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Objectives: Access to maternal and neonatal care services (MNCS) is an important goal of health policy in developing countries. In
this study, we proposed a 3-level hierarchical location-allocation model to maximize the coverage of MNCS providers in Iran.
Methods: First, the necessary criteria for designing an MNCS network were explored. Birth data, including gestational age and birth
weight, were collected from the data bank of the Iranian Maternal and Neonatal Network national registry based on 3 service levels (I,
I, and Ill). Vehicular travel times between the points of demand and MNCS providers were considered. Alternative MNCS were mapped
in some cities to reduce access difficulties.

Results: It was found that 130, 121, and 86 MNCS providers were needed to respond to level |, Il, and Il demands, respectively, in 373
cities. Service level Ill was not available in 39 cities within the determined travel time, which led to an increased average travel time of
173 minutes to the nearest MNCS provider.

Conclusions: This study revealed inequalities in the distribution of MNCS providers. Management of the distribution of MNCS provid-
ers can be used to enhance spatial access to health services and reduce the risk of neonatal mortality and morbidity. This method may
provide a sustainable healthcare solution at the policy and decision-making level for regional, or even universal, healthcare networks.
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INTRODUCTION

The mortality rate among children under 5 years of age is
one of the most significant indicators of a country’s national
welfare [1]. According to statistics released by the World
Health Organization, approximately 4 million of the 130 mil-
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lion infants born each year globally die within the first 28 days
of life [2]. Unequal access and inaccessibility to basic maternal
healthcare services have been identified as primary causes of
global mortality [3].

Accessibility is an estimation of the ease of access and quan-
tity of facilities available to the public in any given area [4]. The
effects of accessibility and travel time on healthcare outcomes
have been investigated for prenatal centers [5-7], trauma cen-
ters [8], vaccine centers [9], human immunodeficiency virus
centers [10], and cardiovascular centers [11].

A very effective method for reducing the neonatal mortality
rate is to increase equity in the public’s access to health servic-
es via regionalization, which was originally introduced in 1976
by 4 academic associations in the United States [12]. In region-
al healthcare planning, all the large and small hospitals in a re-
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gion have a collaborative relationship in order to improve the
quality of health services within a region [13]. The advantages
of service regionalization are as follows: better healthcare due
to easy access to experts, more in-depth training and oppor-
tunities for acceleration, cost savings, reduced potential risks
to local healthcare systems, and increased equity in public ac-
cess to health services [14-18].

Providing quality care at the time of an infant’s delivery re-
quires skilled medical personnel and specialized devices at
various levels. The American Academy of Pediatrics and the
American College of Obstetricians and Gynecologists identi-
fied 3 levels of maternal and neonatal care services (MNCS).
Level | refers to uncomplicated obstetric and nursery care, lev-
el Il refers to limited complicated care, and level Il refers to the
full complement of care [19]. For MNCS providers, comprehen-
sive, or level lll, services require intensive resources, and, as a
result, not many hospitals can afford to provide such care in
any given region. Adequate levels of service and well-
equipped nurseries are needed by these centers in terms of
neonatology, fetal-maternal medicine, pediatric subspecial-
ties, and anesthesiology [19].

Hierarchical facilities refer to facilities that function in the
context of a multi-level system or facilities of varying levels that
provide diverse services in collaboration with one another [20].
Education, emergency, healthcare, logistics, and firefighting
facilities are among the facilities that can be categorized as hi-
erarchical facilities [21]. As general hierarchical facilities, health-
care facilities have been broadly examined in the field of spa-
tial accessibility. The development of well-organized hierarchi-
cal systems for healthcare facilities has been a goal for local/
federal governments in many nations in recent years [22].

The Iranian healthcare system is divided into 3 hierarchical
levels, each with a specific set of leadership and governance
responsibilities. The Supreme Council for Health and Food Se-
curity is responsible for fostering cross-sector cooperation and
health-related decision-making. Designing healthcare pack-
ages is mainly the responsibility of the Supreme Council for
Health Insurance. The Ministry of Health and Medical Education
(MoHME) regulates the health system and makes decisions on
public health, curative affairs, medical research, education,
food, and drugs. It provides healthcare services to the whole
population via 67 medical universities across 31 regions in
Iran. Public, private, and non-profit organizations provide ac-
cessible healthcare services to Iran’s population. The public
sector owns 80% of all hospital beds, and regional health net-
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works oversee the operation of public hospitals. Medical cen-
ters and homes concentrating on public health and primary
healthcare services are found at the third level and act as in-
termediaries for referrals to secondary and tertiary care [23].
The primary healthcare system in Iran has undergone steady
structural improvements since 1984, which have led to dra-
matic decreases in infant, maternal, and neonatal mortality
rates [24]. As a result, the neonatal mortality rate dropped
from 31.2 deaths per 1000 live births in 1984 to 8.9 deaths in
2018 [25]. According to some studies, however, there is not yet
an equal distribution of healthcare facilities in Iran [26-28].

One of the essential data banks for tracking maternal and
neonatal health is the Iranian Maternal and Neonatal Network
(IMaN). The IMaN collects nearly all maternal and infant health
data related to childbirth throughout the nation. Since 2014,
the IMaN has tracked births that take place outside of hospi-
tals, such as birthing centers, women'’s homes, and other loca-
tions. Information on the demographic characteristics of moth-
ers of newborns, relationships, gestational ages, the medical
records of mothers, and birth characteristics of infants are re-
corded in the IMaN data bank [28].

Regions with poor accessibility must be identified, and ineg-
uity of access should be examined in order to effectively plan
health services. As a result of advanced data regarding the lo-
cations of facilities and enhanced technologies used to visual-
ize such information in relation to the population via techniques
such as geographical information systems (GIS), it has become
easier to identify underserved regions with poor accessibility.
In this study, GIS was used to investigate the inequity of access
and spatial inaccessibility to MNCS providers in Iran. While this
study drew upon past research in Iran [29], the present study
differs from previous research in the following ways. The crite-
ria for healthcare service distribution were examined by a panel
of experts in order to develop a hierarchical optimization model
to identify the quantity and spatial distribution of MNCS pro-
viders across 3 service levels. The model proposed in this study
may be an effective solution for reducing inequity of health-
care access at both the policy and decision-making levels.

METHODS

Review

With a population of approximately 82 million people and
an area of 1 658 195 km?, Iran is the 18th most populous and
17th largest country in the world [1]. The present study aimed
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Figure 1. Research methodology to find the optimal solution for maternal and neonatal care services. AHP, analytic hierarchy
process; GIS, geographical information system; Min, minimum; Max, maximum.

to determine the optimal spatial distribution of MNCS provid-
ers for the population of Iran. To better understand and address
the situation, interviews were held with a panel of experts in
order to identify and examine this real-life problem. The data
required to conduct this study were extracted from different
data banks. The data were then cleaned in order to collect only
the relevant data on public demand for MNCS, MNCS facilities,
and MNCS networks. Data on catchment areas, criteria, and
criterion weights were extracted under the supervision of poli-
cymakers at a neonatal health office of the MoHME. The vari-
ous data were then integrated, and a model was eventually
created using GIS software. Figure 1 shows the in-sequence
research methodology that was used in this study.

Data
Demand data

There were 3 categories of newborn infants used in this study.
Those above 34 weeks or 2000 g were considered late preterm,

those between 32 weeks and 34 weeks or 1500-2000 g were
considered moderately preterm, and those below 32 weeks or
1500 g were considered early preterm. Iran has 3 levels of MNCS.
Level | refers to prenatal care to assess mothers’ and infants’
medical status and transfer late preterm infants to a higher
level of care if needed. Level Il provides care for moderately
preterm infants who require treatment but are likely to recover
fully. Level lll provides care for early preterm or severely ill new-
borns wh need special care. Thus, assistance programs should
be developed to meet the needs of those receiving each level
of care. Early preterm neonates still have a significant risk of
death [22].

According to the IMaN data bank, 19 065 very preterm, 50 862
moderately preterm, and 245 056 late preterm neonates were
hospitalized from March 2018 to March 2019. After examining
hospitalization data, it was found that mothers often moved
between cities to give birth. In order to develop an optimized
regional model, the permanent residences of mothers should
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be considered instead of just the cities in which they gave birth
as a factor affecting the potential demand for MNCS in each
city. The demand for MNCS in each city was therefore extracted
from the IMaN registry based on the 3 service levels and areas
of residence of mothers.

Facility data

As of the time of this study, there were 1017 hospitals in Iran
[23]. In order to accurately identify the most suitable hospital
for each service level, the parameters that affected each level
of care had to be determined. Thus, interviews were held with
policymakers at a neonatal health office of the MoHME. The
parameters identified for determining the suitability of level |
and level Il service providers were the demand for MNCS in
each city and the radius of coverage. However, the suitability
of level Il service providers was additionally influenced by the
following criteria:

(1) Equipment: The 2 most essential pieces of equipment af-
fecting mortality among neonates were identified as the num-
ber of ventilators and the number of neonatal intensive care
unit (NICU) beds available. (2) Expert team: The number of neo-
natal experts and neonatal fellows employed at an institution
providing MNCS was found to directly affect neonatal mortali-
ty. And (3) University type: There are 3 different classifications
of university hospitals in Iran according to their management
rankings as influenced by the scientific status of the university
faculty and students. A hospital’s assigned rank directly corre-
lates to the neonatal mortality rate. According to the most re-
cent rankings, 4 hospitals, 6 hospitals, and 20 hospitals were
categorized as types 1, 2, and 3, respectively. (4) Gravity: Based
on an analysis released by the IMaN data bank, some mothers-
to-be preferred to deliver their babies outside of their areas of
residence. In this study, this phenomenon was referred to as
“city gravity,” which is affected by various factors such as eth-
nicity, a preference for delivery in a large city, and a perception
of certain centers providing better services. The following equa-
tion was used to determine a city’s gravity:

Number of neonates delivered by residents from outside of city A

Gravity of city A=

Total number of births in city A

The factors influencing the provision of level lll services are
shown in Supplemental Material 1.

Weight of criteria
There are various decision-making tools and techniques for
supporting the decision-making process in medical and

Journal of
Preventive Medicine
Public Health

healthcare contexts. The analytic hierarchy process (AHP) first
proposed in a study by Saaty [30] is a decision-making tech-
nique for determining the priority levels of various alternatives
when several criteria are available to be considered. When us-
ing this technique, the decisionmaker structures his or her
problems as a series of integrated, hierarchical levels that in-
clude the criteria, the alternatives, and the goal. The primary
benefit of the AHP is its use of pair-wise comparisons so that a
ratio scale can be acquired and measured, which is a natural
mechanism for comparing alternatives that allows one to mea-
sure both intangible and tangible factors [31]. In this study, a
variation of the AHP method using a 9-point Likert scale was
employed to quantify the weight of each hospital-related cri-
terion. Using this method, the expert panelists (Supplemental
Material 2) were asked to share their opinions about the im-
portance of each criterion relative to another. The final weights
of the factors were extracted using Expert Choice (Expert Choice,
Inc., Arlington, VA, USA). The weights for university type, equip-
ment, experts, and city gravity were 14%, 13%, 48%, and 25%,
respectively.

Saaty [30] proposed that a consistency index can be used
by comparing it with another appropriate consistency index. If
the value of the consistency ratio is less than or equal to 10%,
the inconsistency is acceptable. If the consistency ratio is greater
than 10%, the subjective judgments must be revised. In this
paper, the calculated consistency ratio was 4%. Thus, the judg-
ment of the experts could be trusted. The 3 types of universities
also received scores of 30 points, 70 points, and 100 points.
Cities without any university-based medical service providers
scored 0 points. Finally, the score for each facility was obtained
from the cumulative sum of the normalized values of each cri-
terion multiplied by the assigned weight.

To assess the reliability of the assigned weights, 12 different
scenarios are defined (Supplemental Material 3). In each sce-
nario, the weight of each criterion was increased by 10%, 20%,
and 30%. The model was tested to determine the optimal num-
ber of MNCS providers in the second largest province of Iran,
Sistan and Baluchestan, with different weight values. The re-
sults revealed that the number of MNCS providers did not change
despite the different scenarios. Therefore, the model was found
to be reliable up to a 30% change in the weights of the variables.

Road data and estimating travel time
Another critical factor examined in this study was the spatial
distance between mothers’ residences and chosen MNCS pro-
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viders. An initial examination of the data revealed that there
were 7 different types of roads in a large country like Iran. Since
travel time varies according to the road type, distance had to
be translated into travel time to reflect the reality of travel time.
For this reason, the maximum speed limits for the 92.604 road
records were extracted from the databank of the Ministry of
Roads and Urban Development, and distances were converted
into travel times using the following equation:

_ Dyj
TTy = 2i 2j Xij * Sy

Line from
demand to
facility

iz
23
gu—

Selected
demand

Calculation field

Output

-
=]
o

=

TTijis the travel time from city z to city &, D is the matrix of
between cities road distances, S is the matrix of maximum
speed limits of roads, and x;; is a binary variable that is equal
to 1 if the pregnant women need to use road i to travel from
city z to k in optimal solution or 0 if otherwise.

Determining the catchment area

The catchment area refers to the distance between a city and
the nearest selected facility. According to the policymakers in-
terviewed for this study, at least 1 level |, II, and Il MNCS pro-
vider should be located 30 minutes, 60 minutes, and 120 min-
utes, respectively, from an expectant mother.

Make Demand
Layer

Data integration

The different layers of data on country borders, provinces,
cities, hospitals, and road networks were integrated into the
GIS software (Supplemental Material 4).

Hierarchical location-allocation model for maternal and
neonatal care services

The maximal covering location problem (MCLP) first present-
ed in a study by Church and ReVelle [32] refers to the maximum
servable population within a certain service time or distance
for accessing a restricted quantity of facilities. For specific sets
of facilities and demand locations, the MCLP requires the opti-
mum location to maximize the weighted coverage objective
function [33].

In nested or successively inclusive hierarchical maximal cov-
ering models, each level of service can provide services of the
lower levels as well [34]. Objective minimization was per-
formed to determine the minimum number of facilities re-
quired to respond to maximum demand in a predetermined
catchment area.

The MCLP model used in this study in the first hierarchy of
the model [27] is shown in Supplemental Material 5. The can-
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Figure 2. Localized toolbox for finding the location-allocation of maternal and neonatal care services providers in ArcMap.
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didate inputs for the first hierarchy of service were as follows:
all hospitals were the candidate facilities, all cities with late
preterm neonates were the demand inputs, and 30 minutes
was the catchment area. The MCLP was applied for the first
level, and the outputs of this hierarchy were the set of MNCS
providers with level | services and the cities allocated to these
MNCS providers. The output of the first hierarchy was used as
the input for candidate MNCS providers in the following hier-
archy. The demand was moderately preterm neonates and the
catchment area was considered 60 minutes. Like the first hier-
archy, the outputs of the second hierarchy were the sets of

Service level |

Service level Il
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MNCS providers with level Il services and the cities allocated
to these MNCS providers. The selected MNCS providers were
used as the input for the third hierarchy. The factors shown in
Supplemental Material 1 and their weights were another input
at this level. In this hierarchy, the areas of residence of early
preterm neonates were used as the demand layer, and the
catchment area was considered 120 minutes. The nested fea-
ture of the problem and the inputs/outputs of each level are
depicted in Supplemental Material 6. The MCLP presented in
this study can be used to determine the required number of
MNCS providers for each level of service independently. To in-

Service level Il

@ Cities

Uncovered cities

e /\||0cated cities to centers with

e less than 120 min of travel time
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tegrate the complicated road and speed networks used to de-
termine travel times, a model builder toolbox was used in Arc-
GIS. In this model, the MCLP was repeated in each hierarchy.
The model builder toolbox was used to develop a flexible mod-
el. This methodology is advantageous since policymakers can
easily modify the parameters. Moreover, the model builder is
user-friendly and does not require any special computational
programming knowledge to use. Figure 2 depicts the toolbox
flowchart prepared for selecting a location-allocation for a lev-
el I MNCS provider.

Ethics Statement

The use of the IMaN data bank was approved by the Iranian
Ethics Committee (IR.MODARES.REC.1399.221). This study does
not contain any individual person’s data.

RESULTS

Once the necessary layers of data were integrated in the GIS
software, several models were applied for the location-alloca-
tion of MNCS providers under different conditions.

Solving the Maximal Coverage Model With the
Minimum Number of Facilities for Service Levels

1,1, and Il
The hierarchical maximal coverage model was created by

minimizing the facility objective function to find the optimal

location allocations of MNCS providers. The results are shown
in the maps presented in Figure 3A-C. The results revealed that
130, 121, and 86 MNCS providers were needed to satisfy the
demand for service levels I, Il, and Il at distances of 30 min-
utes, 60 minutes, and 120 minutes, respectively. According to
these results, 96% of the demand for level Il services could be
covered within a 120-minute distance with 86 service centers.
The 39 points highlighted on the map in Figure 3C represents
cities that did not have an allocated level [l MNCS provider.
These cities are located at distances further than 120 minutes
from the service demand points. Hence, the following new
model was created to satisfy the demand for service among
those who resided in these locations as well.

Solving the Model for Cities Without Level lll
Service Coverage

In this model, 39 cities with 645 demands for level Ill servic-
es did not have facilities allocated for such services. The map
in Figure 3C implies that most of the 39 cities were small bor-
der towns. A new maximal coverage model was created to
satisfy these demands and find the optimal allocation of ser-
vices to these towns without any catchment area constraints.
The results are depicted in Figure 4. Based on the results, ex-
pectant mothers who live in these 39 cities have to travel for
173 minutes on average to reach the nearest facility.

@® (Cities

E Hospital that with more than
150 km distance coverage

i Hospital that with less that
150 km distance coverage

s All0cation in more than
150 km distance

s /\||0cation in less than
150 km distance

Figure 4. Optimal allocation to satisfy the total demand for level lll maternal and neonatal care services.

55



Zahra Mohammadi Daniali, et al.

Journal of
Preventive Medicine
& Public Health

@® Cities
Uncovered cities

=== Allocated cities to centers with
less than 120 min of travel time

Figure 5. The location-allocation model for alternative level lll maternal and neonatal care services.

Solving the Maximal Coverage Model to Find
Alternative Level lll Maternal and Neonatal Care
Services Providers

To increase the reliability of the solution, the model developed
herein was used to determine alternative level lll service provid-
ers. The allocation of alternative centers is crucial for cities that
are equidistant to 2 or more service centers. The results of apply-
ing this objective function are mapped in Figure 5. In this solu-
tion, alternative service providers were allocated to 140 cities.

DISCUSSION

The objective of this study was to map the optimal spatial
distribution of MNCS providers to increase equity in access to
healthcare services. For this purpose, annual data on the
weights and gestational ages of hospitalized neonates born in
373 different cities of Iran were collected. Next, data on hospi-
tals that satisfied the essential criteria were gathered via ex-
pert interviews. In the following step, the characteristics of
one state’s road networks were extracted. The data were then
integrated, and a flexible model was generated using GIS soft-
ware for identifying the necessary quantity of MNCS providers,
the locations of MNCS providers, and MNCS referral networks
at 3 different levels. The results revealed that the demand for
level I, 1, and Il services would be satisfied by 130, 121, and 86
MNCS providers, respectively. However, a total of 39 cities re-
mained located outside of the range for service level lll. In or-
der to ensure complete coverage, a new model was designed

56

for these uncovered cities to identify the nearest MNCS provid-
ers. The selected centers are indicated by red stars in Figure 4.
The average travel time for this solution was found to be 173
minutes. Based on these results, MNCS providers that serve
cities at distances of more than 120 minutes need extra equip-
ment to respond adequately to demand. Other potential solu-
tions include mobile or helicopter transport system. Policy-
makers should take measures to supply routine care and edu-
cation for pregnant women in these 39 cities.

Since the model was designed and implemented in Iran,
which ranks fifth among nations globally in terms of disaster
risk, alternative allocations of MNCS providers were also con-
sidered. In this solution, more than 1 MNCS was allocated to
140 cities. These alternative solutions will not only increase the
reliability of the model but also help policymakers to control
patient queuing at MNCS providers.

To validate the results, all the proposed results were pre-
sented for debate by a panel of experts. In addition, the results
were compared against those reported in a study by Rashidian
etal.[29].

The strengths of this study include the use of various impor-
tant criteria, the extraction and integration of annual data on
the weights and gestational ages of neonates, the use of travel
time instead of distance, analysis of the length of the actual
journey from a place of residence to cities in which delivery
takes place as the gravity criterion, the identification of the
number and locations of MNCS providers across 3 levels of
services via a hierarchical optimization model, and, finally, the
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implementation of alternative MNCS providers for level Ill ser-
vices to enhance the reliability of the solution. An advantage
of the proposed model in terms of macroeconomic policy in
Iran is the expected reduction in the neonatal mortality rate as
a result of the model in this study, particularly through in-
creased equity in access and the additional reduction in the
huge costs of extraneous NICUs, experts, and related medical
equipment. Other studies have quantified the expected re-
duction in maternal mortality [8]. In this study, the mortality
rate of neonates in a province of Iran was used as a basis for
estimating mortality reduction nationally. By tracking the cit-
ies of residence of hospitalized neonates as well as the cities in
which they were delivered, it was discovered that around 11%
of neonates in this province who require level lll services and
do not survive are born outside of a 120-minute range to a
level 1l MNCS provider. It is expected that, by optimizing
MNCS networks, this rate will decrease. However, different re-
gression analyses are recommended in the future in which to
assess the most effective parameters and more precisely cal-
culate the exact reduction in the rate.

Future studies should conduct regression analysis to identify
the association between neonatal outcomes and travel time
to address the weaknesses of the present study. Moreover,
more effective criteria can be identified using analytical re-
search to examine literature and data.

In future studies, the approach proposed in this study can
be used as a comprehensive reference for other healthcare
problems, such as determining the best locations for children’s
heart or eye health centers in Iran. Moreover, traffic constraints
may be introduced into the model as an extension of this study.
Developing a web-based dynamic model sensitive to online
road constraints might form another avenue for research. Fi-
nally, cost-revenue analysis for expensive installations such as
mobile or helicopter transport system can be included in fu-
ture research.
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