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Fuzzy logic and hospital admission due to respiratory diseases
using estimated values by mathematical model
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Abstract Hospitalizations due to respiratory
diseases generate financial costs for the Health
System in addition to social costs. Objective of
this study was to develop and validate a fuzzy
linguistic model for prediction of hospitaliza-
tion due to respiratory diseases. We constructed
a fuzzy model for prediction of hospitalizations
due to pneumonia, bronchitis, bronchiolitis and
asthma second exposure to fine particulate mat-
ter (PM, ) in residents of Volta Redonda, R], in
2012. The model contains two inputs, PM, . and
temperature, with three membership functions for
each input, and an output with three membership
functions for admissions, which were obtained
from DATASUS. There were 752 hospitalizations
in the period, the average concentration of PM,
was 17.1 ug/m3 (SD = 4.4). The model showed a
good accuracy with PM, , the result was between
90% and 76.5% for lags 1, 2 and 3, a sensitivity
of up to 95%. This study provides support for cre-
ating executable software with a low investment,
along with the use of a portable instrument could
allow number of hospital admission due to respi-
ratory diseases and provide support to local health
managers. Furthermore, the fuzzy model is very
simple and involves low computational costs, an
implementation making possible.

Key words Air pollution. Particulate matter.
Respiratory diseases. fuzzy logic. Mathematical
modeling

Resumo Internagdes por doengas respirato-
rias geram custos financeiros para o Sistema de
Satide além de custos sociais. O objetivo deste
estudo foi elaborar e validar um modelo linguis-
tico “fuzzy” para previsdo do niimero de inter-
nagdes por doengas respiratorias. Foi construido
um modelo “fuzzy” para predigdo de internagoes
por pneumonias, bronquite, bronquiolite e asma
segundo exposicio ao material particulado fino
(PM2)5) em residentes de Volta Redonda, R], em
2012. O modelo contém duas entradas PM,; e
temperatura, com trés fungdes de pertinéncia para
cada entrada, e uma saida com trés fungoes de
pertinéncia para internagoes, que foram obtidas
do DATASUS. Foram 752 internagdes no periodo,
a concentragao média do PM, , foi 17,1 ug/m3 (dp
=4,4). O modelo mostrou uma boa acurdcia com
PM, ,, o resultado foi entre 90% e 76,5% para os
lags 1, 2 e 3, com sensibilidade de até 95%. Este
estudo fornece subsidios para a criagdo de progra-
ma executdvel, que ndo exige um grande investi-
mento, junmmente com o uso de um instrumento
portdtil pode permitir uma estimativa do niimero
de internagdes e prestar apoio aos gestores munici-
pais de satide. Além disso, 0o modelo “fuzzy” é mui-
to simples e implica em baixas despesas compu-
tacionais, tornando possivel uma implementagdo.
Palavras-chave Poluicio do ar, Material parti-
culado, Doengas do aparelho respiratério, Légica
fuzzy, Modelagem matemdtica
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Introduction

In the year 2012, there were about 1.3 million
hospitalizations due to respiratory diseases in
Brazil, with nearly 60,000 cases in the state of Rio
de Janeiro; they cost the Brazilian Unified Health
System (SUS) a sum of approximately US$ 6 bil-
lion, and around US$ 28 million (1 US$ ~ R$
2.00) in Rio de Janeiro'.

Active and passive smoking, allergic diseas-
es, overcrowding and exposure to air pollutants
stand out among the factors associated with re-
spiratory diseases®”.

Air pollution is characterized by the presence
of atmospheric components that are harmful to
living beings, whose origin can be either natural
or anthropogenic, the latter being the pollution
generated by the vehicular fleet, industries and
power plants.

Ozone (03), carbon monoxide (CO), nitric
oxide (NO), nitrogen dioxide (NO,) and particu-
late matter (PM) are the most commonly studied
air pollutants which are associated with relative
humidity and temperature and can contribute to
the onset and worsening of respiratory diseases'.

Studies carried out in medium-sized Brazil-
ian cities also show the harmful effects of the ex-
posure to such pollutants on human health, and
that these do not occur exclusively in large urban
centers(3, 6, 8). Association analyses between
exposure to air pollutants and hospitalizations
typically use statistical techniques, e.g. Poisson’s
regression or the Generalized Linear Model.

The majority of studies that estimated the
effects of being exposed to air pollutants involve
pollution concentrations that are quantified by
state environmental agencies. Nevertheless, in
many municipalities, there are no meteorological
stations and only a few pollutants are monitored
in some cases. The utilization of data estimated
by mathematical models, such as the Coupled
Chemistry Aerosol-Tracer Transport model to
the Brazilian developments on the Regional At-
mospheric Modeling System (CCATT - BRAMS)
is a viable alternative'"'2.

CCATT - BRAMS is a mathematical model
that performs numerical simulations of weather
and climate, explicitly solves large spatial distri-
bution phenomena and parameterizes process-
es that occur at smaller scales than the model’s
spatial resolution. It is run operationally by the
Weather Prediction and Climate Studies Cen-
ter of the National Institute Space Research -
CPTEC/INPE" which produces daily patterns
and forecasts throughout South America for up

to three days . Its horizontal resolution is 25 km
X 25 km, being the first level at 40 meters above
the ground. These estimates are carried out every
three hours or 8 times a day, which has already
been validated*''.

By this approach, concentration is considered
homogeneous throughout a city and there may
be uncertainty which can be solved by using the
fuzzy logic.

This logic, presented in 1964 by Lotfi A. Za-
deh™, is also known as the fuzzy logic which is
an extension of classical logic that accepts inter-
mediate values between 0 and 1 (true and false),
while in classical logic, an element has only two
degrees of membership (belongs or not belong)
of a certain set; the fuzzy logic can check the same
element’s degree of membership of one or more
sets, i.e. this element can have different degrees
of membership. Thus, it is aimed at developing
a predictive model with the Fuzzy Inference Sys-
tem (FIS) in order to estimate the number of
hospitalizations from respiratory diseases caused
by exposure to pollutant PM, . which had been
estimated by the mathematical model CCATT-
BRAMS, comprising local residents of Volta Re-
donda, Brazil.

Methods

A fuzzy linguistic model was built with a fuzzy-
fier block, an inference block, a set of rules and
a defuzzifier block, whose inference system is
shown in Figure 1. The fuzzyfier block turns the
actual input value (crisp) into its corresponding
fuzzy value'™ and the inference block is the cen-
tral block where the rules that form the database
are processed and used by the processor to solve
a particular problem, thus generating the fuzzy
output values.

The set of rules is a set of propositional rules
(IF - THEN), that were elaborated with assis-
tance of an expert. The fuzzy inference system
operates according to the set of rules, and the de-
fuzzifier block performs the opposite of what the
fuzzyfier block does, i.e. it turns the fuzzy value
into a real value.

A uni-pollutant model was developed with
PM, . and temperature (TEMP) as input vari-
ables, and its output variable was the number of
hospitalizations due to respiratory diseases rang-
ing from zero to 11; the diagnosis were those cor-
responding to the codes of the ICD’s 10" review
(J12.0 t0 J18.9,J20.0 t0 J20.9,J21.0 to J21.9, J45.0
to J45.9) involving subjects of both sexes, regard-
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Figure 1. Fuzzy knowledge basic structure.

less of age, that were currently living in Volta Re-
donda, Brazil.

Place of study: Volta Redonda is a medi-
um-sized city of Rio de Janeiro State which is an
important steel industry center. It is located at
coordinates 22° 29 °S and 44°¢ 05’ W, in the lower
middle section of the Paraiba do Sul River val-
ley, 390 m above sea level. Its climate is humid
and tropical, it is located between the Mar and
Mantiqueira Mountains and crossed by two ma-
jor Brazilian highways: Via Dutra (BR-116), con-
necting the city of Rio de Janeiro to Sdo Paulo,
and Lacio Meira Highway (BR-393), both with
heavy traffic conditions. Its population was es-
timated at 260,000 inhabitants with a vehicular
fleet of 100 thousand vehicles in 2010%.

Statistical analysis

Daily data on hospitalization, pollutant
concentrations and temperatures were collect-
ed from January 1, 2012 to December 31, 2012.
These data were obtained from the Department
of Information of the Unified Health System
- DATASUS. PM, ; data about its daily averages
were estimated by CCATT - BRAMS.

The model was developed by using the
Mamdani inference method and implemented
through the fuzzy toolbox of Matlab 7.1.

Two input variables were used: PM, | (pg/m?)
and temperature (TEMP) (° C), with the uni-
verse of discourse ranging from 10 to 36 pg/m?

for PM, , and 10 to 32 ° C for temperatures. The
output variable is the number of hospitalizations
from respiratory diseases, whose variation was
from zero to 11.

Nine rules were obtained (32 - two inputs
with three membership functions each), elabo-
rated by an expert, which define the outputs of
the fuzzy inference system.

For example:

+IF PM, , is LOW AND temperature is HIGH
THEN hospitalization is LOW.

+IF PM, ; is HIGH AND temperature is LOW
THEN hospitalization is HIGH.

In order to rank the input variables, an anal-
ysis of the database was performed to determine
the range in which the levels of concentration of
these variables were low, medium or high, ac-
cording to an expert. Figure 2 shows the input
and output of the model.

The real values of hospitalization were com-
pared with the results estimated by the model
through the ROC curve for lags 1,2, and 3 and a
cut-off point of up to two hospitalizations.

Results

During the time period considered herein, there
were 752 hospitalizations of individuals due to
respiratory diseases in Volta Redonda, RJ. The
descriptive analysis of this study is in Table 1
which shows the mean values and standard de-
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Figure 2. Fuzzy model structure for input variables PM, . and temperature (TEMP) and output variable number
of hospital admission (SAIDA), as low (BAIXO), med1um (MEDIO) and high (ALTO), Volta Redonda, Brazil,

2012.

Table 1. Mean values and standard deviation (sd),
maximun and minimum values of fine particulate
matter (PM2,5)> temperature (TEMP) and hospital
admission due to respiratory diseases (INTER), Volta
Redonda, Brazil, 2012.

Mean (sd) Minu.num -

maximum

PM, ; (ng/m’) 17.1 (4.4) 11.7-35.2
TEMP (°C) 21.3 (3.0) 12.6-28.3
INTER 3.6 (2.3) 0-11

viations, and minimum and maximum values
for PM, , temperature and hospitalizations. The
time series of concentrations of PM, ,, tempera-
ture and hospitalizations during 2012 in Volta
Redonda - R] are shown in Figures 3 (a), 3 (b)
and 3 (c), respectively.

Figure 3 (a) shows that the air quality exceed-
ed 25ug/m’ in 22 days (days 6%), i.e. a value con-
sidered acceptable by the WHO, but it was good
along the following days. Temperatures ranged
between 13°C and 31°C, with the maximum be-
ing reached in September and the minimum in
July (Figure 3b).

There were a larger number of hospital-
izations in July than in January and December
which were the months with the smallest num-
ber of hospitalizations, thus suggesting seasonal
distribution (Figure 3c).

The structure generated by the fuzzy model
have used three membership functions for each

input: fine particulate matter (PM, ), tempera-
ture (TEMP) and three output membership func-
tions (number of hospitalizations) (Figure 2).

After developing the fuzzy inference system,
it was possible to obtain the response surface of
the fuzzy model for the inputs (fine particulate
matter (PM,,) and temperature (TEMP) and
the output (number of hospitalizations). It can
be observed that the higher the concentration of
PM, is, the lower the temperature becomes, thus
a larger number of hospitalizations, and the low-
er the concentration of PM, is, the higher the
temperature becomes, thence a smaller number
of hospitalizations. (Figure 4)

The values obtained for the ROC curve as
the area under the standard curve in percent-
age terms were 90.0% (95% CI 85.8% - 94.2%),
80.8% (95% CI 73.8% - 87.9%) and 76.5% (95%
CI 68.7% - 84.3%) for lags 1,2 and 3, respectively.

The presented data show that the developed
model is highly accurate at predicting the num-
ber of hospitalizations due to pollutant PM, , us-
ing a cut-off point of up to two hospitalizations.
It can be shown that the best accuracy for PM,
was in lag 1, which corresponds to sensitivity of
around 95% and specificity of 60% for a concen-
tration of 14 ug/m’.

The model allows predicting, for example,
2.67 hospitalizations at a PM, , concentration of
14 pg/m3 and temperature of 21° C and the ac-
tual value was three hospitalizations. The model
estimated 4.85 hospitalizations, and the actual
data on was five hospitalizations in the case of
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Figure 3. Daily distribution for concentrations of (a) PM, ; (ug/m?) , (b) temperature ("C) and (c) hospital

admissions, Volta Redonda, Brazil, 2012.

31 pg/m3 PM,  concentration and temperature
at 21 °C.

Discussion

To the best of our knowledge, this is the first
study in Brazil that uses data estimated by a
mathematical model and fuzzy logic tools. The
model showed a good degree of accuracy at pre-
dicting hospitalizations due to pneumonia, bron-
chitis, bronchiolitis and asthma in Volta Redon-
da, Brazil, by exposure to fine particulate matter,
as shown by the values of ROC curves.

The importance of carrying out the present
study in Volta Redonda is that it is a major steel
industry center in Brazil. The average values
found for PM, correspond to 28 mg/m3 of PM, ,
and exceeded the limits established by the WHO
in 22 opportunities. These effects are usually ex-
perienced later and this piece of information is
important for city managers to predict possible
hospitalizations in upcoming days by consider-
ing the concentrations of particulate matter in
previous days.

During the study period, the fuzzy model had
a good accuracy at predicting hospitalizations

due to respiratory diseases by exposure to PM,
in one, two and three days afterwards.

Studies on the effects of exposure to air pol-
lutants use regression models, such as Poisson
regression (3, 8) or linear regression’’. Howev-
er, these regression models estimate the risk of
hospitalizations occurring due to an increase in
the concentrations of certain pollutants, and the
fuzzy model estimates a possible number of hos-
pitalizations.

In S3o José dos Campos, a southeastern Bra-
zilian city, in a cumulative effect of eight days,
there was a 9.8% increase in children hospital-
izations with a 24.7 pg/m’ increase in PM, , con-
centration. (3) In Sao Paulo, with an increase of
10 pg/m?® in particulate matter concentrations,
there was an increase in 4.6% of children hospi-
talizations from asthma, 4.3% of elderly hospi-
talizations from chronic obstructive pulmonary
disease and a 1 5% of elderly hospitalizations
from ischemic heart disease, thus showing that
the pollutants concentration is associated with
increased hospitalizations'®.

A mean value of 28.6 pug/m’for PM, was
found in Piracicaba, higher than that found in
Volta Redonda, which had possibly been gen-
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INTERNACOES

PMzs

Figure 4. Fuzzy model surface for input PM2,5 and temperature (TEMP) and output hospital admission

(INTERNACOES), Volta Redonda, Brazil, 2012.

erated by the vehicle fleet and sugarcane straw
burning because this municipality is one of the
leading producers of sugar and ethanol in Brazil.
An increase of 10 pg/m’in PM, , concentrations
resulted in higher relative risk that ranged be-
tween 7.9 and 8.6 percent, thus concluding that
the exposure to this pollutant is associated with
children hospitalizations from respiratory dis-
eases in one to three days afterwards, a fact that
coincides with the findings of this study for lag 1,
point at which the best accuracy was obtained®.

The mean value of PM, , would be of around
28.6 pug/m’ for the city of Volta Redonda consid-
ering that the PM, , concentration correspond to
about 60% of PM **.

This estimated mean value is lower than
that found in Sorocaba®, with a concentration
of 34.4 mg/m® for PM , which is possibly due
to a larger number of vehicles and industries as
Sorocaba is crossed by two major highways, Cas-
telo Branco and Raposo Tavares, in which there
is heavy traffic.

Fisher?' makes a review by proposing a fuzzy
approach to study the effects of air pollution.
The author sets examples of its application under
uncertainty of air pollution data and illustrates
the flexibility of this approach by taking exam-
ples of air quality management, prevention and
integrated pollution control, and human health
evaluation.

A similar approach was adopted in a fuzzy
study on the average time of hospitalization from
pneumonia, in which the output of exposure ef-
fects was the time of hospitalization in days, show-
ing that, as pollutants concentrations increase, the
average time of hospitalization is longer”. The
fuzzy logic was used to make the diagnosis of
pneumonia according to clinical signs through
fuzzy relations and by estimating the time of hos-
pitalization from cardiovascular disease®*.

In the fuzzy linguistic model presented in
this study, the output is the possible number of
hospitalizations according to the concentration
of PM, ; adjusted according to temperature from
one to three days after exposure.

The present model performance is not able
to be easily compared to other studies, given that
there are no Brazilian studies on the effects of air
pollutants exposure and hospital respiratory dis-
eases by using the fuzzy logic.

The advantages of this model are that it can
be applied in any location where data is avail-
able on the same air pollutants and the ease of
obtaining predicted results. The use of data esti-
mated by this system, validated by Ignotti et al.%,
which has also been used in a study conducted
in Sao José do Rio Preto, Brazil, on cardiovascu-
lar diseases® allows reducing research costs and
streamlining the process of analyzing the effects
of air pollution on human health.



This study has a few limitations. One of them
is that the pollutants concentrations are estimat-
ed by data obtained from mathematical model-
ing, and not from actual data quantified by mon-
itors. Another possible limitation is the fact that
hospitalizations are restricted to users of the Uni-
fied Health System, not incorporating health plan
and private care users. Moreover, those treated in
an outpatient regime are not included, and many
patients are also treated in health centers, that are
usually treated and then released, thus not being
included in the hospitalization statistics. Datasus,

hospitalization data does not include co-morbid-
ities and other conditions associated with respi-
ratory diseases, such as smoking. Another limita-
tion can be associated with diagnostic errors of
respiratory diseases.

This study provides support for designing an
executable computer program that does not re-
quire large investment, along with the use of a
portable instrument that is able to estimate hos-
pitalization time and provide support to local
health managers. Furthermore, the fuzzy model
is very simple and involves low computational
costs, which makes its implementation possible.
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