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Abstract: Despite ample evidence that high levels of particulate matter (PM) are associated with
increased emergency Vvisits related to respiratory diseases, little has been understood about how
prediction processes could be improved by incorporating real-time data from multipoint monitoring
stations. While previous studies use traditional statistical models, this study explored the feasibility
of deep learning algorithms to improve the accuracy of predicting daily emergency hospital visits
by tracking their spatiotemporal association with PM concentrations. We compared the predictive
accuracy of the models based on PM datasets collected between 1 December 2019 and 31 December
2021 from a single but more accurate air monitoring station in each district (Air Korea) and multiple
but less accurate monitoring sites (Korea Testing & Research Institute; KTR) within Guro District
in Seoul, South Korea. We used MLP (multilayer perceptron) to integrate PM data from multiple
locations and then LSTM (long short-term memory) models to incorporate the intrinsic temporal PM
trends into the learning process. The results reveal evidence that predictive accuracy is improved
from 1.67 to 0.79 in RMSE when spatial variations of air pollutants from multi-point stations are
incorporated in the algorithm as a 9-day time window. The findings suggest guidelines on how
environmental and health policymakers can arrange limited resources for emergency care and design
ambient air monitoring and prevention strategies.

Keywords: particulate matters; emergency visits; deep learning; multi-point monitoring

In the last 30 years, the global prevalence of chronic respiratory diseases has increased
by nearly 40% and remains a leading cause of death around the world [1,2]. One of the many
factors contributing to respiratory diseases is ambient air pollution [3,4]. According to the
2017 Global Burden of Disease (GBD) Study, there were 3.2 million deaths due to chronic
obstructive pulmonary disease (COPD) and 495,000 deaths due to asthma [5]. People
visit emergency departments for various reasons, but ambient air pollutants are a major
risk factor as they can impact the respiratory and cardiovascular systems. Several studies
have identified an association between hospital admissions and emergency room visits
for respiratory and cardiovascular diseases due to various ambient air conditions [4,6-9].
Most of these studies utilized linear statistical models or time series forecasting methods to
obtain evidence that hospital admissions and emergency room visits for respiratory and

Sustainability 2022, 14, 2703. https:/ /doi.org/10.3390/su14052703

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14052703
https://doi.org/10.3390/su14052703
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-8301-6355
https://orcid.org/0000-0002-6686-6937
https://orcid.org/0000-0002-1428-1451
https://doi.org/10.3390/su14052703
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14052703?type=check_update&version=1

Sustainability 2022, 14, 2703

2 0f 8

cardiovascular diseases were significantly correlated with particulate matters (PM;o and
PMj;5) [4,6-8] and other pollutants such as ozone (O3), nitrogen dioxide (NO;), carbon
monoxide (CO) and sulfur dioxide (SO») [4,9].

Given the advancement of machine learning algorithms and processes, recent works
have contributed to this literature by examining how deep learning models can be used to
improve predictions for diseases triggered by ambient air pollution [10-13]. These learning
techniques are important for the accurate prediction of hospital admissions or emergency
room visits as they could help optimize the allocation of scarce medical resources. Artificial
neural networks (ANN) are an attractive approach for understanding air pollution’s impact
on human health since they are better suited to deal with nonlinear mapping problems
compared to linear approaches, while traditional methods may lose prediction accuracy
in situations where multiple factors fluctuate in a nonlinear fashion [14]. Moreover, deep
learning algorithms can process high-dimensional big data samples better than traditional
statistical modeling, which could be more suitable for small datasets. Recently, Lu et al. [10]
used three different machine learning models to predict emergency room visits in Beijing,
China, showing that the LSTM model reaches the highest accuracy with an advantage
in the detection of a lag effect. Tadano et al. [11] used two classic ANN architectures,
extreme learning machines (ELM) and echo state networks (ESN), to expand the literature
on ML applications for predicting respiratory-related hospital admissions due to PMy
concentrations, indicating that the ELM model was the best predictor of daily hospital
admissions for respiratory diseases given the PMj( concentration, relative humidity, and
ambient temperature inputs.

Despite growing concern about air pollution in South Korea, particularly particulate
matter, only a few studies have examined the relationship between ambient air pollution
and respiratory diseases [15-17]. Son et al. [17] and Han et al. [15] found that exposure
to PMyg, PM;5, CO, O3, NO,, and SO; may lead to increased hospital admissions for
various respiratory conditions. Nakao et al. [16] concluded that PM, NO,, and O3 caused
respiratory symptoms that led to the deterioration of health-related quality of life. However,
most of the existing studies in South Korea utilized traditional statistical models to show
which environmental pollutants are associated with hospital admissions or emergency
room visits for respiratory diseases, with less attention paid to spatial variations of air
pollutants within a monitoring region. They tend to take air pollution measurements from
one or only a few monitoring stations to calculate the daily averages of various pollutants,
assuming all residents within the region are exposed to the same level of ambient air
pollutants. However, measurements vary between stations and could lead to errors or
biases when averaging, and thus the process of predicting emergency room visits due to
respiratory illnesses could be improved by incorporating multipoint air pollution data into
an advanced learning algorithm [11].

Therefore, this paper aims to contribute to the literature by developing a predictive
algorithm based on real-time PM data from multiple monitoring locations in a district of
Seoul, with special attention paid to the following questions:

e  Would a deep learning algorithm be a feasible tool to improve the accuracy of predict-
ing emergency hospital visits by tracking spatial and temporal PM trends?

e  Would predictive accuracy in a deep learning model be substantially improved when
air monitoring data come from multi-point locations?

For these aims, we compared the routine ambient air quality monitoring data provided
by the Korean Ministry of Environment titled “Air Korea” with new sensor-based air
monitoring data from the Korea Testing & Research Institute (KTR). For the Air Korea data,
PM,; 5 concentrations were measured by the standard 3-ray measurement method at 5 min
intervals and then aggregated into hourly averages through statistical processing before
being stored in a database [18]. This government-grade air monitoring station provides
relatively accurate data but is expensive to run due to high installation and maintenance
costs [19]. A total of 522 “Air Korea” stations are installed across South Korea as national
air quality monitoring stations (AQMS) [20], with generally one station in each urban
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district [10]. In Seoul, one Air Korea station covers about 15.5 km? on average, which
generates wide holes between different monitoring stations and hampers the localized
assessment of dynamic trends of air pollutants within the region [21]. We thus developed
a new sensor-based air monitoring instrument with a much cheaper cost and installed a
total of 24 instruments with approximately 1 km? scale resolution in the same district [21].
It is designed to measure PM, 5 concentration through the light scattering method while
maintaining a temperature of 20-30 °C and relative humidity of less than 70% with a
pretreatment control device. To validate the accuracy of the module, a co-location test was
performed with a reference monitor (i.e., a beta attenuation monitor), showing a coefficient
of determination of 0.957 [21].

The real-time ambient PM; 5 (ug/ m?3) and PM;g (ng/ m3) measurements, as well as
temperature (°C) and humidity (%), were obtained from the two databases, Air Korea and
KTR, between 1 December 2019 and 31 December 2021 (697 days) only in Guro District in
Seoul, South Korea. The air monitoring data were collected every 5 min but aggregated to
daily average values. As seen in Figure 1, the Air Korea station is located near the eastern
boundary of the district, while the 24 KTR stations are scattered throughout the district.
The daily emergency visit data due to respiratory symptoms (N = 697) were obtained for
the same period from the Korea University Guro Hospital, the only regional emergency
center located within the district, and integrated with the PM dataset (N = 200,736 for every
station). The dataset includes only those patients who were diagnosed with a respiratory
disease based on the ICD-10 code. Patient address information could not be accessed due
to confidentiality concerns, but the hospital confirmed that about half of their patients lived
in Guro District and nearly all patients came from the vicinity of the hospital for emergency
visits. The locations of all the KTR monitoring stations and the hospital are geocoded to
calculate a Euclidean distance (km) to the hospital from each station, which is used as a
weight factor when the PM data from multiple locations are integrated.

O Air Korea station
¢« | ® KTR stations

@ Hospital
M Study area

Figure 1. Locations of Air Korea and KTR monitoring stations and emergency hospital within the
study area.

The database included the daily PM measurements, temperature and humidity from
Air Korea and KTR stations, as well as daily emergency department visit counts due to
respiratory complaints and the distance among them. Once constructed, it was used to
develop a predictive model that can identify the expected number of emergency visits
for the next day based on the previous N days (timesteps) of monitoring data. A two-
step predictive model is introduced here via the MLP (multilayer perceptron) and LSTM
(long short-term memory) network algorithms applied sequentially. Initially, the MLP was
designed to estimate distance-weighted PM measurements from multiple KTR stations as
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one integrated feature structure at different timesteps, which were used as input data in the
LSTM network. The MLP algorithm contains five layers, including one input layer for each
of the 24 stations, one output layer representing a weighted score at various time steps,
and three hidden layers. The weighted score indicates the level of relative contribution
to the output variable of each input factor from each station located at various distances
to the hospital. The output from MLP was transferred to the LSTM algorithm, which has
two learning layers to predict daily emergency visit counts within the district, contingent
on different time steps of 1, 3, 6 and 9 days. The LSTM algorithm was used to capture
complex temporal trends, including seasonality, because it should be able to model non-
linear relationships in the data, while a traditional time-series model typically assumes the
future value of a variable is assumed to be a linear function of several past observations
and random errors. The model with a larger time step assumes an extended cumulative
effect of air pollution on adverse outcomes of respiratory symptoms, while the model using
one-day time steps focuses only on the impact of PM exposure during the previous 24 h.
For both algorithms, the first 90% of the records (from Day 1 to 627) were used for training
to 7000 epochs, while the last 10% of the data (from Day 628 to 697) were used to test
and compare the relative performance of the algorithm based on RMSE from each model
(Air Korea vs. KTR) and each time step (1, 3, 6 and 9 days). Deep learning and statistical
analyses were performed by using Python 3.9.7, TensorFlow 2.6.0 and scikit-learn 1.0.1,
and visualization was performed using Python’s matplotlib library 3.4.3. The data and
source codes are available upon request. The entire structure of the 2-step deep learning
procedure is depicted in Figure 2.
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Figure 2. Two-step deep learning structure processing data from multi-point monitoring stations.

Figure 3 illustrates substantial daily fluctuations in observed counts of emergency
room visits during the training period—the first 627 days (blue line). For the last 70 days,
the observed counts (orange line) are compared with the predicted counts based on two
different datasets (Air Korea vs. KTR) and two different time steps (1-day window in
green vs. 9-day window in red). It appears that the predicted model failed to perform well
on either dataset when only one days” worth of data in the past were used for training
and prediction. However, the predictive accuracy seems substantially improved when the
model was trained based on the historical trends of PM concentrations during the past
9 days. These results indicate that the Air Korea model is not well suited for an accurate
prediction of emergency visit counts due to respiratory symptoms regardless of the time
span used, while the prediction performance of the multipoint KTR model improves when
the temporal window is expanded to include more data from the previous days.
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Figure 3. Observed and predicted counts of emergency department visits by different time steps.
(a) Prediction by PM data from Air Korea; (b) Prediction by PM data from KTR.

Figure 4 demonstrates that the single-stage model based on the Air Korea data experi-
ences only a minimal change and even an increase in RMSE as the time window increases,
with the highest error occurring in the 9-day model. In comparison, the multipoint station
model based on KTR shows a continuous reduction in RMSE by increasing the learning
timespan for the training network from 1 day to 9 days (1.67 to 0.79). Figure 5 shows
scatterplots showing the relationship between observed and predicted counts of emergency
visits based on each model (Air Korea vs. KTR) using the 9-day window, along with
R-squared values (0.284 vs. 0.864). The improved predictive accuracy of the KTR model is
likely to be attributed to multi-point PM data collection throughout the study area, clearly
highlighting the importance of incorporating the spatial variation in air pollutants in the
predictive modeling algorithm. This finding also underscores the role of a longer period of
air monitoring and model training that would capture the impact of cumulative exposure
to air pollutants in predicting the demand for related health services.

This study assessed the feasibility of a deep learning-based predictive algorithm
to gauge the demand of daily admission counts to an emergency department due to
respiratory complaints associated with PM exposure using two different real-time databases
(Air Korea as a single point but with more accurate monitoring vs. KTR as multi-points
but with wider coverage) for a district of Seoul, Korea. By employing two-step deep
learning techniques, MLP and LSTM, rather than traditional statistical models, we were
able to capture the complex interconnectivity between various input layers from multiple
stations and the daily fluctuation of output values. We also found that integrating the PM
database with multipoint monitoring stations resulted in a decrease in RMSE when the time
window for learning was increased, reflecting that tracking cumulative PM exposure for a
longer time period could improve prediction accuracy only if the data contain sufficient
spatial variation of input features. The study was able to determine that there was no
improvement in the prediction processes with the increase in the time window when the
data were collected from a single-point monitoring station. The results are in line with
the literature that deep learning algorithms tend to perform better when more spatial
and temporal data are incorporated into the learning process [22]. The findings would
provide the guidelines for environmental and health policymakers to proactively arrange
or manage available medical resources and ambulances more appropriately based on the
accurate prediction of daily emergency room demand. The lessons from this study also
have implications for the effective design of PM monitoring strategies such as a long-
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term tracking of multiple air pollutants from densely located monitoring stations with a
low-cost sensor.

Change in RMSE by Time Window

25 2.35
2
1.63 1.69
186
15 -
1
05
0
1 day 3 days 6 days 9 days

—o—=Air Korea =e=KTR

Figure 4. Comparison of predictive accuracy by time window between Air Korea and KTR Data.
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Figure 5. Scatterplot on the relationship between observed and predicted counts of emergency
department visits using 9-day window: (a) Air Korea (R-squared: 0.284), (b) KTR (R-squared: 0.864).

It is worth noting that some limitations are inherent to this approach. First, this study
ignored indoor PM exposure but simply assumed they have similar spatiotemporal patterns
with outdoor exposure. Given that indoor PM exposure could have much larger variability
and be more harmful than outdoor air quality [23], indoor PM concentration must be also
monitored and included in learning and predicting processes, along with other indoor
environmental characteristics such as access to air conditioning or ventilation systems,
secondhand smoke exposure and so forth. Second, this study used only temperature and
humidity as environmental covariates of PM exposure for predictive modeling, whereas
other environmental pollutants can also contribute to or exacerbate respiratory symptoms.
Third, due to the lack of patient-level data, this study failed to incorporate not only their
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actual exposure level to PM based on their residential addresses and mobility patterns, but
also their sociodemographic, physical and behavioral characteristics. Lastly, our predictive
models (both Air Korea and KTR) may not perform well in predicting the acute effect of PM
on ER visits, partly due to the small sample size. For the 1-day window model which can
potentially detect acute effects of PM, only 576 data points (=24 h * 24 stations) were used for
training, which may not be sufficient. In addition, we found that PM concentration levels
were not so high during the prediction period and so the acute effect could be insignificant
during that time. Future research should examine how the inclusion of more relevant
variables collected from a larger study area can improve prediction accuracy, particularly
those measuring individual levels of exposure.
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