 20 July 2012 (Figure 4A),
its lowest Tamin and highest Tamax varied between 2.2 ◦C and 23.0 ◦C, and there were
12 hospitalizations (1.2 hospitalizations/day); another four hospitalizations occurred in
the days after the wave (2.0 hospitalizations/day). The second CW selected (Figure 4B),
between 15 July 2013 to 17 July 2013, had absolute Tamin and Tamax values of 5 ◦C and
26.4 ◦C, respectively, and involved four hospitalizations (1.33 hospitalizations/day). No-
tably, the occurrence of a new wave (19 July 2013 to 29 July 2013) two days after the
end of the most representative wave, at a duration of 12 days, had eight hospitalizations
(0.73 hospitalizations/day). For this reason, the 2013 chart (Figure 4B) represents the
two waves.

In 2014 (Figure 4C), the CW that occurred between 27 May 2014 and 29 May 2014 had
absolute Tamin and Tamax of 4.4 ◦C and 21.4 ◦C, respectively, and there were two hospital-
izations (0.67 hospitalizations/day); another six hospitalizations were counted in the days
after the wave (0.85 hospitalizations/day). In 2015, the fourth CW (Figure 4D) evaluated
was 11 September 2015 and 14 September 2015, during which the absolute temperatures
ranged between 1.0 ◦C and 26.4 ◦C, and there were two hospitalizations (0.5 hospitaliza-
tions/day); another four hospitalizations occurred in the days after the end of the wave
(0.57 hospitalizations/day).

The fifth most representative CW (22 August 2016 to 24 August 2016) registered a
Tamax and Tamin of 2.0 ◦C and 25.2 ◦C, respectively, (Figure 4E), in which there were no hos-
pitalizations during the three days of the study. However, there were 17 hospitalizations in
the seven days after the end of this wave (2.43 hospitalizations/day). The last CW analyzed
was a wave that occurred in 2017 between 1 July 2017 and 3 July 2017 (Figure 5F) where the
lowest Tamin and highest Tamax varied between 6.2 ◦C and 18.8 ◦C, and six hospitalizations
occurred (2.0 hospitalizations/day); 11 hospitalizations occurred in the days after the wave
(1.57 hospitalizations/day).
Sustainability 2021, 13, x FOR PEER REVIEW 10 of 18 
 

 
Figure 5. Six most representative heat waves during the analyzed period. 

The first HW analyzed occurred between the dates 28 June 2012 and 1 July 2012 
(Figure 5A), its lowest Tamin and highest Tamax varied between 19.6 °C and 30.2 °C, and 12 
hospitalizations were registered (2.4 hospitalizations/day); another four hospitalizations 
occurred in the days after the wave (1.4 hospitalizations/day). The second HW selected 
(22 January 2013 and 25 January 2013) (Figure 5B), had a lowest and highest absolute Ta 
of 18.2 °C and 35.4 °C, respectively, and there were eight hospitalizations (2.0 
hospitalizations/day); another five hospitalizations occurred in the days after the wave 
(1.66 hospitalizations/day). 

In 2014, between 21 February 2014 and 24 February 2014, the third HW was recorded 
(Figure 5C), its absolute Tamin and Tamax varied between 20.4 °C and 32.8 °C, respectively, 
and there were four hospitalizations (1.5 hospitalizations/day) during the wave; six 
hospitalizations occurred in the days following the wave (0.85 hospitalizations/day). In 
2015, the fourth HW was between the dates 3 December and 12 December (Figure 5D), the 
lowest Tamin and highest Tamax varied between 19.2 °C and 30.4 °C, respectively, and there 
were four hospitalizations (1.33 hospitalizations/day); six hospitalizations occurred in the 
days after the wave (0.85 hospitalizations/day). 

In the fifth HW selected (Figure 5E), (13 April 2016 to 19 April 2016), the Tamin and 
highest Tamax varied between 18.8 °C and 36.4 °C, respectively, and there were eight 

Figure 5. Six most representative heat waves during the analyzed period.



Sustainability 2021, 13, 12194 10 of 17

3.4. Hospitalizations during Representative Heat Waves

HWs occurred in greater numbers than CWs, being recorded 69 times altogether.
The total number of waves, hospitalizations, hospitalization rates, and the HWs with the
greatest representativeness for hospitalizations due to heart diseases from 2012 to 2017 can
be seen in Figure 5.

The first HW analyzed occurred between the dates 28 June 2012 and 1 July 2012
(Figure 5A), its lowest Tamin and highest Tamax varied between 19.6 ◦C and 30.2 ◦C, and
12 hospitalizations were registered (2.4 hospitalizations/day); another four hospitaliza-
tions occurred in the days after the wave (1.4 hospitalizations/day). The second HW
selected (22 January 2013 and 25 January 2013) (Figure 5B), had a lowest and highest
absolute Ta of 18.2 ◦C and 35.4 ◦C, respectively, and there were eight hospitalizations
(2.0 hospitalizations/day); another five hospitalizations occurred in the days after the wave
(1.66 hospitalizations/day).

In 2014, between 21 February 2014 and 24 February 2014, the third HW was recorded
(Figure 5C), its absolute Tamin and Tamax varied between 20.4 ◦C and 32.8 ◦C, respectively,
and there were four hospitalizations (1.5 hospitalizations/day) during the wave; six hospi-
talizations occurred in the days following the wave (0.85 hospitalizations/day). In 2015,
the fourth HW was between the dates 3 December and 12 December (Figure 5D), the lowest
Tamin and highest Tamax varied between 19.2 ◦C and 30.4 ◦C, respectively, and there were
four hospitalizations (1.33 hospitalizations/day); six hospitalizations occurred in the days
after the wave (0.85 hospitalizations/day).

In the fifth HW selected (Figure 5E), (13 April 2016 to 19 April 2016), the Tamin and
highest Tamax varied between 18.8 ◦C and 36.4 ◦C, respectively, and there were eight
hospitalizations (1.14 hospitalizations/day); 10 hospitalizations occurred in the follow-
ing days (1.42 hospitalizations/day). In the sixth HW analyzed (27 December 2017 to
31 December 2017), the absolute Ta varied between 20.4 ◦C and 33.6 ◦C, respectively,
and 12 hospitalizations were registered (2.4 hospitalizations/day). In this wave, it was
not possible to analyze the subsequent days because a database was not available for
2018 (Figure 5F).

3.5. Hospitalizations and Human Thermal Comfort Indices during Cold and Heat Waves

Data on Sr at the weather station were lacking (missing) for the period analyzed
for the PMV, PET, and SET indices from 1 January 2012 to 6 December 2016 (a total
of 1802 days). The total number of days under the control of CWs in the period was
156 (8.65% of the period), and 109 hospitalizations occurred that were associated with
these dates (0.7 hospitalizations/day). HWs totaled 345 days (19.15% of the period), and
222 hospitalizations were recorded on these days (0.6 hospitalizations/day). In total, 27.80%
of the period was affected by either a CW or a HW.

The ETW and ET indices were calculated for the entire period (2012 to 2017—A total
of 2192 days). CWs were observed in 173 days (7.90% of the days in the period), and
130 hospitalizations were recorded (0.7 hospitalizations/day). HWs occurred in 444 days
(20.25% of the days in the period), and 337 hospitalizations for urgent heart diseases were
recorded (0.8 hospitalizations/day).

In Figure 6, hospitalizations are presented in terms of the PMV, PET, SET, ETW, and
ET comfort indices (ranges according to Table 1) recorded during the CWs and HWs.

In the CWs (Figure 6A), the thermal discomfort related to the Tamin values was
within the ‘Very Cold’ stress range for the PET and SET indices in all occurrences of
hospitalizations. For Tamax values, thermal discomfort for the PET and SET indices was in
the ‘Very Cold’ and ‘Cold’ ranges for most hospitalizations.
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Figure 6. (A) Frequency (%) of hospitalization for heart disease events for each track after interpreting the calibration
indices PMV, PET, and SET with Tamin values during CWs and HWs. (B) Frequency of hospitalization for heart disease
events for each track after interpreting the calibration indices ETW and TE for Tamin during CWs and HWs.

The Tamin values during HWs (Figure 6B) registered discomfort for heat in the PMV
index. The ‘Slightly Warm’ range accounted for 66.7% of hospitalizations and that of the
‘Warm’ range was 33.7%. The SET index showed discomfort in the ‘Very Cold’ and ‘Cold’
ranges with 63.5% and 36.5% of hospitalizations, respectively. The discomfort for heat was
more representative in the PMV and PET indices for Tamax, with more hospitalizations
being recorded during the ‘Warm’ and ‘Very Warm’ ranges.

The testing associations performed according to the proposed methodology, using
Ta data, are represented for the Tamin values in Figure 7. Tests were performed using
meteorological data on air humidity, but the results were not statistically satisfactory.
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3.6. Distributed Nonlinear Lag Models Analysis

The testing associations performed according to the proposed methodology, using
Ta data, are represented for the Tamin values in Figure 7. Tests were conducted using
meteorological data on air humidity, but the results were not statistically satisfactory.

The Tamin values (Figure 7A) show, considering their lower value, a rapid association
with the level of hospitalization in the first five days after their occurrence, and the Relative
Risk (RR) decreases with the passage of days. The responses to hospital admissions,
considering the Tamin values, presented a higher RR after 17 days.

Assessing the Tamin values, their highest values (30.0 ◦C) were revealed to be a risk
factor in hospitalizations with up to 15 days of time lag. However, lower values of Tamin
proved to be a protective factor in hospitalizations with up to 17 days lag. After this period,
there was a significant RR of up to 21 days. The DLMN model showed that the Tamin of
15.0 ◦C was the one that registered the lowest number of hospitalizations.

Regarding the Tamax values (Figure 7B), their lower values were proven to have an
acute effect on hospitalizations for CVDs: in the first four days after their occurrences,
the RR was 50% higher for temperatures of 10.0 ◦C, and the highest Tamax values (around
40.0 ◦C) presented a significant relative risk after 15 days of lag.

The highest Tamin values and the lowest Tamax values obtained the highest RR. There-
fore, it was necessary to evaluate the Taavg value and observe whether the behavior of the
extreme values was the most significant. Regarding the average Ta values (Figure 7C), the
highest values showed a significant RR for hospitalizations in the first five days (acute ef-
fect). The Tamin showed a significant RR with a response above 20 days. RR was calculated
during CWs and HWs; however, no valid statistical relationship was found.



Sustainability 2021, 13, 12194 13 of 17

4. Discussion

This research constitutes a first approach in southern Brazil, where no research of this
nature using the data presented has previously been undertaken. The most similar research
was conducted in São Paulo, in southeastern Brazil [20].

The average hospitalization rates in winter (0.775 hospitalizations/day) were higher
than the rates of all other seasons, including the total hospitalization rate for the period
studied (0.726 hospitalizations/day). Morbidities due to CVDs, as shown in the literature,
are related to low temperatures [5–7,12,16], which in turn also tend to occur in the seasonal
winter period.

This is because in the central region of Rio Grande do Sul, as well as in the entire
state, temperatures on winter days tend to decrease significantly and are often close to
0.0 ◦C [27,28]. This seasonal condition and temperature variability make it possible for
the bioclimatic events associated with CVDs to be a risk factor for the population of Rio
Grande do Sul. Similarly, mortality from general illness in Hong Kong has been found
to have negative results due to both hot and cold temperatures [69]. In the current study,
CWs and HWs were shown, within the variability of the Tamin and Tamax, to be related to
peaks and higher average frequencies of hospitalizations within the periods of occurrence
of the anomalies. In this sense, the frequencies of hospitalizations (0.751 for CW and 0.761
for HW) were higher than on days without anomalies (normal days). In southern Brazil,
there is a large annual temperature fluctuation that sometimes causes HWs in the hottest
months and CWs in the coldest months [27,28].

The results of the DLNMs indicated that the relative risks (RR) of the Tamin, average
and Tamax values, and their effects on hospitalizations in Santa Maria, represented differ-
ences in lags: for CWs, 7 to 10 days; for HWs, 14 to 18 days; and on normal days, up to
21 days of lag. The 21-day lag was used because the model demonstrated that the use
of this lag was more suitable for the research, as tests with the model were previously
performed using other time/day intervals, and the 21-day lag was more accurate. The
heat has been found to have an acute effect on hospitalizations in the analysis of the Tamin
and average Taavg. This behavior has been observed in other studies [20,42,63,70–72]. The
Tamin values were more associated with the number of hospitalizations for CVDs, and
these results differ from those found in southwestern Brazil [20].

A higher Taavg offers more risk than a lower Taavg to the population in Santa Maria.
The population is accustomed and acclimated to lower Ta values because the southern
latitudes of the country are more frequently impacted by polar air masses and cold fronts
coming from the south pole when compared to the city of São Paulo [20,28,73], which is a
tropical city.

In a study of the Czech Republic [9], other thermal indices, such as the universal
thermal climate index (UTCI) and apparent temperature (AT), were used to identify days
with heat and cold stress. In metropolitan areas of the Iberic Peninsula [11], such as
Lisbon and Barcelona, 53% of the hospitalizations occurred during the cold periods when
relationships with UTCI, AT, and net effective temperature (NET) were made, including air
pollution data.

Some limitations of the current study are related to the difficulty of collecting more
accurate data, both health and climatic information. However, these possible flaws in the
data modeling are secondary and beyond the researcher’s purview, as observed in the data
on heatstroke. Access to health data are limited by Brazilian health institutions, so it was
not possible to carry out a retrospective study.

The absence of socioeconomic information was another limiting factor, as it would be
useful to relate this to hospitalization and climate data. Events related to CWs, in addition
to the climatological influence itself, and exploring the association between these events
and the socioeconomic aspects and vulnerability of affected populations, can be carried
out using indices previously developed for this purpose, such as the urban adaptation
index (UAI) [74]. This index has been developed for São Paulo but is not yet calibrated for
subtropical climate conditions in Brazil.
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Bioclimatic investigations are important, as they can inform a heat-health action plan,
as has been the case in countries where such research is customary [75]. In Germany, a heat
monitoring and health alert system was created that generates alerts automatically [37]. In
the future, it would be desirable for Brazil to invest in such initiatives. The findings of this
research serve as a first approach to the discussion of thermal indices and cardiovascular
morbidities in the study area. It is hoped that Brazilian researchers will conduct further
studies on this topic.

5. Limitations

Limitations in the acquisition of hospitalization data are still a major bottleneck for
the development of research of this nature in Brazil. Due to inherent sensitivity and ethical
considerations, hospitalization data are difficult to obtain. The lack of information on
the cases of hospitalizations on digital platforms is another obstacle that hinders research
efforts. However, the use of thermal comfort indices related to medical data allowed the
research to achieve good results for a first approach. Climate data can be easily acquired,
although it is from only one meteorological station of records on a regional scale. It is noted
that a larger network of stations should be used in future studies. There is a project under
development by the same research group in the study area, which foresees the installation
of more stations.

6. Conclusions

Regarding climate data, unfortunately, the network of weather stations in Brazil
does not adequately cover the entire national territory, meaning there are many gaps
in climate data for local investigations. However, the weather station in Santa Maria is
one of the oldest in Brazil, with data dating back to 1912, making it a useful reference in
southern Brazil. As the research respected the limit adopted by the World Meteorological
Organization, that a station can cover an area with a radius of up to 100 km if there
are no other data sources [76], the reliability of the data from the weather station can
be guaranteed.

Briefly, recommendations for further study include the insertion of the study of air
pollution, which is rarely used in Brazilian climatology studies. In addition, the analysis
of the monthly temporal evolution will allow the identification of the seasonal variation
of air pollution in the study area to identify the role of prevailing atmospheric systems
and the weight of anthropogenic contributions in each season of the year. Pollutants data,
unfortunately, are even more difficult to access in Brazil than hospitalization data.

However, this type of study is recommended when data are available, even on a
regional climate scale, since, in the winter period, biomass burning can play a highly
relevant role. Comparing the spatial distribution of pollution with atmospheric variables
on an intra-urban scale, for example, could elucidate the importance of local ventilation
conditions in the concentration or dispersion of pollutants, as these are strongly influenced
by the configuration of the built environment in the vicinity of the monitoring point.
Additional thermal comfort indices also deserve to be explored, such as UTCI, AT, and NET.

Future research should emphasize the spatial association between the hospital’s
reference address, socioeconomic standards, and the degree of vulnerability to which they
are exposed, depending on the location of their neighborhood, district, or municipality.
The use of GIS, such as GeoDA, spatial autocorrelation models, such as Moran, and the
local indicator of spatial association (LISA) [74] is suggested.

It is important to note that this study is novel for southern Brazil. Measures and adap-
tation strategies to counter thermal (dis)comfort [47], which can contribute to situations
that lead people to develop heart attacks, are still non-existent in Brazil. This study only
fills the preliminary gap, representing a first approach to the subject.
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Finally, the great technical, methodological, and technological relevance of this re-
search is to produce results capable of promoting an improvement in the geographic space
through the development of documents that can be effectively used by the government to
inform the environmental planning of cities and regions.
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