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ABSTRACT

Background: Pneumonia has consistently remained one of the leading causes of mortality among children under five,

spanning the periods before, during and in the transition periods of the COVID-19 pandemic.

Objectives: This study investigated the spatial association between healthcare, socioeconomic, environmental factors
and the pneumonia incidence rate per 10,000 populations in children under five at the provincial level, comparing
2019 (before COVID-19 pandemic), 2021 (during COVID-19 pandemic) and 2023 (transition period of the COVID-

19 pandemic) in Indonesia.

Methods: This study utilized secondary data from the Annual Indonesian Health Profile Books (2019, 2021 and 2023),
Statistical Yearbook of Indonesia (2020, 2022 and 2024), Central Statistical Agency’s website and Google Earth

Engine. This spatial analysis applied global and local Moran’s I and advanced spatial regression techniques.

Results: The incidence rate of pneumonia in children under five before, during and in the transition period of COVID-
19 were 158.10, 80.82 and 129.39 per 10,000 population. Meanwhile, Moran's I values were -0.130, -0.103 and 0.087,
respectively indicating a shift from dispersed to clustered spatial autocorrelation, particularly in Java Island. Negative
correlations were observed between pneumonia incidence and the number of midwives (across all periods), access to
proper sanitation facilities (latrines) (during the COVID-19 pandemic), and precipitation (during the transition period
of the COVID-19 pandemic). In contrast, sulphur dioxide levels exhibited a positive spatial autocorrelation both before

and during the COVID-19 pandemic.

Conclusion: To reduce pneumonia in children under five in Indonesia, efforts should focus on strengthening midwife
availability, access and expanding midwife training programs. Additionally, improving access to sanitation facilities

and implementing air quality control measures will also play a key role in reducing pneumonia incidence.
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1. Introduction

Pneumonia is the leading infectious diseases
contributing to child mortality globally,
particularly among children under-fives and
can be caused by bacteria (e.g., Streptococcus
pneumoniae and Haemophilus influenzae
type b (Hib)), viruses (e.g., Respiratory
syncytial virus (RSV) and Pneumocystis
Jjiroveci) and fungi [1]. In 2017, pneumonia
caused 808,000 mortality, accounting for
15% of total mortality in children under five
and remained the leading infectious cause of
mortality for 740,180 children (14%) in 2019
[2, 3]. In Indonesia, pneumonia is the leading
cause of mortality in children under-five,
accounting for 9.5%,9.4% and 1.6% of
under-five mortality in 2019, 2021 and 2023,
respectively [4-6]. The sharp decline in
pneumonia mortality in 2023 is most likely
attributed to the implementation of the
National Pneumonia and Diarrhoea Control

Program 2023-2030 [7].

Numerous studies have identified key
determinants of pneumonia in children under
five, such as the availability of health
workers [8-10], housing condition [11],
access to sanitation facilities (latrines) [12,
13], exposure to Sulphur Dioxide [14], and
impact of precipitation pattern [15-17]. The
COVID-19 pandemic has affected the

detection rate of pneumonia, with research
highlighting its impact on pneumonia cases

in Brazil and China [18-20].

Indonesia’s unique geography, culture, and
socio-economic conditions contribute to
varying factors influencing pneumonia cases
in children under five across the country.
While many studies have examined
pneumonia in Indonesia, there are significant
gaps in the use of recent spatial analysis to
identifying  geographic  patterns  and
disparities of pneumonia among children
under five. This study aims to fill the gap by
mapping spatial variations and assessing
factors by comparing data from before,
during, and in the transition period of the
COVID-19. Understanding the spatial
distribution of pneumonia incidence in
children under five is crucial for informing
health policies and developing effective
strategies to reduce pneumonia’s burden on

this population.
2. Methods

2.1 Study Area

The study was conducted in Indonesia.
Astronomically, Indonesia is located in 6.08°
N to -11.01° S latitude and 94.97° E to

141.02° E longitude [21]. Bordered to the
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north by Malaysia, Singapore, Vietnam,
Philippines, Palau and the South China Sea;
to the east by Papua New Guinea and the
Pacific Ocean; to the south by Timor-Leste,
Australia, and the Indian Ocean; and to the
west by the Indian Ocean [22].

This study analysed data from three distinct
time periods: before COVID-19 period
(2019), during COVID-19 pandemic period
(2021), and the transition period of COVID-
19 (2023). The dataset covered 34 provinces,
as the four newly established provinces
(created in 2023 through administrative
changes) did not have available data and were
therefore excluded to ensure consistency
across time periods [23]. Indonesia has total
land area of 1,892,555.47 km?, consists of

over 17,000 islands [24].

2.2 Data Preparation

This study employed a dataset of pneumonia
in children under-five cases reported by
Ministry of Health of the Republic of
Indonesia, included a total of 468,172,

278,261 and 416,435 pneumonia case

detection. The incidence rate of pneumonia in
children under-five for each province was
calculated by dividing the number of case
detection by the total of that province’s

population and multiplying by 10,000.

The independent variables included

healthcare, socio-economic, and
environmental factors. The healthcare factor
(represented by the number of midwives per
10,000 population) and socio-economic
factor of access to proper sanitation facilities
were obtained from the Indonesia Health
Profile Book [4-6]. Socio-economic factor of
access to decent and affordable housing,
sourced from the Central Statistics Agency’s
website [25]. Environmental factors, such as
average Sulphur Dioxide levels [26] and
average precipitation [27] were derived from

the Google Earth Engine.

The raw dataset for this study was prepared,
validated and cleaned to ensure accuracy and
reliability. Following validation, the data was
imported into Quantum GIS (QGIS) version
3.40.1 (Bratislava) to integrate spatial and
non-spatial data, resulting in a shapefile for
analysis [28]. QGIS was then used to
visualize the incidence rate if pneumonia in
children under five before, during, and in the
transition period of COVID-19 pandemic.
spatial

Subsequently, comprehensive
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analysis was performed using GeoDa,

version 1.22.0.10 8 [29].

2.3 Data Analysis

This study analysed the spatial pattern of
pneumonia in children under five in
Indonesia using Moran’s [ statistics, which
detects spatial autocorrelation. Moran’s I
helps to determine whether the incidence rate
of pneumonia in children under five is
randomly distributed across the country or if
there are clusters of high or low incidence
rate [30]. The Moran’s I test is calculated by
considering the spatial relationship between
regions, evaluating whether the values for
neighbouring areas are more similar than
expected by chance, which helps to identify
regions with clustered high or low incidence
rates. Additionally, Moran’s I can reveal the
specific areas where clusters of high and low

incidence rate occur [31].

The Local Indicators of Spatial Association
(LISA) were used. LISA helps assess both
global and local spatial autocorrelation in the
incidence rate of pneumonia in children
under five years and its associated factors.
Within the LISA framework, we utilized
Moran’s I to determine whether individual
regions were part of spatial cluster with

similar incidence rate (e.g., high-high or low-

low clusters) or to identify outliers (e.g.,
high-low or low-high clusters). The analysis
used weight matrix based on Euclidean
distance (6.29° before and during COVID-
19, and 4.88° in the transition period)
calculated using EPSG:4326 (WGS 84). A
significant threshold of P-value < 0.05 was
applied, with 999 permutations to test assess
the sensitivity of significant locations. A
small P-value (< 0.05) indicates a significant
spatial pattern, while higher P-value means

that the distribution is likely random [32, 33].

To explore the relationship between the
incidence rate of pneumonia in children
under five and independent variables, spatial
regression models were used. These models
account for spatial dependencies between
regions. Three common types of regression
models used in spatial analysis are (OLS),
whereas Spatial Lag Model (SLM) and
Spatial Error Model (SEM) specifically
address spatial dependencies. SLM, which
allows the dependent variable of surrounding
provinces influences the dependent variable
in the area being estimated (the province of
interest) and SEM, which allows the error
term of adjacent provinces to influence that
of the province under study. When significant
spatial dependence was identified, OLS was

not used, and a spatial model was applied
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instead. The robust Lagrange Multiplier
(LM) test was conducted to determine
whether the SLM or the SEM was more
appropriate. If both models showed
statistically significant LM values, the one
with the lower value was selected. The
Akaike Information Criterion (AIC) was then
used to determine the best-fitting model, with
the lowest AIC value indicating the most

appropriate model [34].

3. Results

The reported
declined during the COVID-19 period,
dropping from 158.10 to 80.82 per 10,000

incidence of pneumonia

population. However, this figure increased
during the transition period of COVID-19 to
129.39, although it remained lower than the
pre-COVID-19 period (Figure 1).

Incidence Rate of Pneumonia in Children Under-Five
per 10,000 populations

180 158.10
160

140
120
100
80
60
40
20

Before COVID-19

Figure 1:

The distribution of pneumonia in children
under five, categorized by the number of
incidence rate per 10,000 population
(displayed as 5 levels, each in different
colour) among the provinces in Indonesia

before, during, and in the transition period of

COVID-19 pandemic. Before the COVID-19

During COVID-19

129.39

80.82

Transition period of
COVID-19

Trend of the Incidence Rate of Pneumonia in Children Under-Five per 10,000 Population

pandemic, the highest incidence was found in
DKI Jakarta with a rate of 443.27 cases per
10,000 population, while the lowest
incidence was found in Papua with a rate of
0.53 cases per 10,000 population. The
quantile map indicates the top quintile (270 -

443 cases per 10,000 population) in 7
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provinces, including Kepulauan Bangka
Belitung, Banten, DKI Jakarta, Kalimantan
Selatan, Nusa Tenggara Barat, Sulawesi
Utara, and Papua Barat. During the COVID-
19 pandemic, the highest incidence was
found in Papua Barat with a rate of 280.66
cases per 10,000 population, while the lowest
incidence was found in Sulawesi Utara with
a rate of 11.79 cases per 10,000 population.
The quantile map indicates the top quintile
(135 - 281 cases per 10,000 population) in 7
provinces, including Banten, Jawa Barat,

Jawa Tengah, Jawa Timur, Nusa Tenggara

a. Before COVID-19 (2019)

Barat, Sulawesi Tengah, and Papua Barat. In
the transition period of the COVID-19, the
highest incidence was found in Kalimantan
Selatan with a rate of 318.53 cases per 10,000
population, while the lowest incidence was
found in Sulawesi Utara with a rate of 5.61
cases per 10,000 population. The quantile
map indicates the top quintile (215 - 319
cases per 10,000 population) in 7 provinces,
including Banten, DKI Jakarta, Jawa Timur,
Nusa Tenggara Barat, Kalimantan Selatan,
Sulawesi Tengah, Gorontalo, and Papua

Barat) (Figure 2).
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b. During COVID-19 (2021)

c. Transition period of the COVID-19 (2023)

Figure 2:
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3.1 Moran’s I among the incidence rate of
pneumonia in children under five before,
during, and in the transition period of

COVID-19 pandemic

The univariate analysis of pneumonia
incidence rates in children under five per
10,000 population revealed a shift in spatial
patterns before, during, and in the transition
period of the COVID-19 pandemic. Before
the pandemic, Moran’s I was -0.130,
indicating a dispersed spatial pattern, with
four High-High/ HH areas (Jawa Barat, Jawa
Tengah, DI Yogyakarta and Jawa Timur),
one Low-High/LH area (Bali) and two High-

Low/ HL areas (Sumatera Barat and Papua

Barat). During the pandemic, Moran’s I
remained negative at -0.103, with three HH
areas (Jawa Barat, Jawa Tengah, and Jawa
Timur), one Low-Low/ LL area (Sumatera
Barat), three LH areas (DI Yogyakarta, Bali
and Papua), suggesting continued spatial
dispersion. However, in the transition period,
Moran’s I became positive at 0.087, with four
HH areas (Jawa Barat, Jawa Tengah, DI
Yogyakarta and Bali) and three LL areas
(Sumatera Barat, Riau and Maluku Utara),
signifying a shift from a dispersed to a more
clustered spatial distribution of pneumonia
incidence across Indonesian provinces (Table

1 and Figure 3).

Table 1: Univariate analysis of the incidence rate of pneumonia in children under five per 10,000 population

Period LISA Moran’s I
High-High (HH) Low-Low High-Low Low-High (LH) | (z-score)
(LL) (HL)

Before COVID-19 | Jawa Barat* Sumatera Bali* -0.130
Jawa Tengah* Barat* (-0.013)
DI Yogyakarta* Papua Barat*
Jawa Timur**

During COVID-19 Jawa Barat* Sumatera DI Yogyakarta* | -0.103
Jawa Tengah* Barat* Bali* (-0.778)
Jawa Timur* Papua***

Transition  period | Jawa Barat* Sumatera 0.087

COVID-19 Jawa Tengah** Barat** (0.941)
DI Yogyakarta** Riau*
Bali* Maluku Utara*
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Figure 3:
3.2 Bivariate analysis of healthcare, socio-
economic, and environmental factors with
the incidence rate of pneumonia in

children under five

Table 2 presented the bivariate Moran’s |

values assessing spatial associations between

Univariate Analysis of Pneumonia Incidence Rate per 10,000 Children Under-Five

healthcare, socio-economic, and
environmental factors and the incidence of
pneumonia among children under five across
three periods: before, during, and in the

transition period of COVID-19 pandemic.

Table 2: Bivariate Moran’s I between healthcare, socio-economic, and environmental factors and under-five

pneumonia incidence across study periods

Variables Moran’s I (P-value)
Before COVID-19 During COVID-19 Transition period
COVID-19
Healthcare factor
Number of midwives per 10,000 -0.172 (0.012) -0.271 (0.001) -0.322 (0.001)
population
Socio-economic factors
Access to proper sanitation facilities -0.123 (0.048) -0.131 (0.034) 0.046 (0.289)
Access to decent and affordable -0.058 (0.199) -0.180 (0.010) -0.022 (0.405)
housing
Environmental factors
Sulphur dioxide levels 0.211 (0.010) 0.145 (0.003) 0.300 (0.002)
Average precipitation -0.099 (0.092) -0.014 (0.410) -0.347 (0.002)
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3.3 Spatial regression of explanatory
variables with the incidence rate of

pneumonia in children under five

Variables that were found to be significant
(P-value < 0.05) in the bivariate analysis
were included in the regression analysis. The
analysis  revealed  significant  spatial
autocorrelation across all three study periods,
indicating that the Ordinary Least Squares
(OLS) model was not suitable. The Lagrange
Multiplier (LM) test showed significant
values for both the Spatial Lag Model (SLM)
and the Spatial Error Model (SEM). Before
COVID-19, the LM test reported P-values of
0.008 and <0.001 for SLM and SEM,
respectively, and the SEM outperformed
SLM based on R-squared (0.59), lower
Akaike  Information  Criterion (AIC)
likelihood values. During the pandemic, the
LM test continued to support significant

spatial dependence, with P-values of 0.005

for SLM and <0.001 for SEM. Consistently,
SEM showed better performance, achieving
a higher R-squared value of 0.52 and lower
AIC scores. In the transition period of
COVID-19, the LM test confirmed spatial
dependence in SEM with a p-value of 0.036,
establishing SEM as the best-performing

model for this period as well.

The SEM analysis indicated that, before
COVID-19 pandemic, the number of

midwives and sulphur dioxide levels
explaining approximately 59% of the spatial
variation in pneumonia incidence. During the
pandemic, the number of midwives, access to
proper sanitation facilities (latrines), and
sulphur dioxide levels accounted for 52% of
the incidence rate. In the transition period, the
number of midwives and precipitation levels
explained 35% of the variation in pneumonia

incidence.

Table 3: Estimated parameters obtained from ordinary least square model, spatial lag model, and spatial error model

Value Before the COVID-19 During the COVID-19 (2021) | Transition period of COVID-
(2019) 19 (2023)
OLS _Spatial Regression OLS Spatial Regression OLS Spatial Regression
SLM SEM SLM SEM SLM SEM
Constant 22485 37245 238.93 22477 394.08 339.05 338.11 42721 361.32
Number of -7.96 - -9.02* -2.39 -4.31* -4.07* -4.23*%  -5.18*%*  -5.00%**
Midwives (SE= 10.10* (SE = (SE= (SE= (SE = (SE= (SE= (SE =
per 10,000 6.069) (SE= 4.563) 2.028) 2.028) 1.585) 1.858) 1.717) 1.497)
population 4.852)
Access to - - - -1.42 (SE  -2.46*  -2.44%** - - -
proper = (SE = (SE =
sanitation 1.30632) 1.0718 0.689)
facilities 3)
(latrines)
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Value Before the COVID-19 During the COVID-19 (2021) | Transition period of COVID-
(2019) 19 (2023)
OLS _Spatial Regression OLS Spatial Regression OLS Spatial Regression
SLM SEM SLM SEM SLM SEM
Average 1335.0 18704 1677.01% 971.52* 1169.3 1103.33** - - -
Sulphur 6 [** ** (SE = (SE= 9* *(SE =
Dioxide (SE= (SE= 498437) 41739) (SE= 313.123)
768.46 622.22 343.41

6) 3) 7)
Average - - - - - - - - -22.30%*
Precipitatio 20.89*  26.27* (SE =
n (SE= * 7.047)

9.592) (SE=
9.26)

p -0.762 -0.611 -0.27
A -0.969 -0.831 -0.333
R - squared 0.234  0.465 0.598 0.235 0.417 0.529 0.263 0.317 0.353
Log - - -198.452  -187.726 - -181.309 - - -194.370
likelihood 206.88 202.31 184.10 196.03 195.10

4 5 0 6 6
AIC 419.76  412.63 402903  383.451 378.20 370.617  398.07 398.21 394.741

7 1 2 2
BIC 42434 41873  407.482  389.557 385.83 376.722  402.65 404.31 399.32

6 5 3 1 7
Lagrange 0.008 0.001 0.006 0.001 0.134 0.036
Multiplier

*Correlation is significant at the 0.05 level
**Correlation is significant at the 0.01 level
***Correlation is significant at the 0.001 level

4. Discussion exposure and the misdiagnosis of pneumonia

This study examined the distribution of the as COVID-19 [35, 36]. During the pandemic,

o S . the concentration of cases in Java, where 4
incidence rate of pneumonia in children

under-five in Indonesia before, during, and in out of 6 provinces were in the top quintile,

the transition period of the COVID-19
of Java became the largest contributor to the

aligned with the rise in COVID-19 cases, as

pandemic. The reported incidence

pneumonia declined during COVID-19
period, but increase slightly in the transition
period of COVID-19, although it remained
lower than before COVID-19 period. This
decline could be attributed to the fact that
during the COVID-19 pandemic, many
parents avoided taking their children to

health facilities due to fear of COVID-19

increase in cases [37].

Changes in the incidence rate were mirrored
in spatial patterns, with Moran’s I shifting
from negative before and during COVID-19
periods to positive during the transition
period, indicating a clustering effect. This
may relate to improved reporting and

treatment access, the nationwide rollout of
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the PCV (Pneumococcal Conjugate Vaccine)
immunization program, which began to be
implemented nationwide in 2023 and
COVID-19 related disruption like regional
restrictions, which may have influenced the
changes in the spatial distribution pattern

[38].

Similar findings have been reported in
previous studies of pneumonia in children
under five [39-43] emphasizing the value of
analysing spatial-temporal patterns for
informing prevention, control measures, and

policy development

This analysis showed that healthcare,
socioeconomic and environmental factors
play crucial role in pneumonia incidence. The
important factors varied in their impact in
each period. The number of midwives
consistently showed a significant negative
relationship, underscoring the role of
community care, health education, and
preventive serviced and telemedicine by
during the pandemic [10, 44, 45]. The levels
of SO: exhibited a positive spatial
autocorrelation, indicating that areas with
higher SO: concentrations tended to have
higher pneumonia incidence. Sulphur dioxide
in gas form can cause irritation to the lungs,
leading to difficulty in breathing, especially

in vulnerable groups such as children. SO

can also react with other chemical
compounds to form sulphate particles, which,
if inhaled, can accumulate in the lungs and
cause breathing difficulties, respiratory
diseases, and even potentially lead to death.
This relationship was evident before and
during the pandemic, suggesting that vehicle
emissions, industrial activities, and other
contributed  to

anthropogenic  factors

increased  respiratory  risks,  further
exacerbating health issues in these areas [46-

48].

During the pandemic, access to proper
sanitation facilities (latrines) demonstrated a
negative  spatial  autocorrelation  with
pneumonia incidence. People who do not
have toilets in their homes use public or
shared toilets that are used by several
households. The poor sanitation of public
toilets enhanced the possibility of pathogen
transmission through splashing toilet water
and the formation of aerosols [12]. A toilet
that is not properly maintained is closely
related to the cleanliness of the toilet area.
Contamination outside the urinal can occur
from the aerosol produced during flushing,
which increases the potential for transmission
through inhalation or direct contact with the

hands and body with surfaces inside the

toilet. Pathogens such as E. coli and MS2
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bacteriophage can remain in the toilet bowl
even after several flushes and can be spread
through airborne particles small enough to
reach the lower respiratory tract [49].
Previous studies have reported a strong
association between inadequate sanitation
and the prevalence of acute respiratory
infections (ARI), particularly in households
without access to improved, non-shared
sanitation facilities [12, 13, 50, 51]. This
underscores the importance of proper
hygiene and sanitation in respiratory disease

prevention.

In the transition period of COVID-19,

average precipitation emerged as a
significant factor with a negative relationship
to pneumonia incidence. This suggests that
rainfall may have contributed to reducing air
pollution levels, particularly fine particulate
matter (PMz.s and PMio), which are known to

exacerbate respiratory conditions [15-17].

The strengths of this study derive from its use
of spatial analysis and the consideration of
healthcare, socioeconomic, and
environmental factors. These aspects make
the study comprehensive and reliable in
understanding the distribution of pneumonia
and its associated determinants. However,

this study is limited by data availability,

which may have led to the omission of certain

factors influencing pneumonia incidence in
toddlers. Additionally, the reliance on
secondary data poses a potential limitation, as
it may not fully reflect the current situation or

may contain inaccuracies.

5. Conclusion

The findings highlighted that the COVID-19
pandemic significantly impacted pneumonia
incidence. In regions with limited healthcare
infrastructure, the reporting and management
of pneumonia were hindered. Conversely,
areas with stronger healthcare systems
experienced more robust responses and better
pneumonia management. Moving forward, it
is critical that future public health strategies
focus on building flexible healthcare systems

capable of quickly adapting to health crises.

The findings also found significant
healthcare, socioeconomic, and
environmental factors contributing to
pneumonia  incidence.  High-incidence

clusters were identified in several provinces
on Java Island, with healthcare factors,
particularly the number of midwives, playing
a critical role in pneumonia incidence.
Socioeconomic  determinants, including
access to proper sanitation facilities, also had
a  substantial  impact.  Additionally,
environmental factors such as sulphur

dioxide levels and precipitation were key
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contributors. Based on the research findings,

specific  recommendations to  reduce
pneumonia incidence among children include
strengthening midwife availability and
access, expanding midwife training programs
to enhance early detection and management
of pneumonia. Additionally, improving
access to sanitation facilities, such as clean
water and adequate toilets, is crucial.
Implementing air quality control measures,
such as reducing the use of motor vehicles
and promoting the growth of green spaces at
home, can help mitigate air pollution and
lower the risk of respiratory diseases.
Strategies to manage and improve
environmental conditions during dry periods,
when air pollution is higher, are essential. By
adopting  these  targeted  measures,
policymakers can effectively reduce the
burden of childhood pneumonia and improve

overall child health outcomes.
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